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Accounting

The purpose of accounting is to provide information 
about the economie affairs of an Organization. This 
information may be used in a number of ways: by 
the organization’s managers to help them plan and control 

the organization’s operations; by owners and legislative 
or regulatory bodies to help them appraise the organiza­
tion’s performance and make decisions as to its future; by 
owners, lenders, suppliers, employees, and others to help 
them decide how much time or money to devote to the 
Organization; and by governmental bodies to determine 
how much tax the organization must pay.
Accounting provides information for all these purposes

through the maintenance of files of data and the prepa- 
ration of various kinds of reports. Most accounting infor­
mation is historical—that is, the accountant observes the 
things that the organization does, records their effects, and 
prepares reports summarizing what has been recorded.

Accounting information can be developed for any kind 
of organization, not just for privately owned, profit-seek- 
ing businesses. One branch of accounting deals with the 
economie operations of entire nations. The remainder of 
this article, however, will be devoted primarily to busi­
ness accounting.
The article is divided into the following sections:

Company financial statements 1 
The balance sheet 1 
The income statement 1
The statement of changes in retained earnings 2 
The statement of changes in financial Position 2 
Consolidated statements 3 
Disclosure and auditing requirements 3 

Measurement principles 3 
Asset value 3 
Asset cost 3

Net income 4 
Problems of measurement 4 

Managerial accounting 5 
Cost finding 5 
Distribution cost analysis 6 
Budgetary planning and performance reporting 6 
Cost and profit analysis 7 

Other purposes of accounting Systems 7 
Bibliography 8

COMPANY FINANCIAL STATEMENTS
Some accounting reports are issued only to the company’s 
management or to tax agencies (see below Managerial ac­
counting and Other purposes o f accounting Systems); others 
are sent to investors and others outside the management 
group. The reports most likely to go to investors are called 
the company’s financial statements, and their preparation 
is the province of the branch of accounting known as 
financial accounting. Four kinds of financial statements 
will be discussed: the balance sheet, the income statement, 
the statement of changes in retained earnings, and the 
statement of changes in financial Position.

The balance sheet. A balance sheet describes the re­
sources that are under the company’s control on a spec- 
ified date and indicates where these resources have come 
from. It consists of three major sections: (1) the assets: 
valuable rights owned by the Company; (2) the liabilities: 
the funds that have been provided by outside lenders and 
other creditors in exchange for the company’s promise to 
make payments or to provide services in the future; and
(3) the owners’ equity: the funds that have been provided 
by the company’s owners or on their behalf (as retained 
earnings, for example).

The list of assets shows the forms in which the compa­
ny’s resources are lodged; the lists of liabilities and the 
owners’ equity indicate where these same resources have 
come from. The balance sheet, in other words, shows the 
company’s resources from two points of view, and the fol­
lowing relationship must always exist: total assets equals 
total liabilities plus total owners’ equity.

This same identity is also expressed in another way: total 
assets minus total liabilities equals total owners’ equity. In 
this form, the equation emphasizes that the owners’ equity 
in the Company is always equal to the net assets (assets 
minus liabilities). Any increase in one will inevitably be 
accompanied by an increase in the other, and the only way 
to increase the owners’ equity is to increase the net assets. 

Assets and Assets are ordinarily subdivided into current assets and 
liabilities noncurrent assets. The former include cash, amounts re- 

ceivable from customers, inventories, and other assets that 
are expected to be consumed or can be readily converted 
into cash during the next operating cycle (production, sale, 
and collection). Noncurrent assets may include noncur­
rent receivables, fixed assets (such as land and buildings), 
and long-term Investments.

The liabilities are similarly divided into current liabili­
ties and noncurrent liabilities. Most amounts payable to 
the company’s suppliers (accounts payable), to employees 
(wages payable), or to govemments (taxes payable) are 
included among the current liabilities. Noncurrent liabil­
ities consist mainly of amounts payable to holders of the 
company’s long-term bonds and such items as obligations 
to employees under Company pension plans.

The difference between the total of the current assets and 
the total of the current liabilities is known as net current 
assets, or working Capital.
The owners’ equity of a U.S. Company is divided between Owners’ 

paid-in Capital and retained earnings. Paid-in Capital rep- equity 
resents the amounts paid to the Corporation in exchange 
for shares of the company’s preferred and common stock.
The major part of this, the Capital paid in by the com­
mon shareholders, is usually divided into two parts, one 
representing the par value, or stated value, of the shares, 
the other representing the excess over this amount. The 
amount of retained earnings is the difference between the 
amounts eamed by the Company in the past and the divi- 
dends that have been distributed to the owners.

A slightly different breakdown of the owners’ equity is 
used in most of Continental Europe and in other parts of 
the world. The Classification distinguishes between those 
amounts that cannot be distributed except as part of a for­
mal liquidation of all or part of the Company (capital and 
legal reserves) and those amounts that are not restricted 
in this way (free reserves and undistributed profits).

A simple balance sheet is shown in Table 1. Because 
the two sides of this balance sheet represent two different 
aspects of the same entity—the corporation’s Capital—the 
totals must always be identical. Thus, a change in the 
amount for one item must always be accompanied by 
an equal change in some other item. For example, if the 
Company pays $40 to one of its trade creditors, the cash 
balance will go down by $40, and the balance in accounts 
payable will go down by the same amount.

The income statement. The Company uses its assets to 
produce goods and services. lts success depends on whether 
it is wise or lucky in the assets it chooses to hold and in 
the ways it uses these assets to produce goods and services.

The company’s success is measured by the amount of 
profit it eams—that is, the growth or decline in its stock Net 
of assets from all sources other than contributions or income
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T able 1: A ny Com pany, Inc.: Balance S h eet as o f D ec. 31, 19_

assets liabilities and owners’ equity

Current assets Current liabilities
Cash $100 Wages payable $ 20
Marketable securities 50 Accounts payable 160
Accounts receivable 150 Total current liabilities $180
Inventories 180 Long-term bonds payable 80

Total current assets $480 Total liabilities $260
Owners’ equity

Long-term Investments 70 Common stock $100
Plant and equipment Additional paid-in Capital 150

Original cost $300 Retained earnings 230
Less: accumulated depreciation 110 190 Total owners’ equity 480

Total assets $740 Total liabilities and owners’ equity $740

withdrawals of funds by Owners and creditors. Net income 
is the accountant’s term for the am ount of profit that is 
reported for a particular time period.
The company’s income statement for a period of time 

shows how the net income for that period was derived. 
For example, the first line in Table 2 shows the company’s 
sales revenues for the period: the assets obtained from 
customers in exchange for the goods and services that 
constitute the company’s stock-in-trade. The second line 
summarizes the company’s revenues from other sources.

The income statement next shows the expenses of the 
period: the assets that were consumed while the revenues 
were being created. The expenses are usually broken down 
into several categories indicating what the assets were used 
for. In Table 2, six expense items are distinguished, start- 
ing with the cost of the merchandise that was sold during 
the period and continuing down through the Provision for 
income taxes.

Table 2: Any Company, Inc.: Income Statement 
for the Year Ended Dec. 31, 19_

Net sales revenues $800
Interest and other revenues 14

Total revenues $814
Expenses

Cost of merchandise sold $492
Salaries of employees 116
Depreciation 30
Interest expense 4
Other expenses 78
Provision for taxes on ordinary income 47 767

Operating income $ 47
Gain on sale of investment

(less applicable income taxes) 5
Net income $ 52

The bottom portion of the income statement in this case 
shows the result of the company’s sale of some of its 
long-term Investments for more than their original pur­
chase price. Because this was not part of the company’s 
normal operations, the sale price, costs, and taxes on the 
sale were kept separate from the operating revenue and 
expense totals; the income statement shows only a single 
number, the net gain on the sale.
Net income summarizes all of the gains and losses 

recognized during the period, including both the results 
of the company’s normal, day-by-day activities and any 
other events. If net income is negative, it is referred to 
as a net loss.

The statement of changes in retained earnings. Like the 
income statement, the statement of changes in retained 
earnings refers to a period of time rather than to a single 
date. It explains the change from one balance sheet date 
to the next in the amount shown as retained earnings.

The retained earnings statement is the link between the 
income statement and the balance sheet. This relationship 
can be demonstrated by rewriting the accounting equation 
in the following way: assets minus liabilities equals paid-in 
Capital plus retained earnings. When the Company reports 
net income, this means that more assets came in as rev­
enues than went out as expenses; more precisely, it means 
that the net asset total (assets minus liabilities) increased. 
Therefore, if the accounting equation is to remain bal- 
anced, ah amount equal to net income must be added to 
retained earnings.

The distribution of cash dividends reduces net assets, 
and this change is balanced by a reduction in the re­
tained earnings. Thus the typical statement of changes in 
retained earnings consists of the items shown in Table 3.

Table 3: Any Company, Inc.: State-
ment of Changes in Retained Earnings
for the Year Ended Dec. 31, 19_

Retained earnings, Jan. 1, 19_ $213
Net income earned during 19_ 52

$265
Less: dividends distributed to

shareholders during 19_ 35
Retained earnings, Dec. 31, 19_ $230

Starting with retained earnings of $213 at the beginning 
of the year, the Company added $52 in net income during 
the year (from Table 2). Dividends amounting to $35 
were distributed to shareholders during the year, leaving 
a year-end balance of $230. This is the amount on the 
year-end balance sheet (Table 1).
The statement of changes in financial position. The 

statement of changes in financial position, or funds state­
ment, identifies the major flows of funds during the period. 
In many corporate reports, “funds” means working Capi­
tal. The idea is easier to understand, however, if the flow 
of funds means simply the flow of cash. For example, if a 
salesman receives $48,000 in salary and commission, from 
which he pays $15,000 for airline tickets, hotel rooms, 
meals, and other travel expenses, his operations have 
provided him with funds amounting to $33,000. Further 
investigation reveals that he borrowed $5,000 from the 
bank during this same year, bought a car for $11,000, pur- 
chased stock for $4,000, and spent $24,000 on ordinary 
living expenses. At the end of the year, he had $1,000 less 
in his bank account than he had had at the beginning. A 
funds statement for the year would show the following:
sources of funds

from operations $33,000
from bank
borrowing 5,000

from past
savings 1,000
total sources $39,000

uses of funds 
to purchase 
car $ 11,000

to buy stock 4,000 
to pay living 

expenses 24,000
total uses $39,000

This is very different from an income statement. The 
sources of funds include amounts borrowed from the bank 
and taken from past personal savirigs. These are not cur­
rent revenues. Similarly, the purchases of stock and of the 
car are not current expenses: the purchases are made in 
the expectation of future benefits, not mainly to produce 
current revenues.

The amount referred to as funds from operations ($33,- 
000) comes from the income statement, but it is not the 
same as net income. For example, the salesman may say 
that his expenses should include some recognition of de- 
preciatiön on the automobile that he used in his business. 
If depreciation is estimated to be $1,500 for the year, his 
net income would be $31,500, not $33,000.

The purpose of the funds statement is to permit an ex- 
amination of the company’s financial activities during the 
period. For example, Table 4 shows that $77 flowed in 
from ordinary operations, $20 came from the issuance of

The flow 
of funds
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the company’s own bonds, and $13 came from the sale 
of securities that the Company had held as a long-term 
investment. Almost half of these funds were used to buy 
a new plant and equipment. Another $35 went to stöck- 
holders in the form of dividends, and the remaining $25 
was invested in working Capital.

Table 4: Any Company, Inc.: State­
ment of Changes in Financial Position 
for the Year Ended Dec. 31, 19_

Sources of funds
From ordinary operations $ 77
From sale of Investments 13
From sale of bonds 20

Total sources of funds $110
Uses of funds

To pay dividends $ 35
To acquire plant and equipment 50
To increase working Capital 25

Total uses of funds $110

The statement itself serves merely to identify existing 
relationships. It reveals, for instance, that operations did 
not generate enough funds to cover the company’s div­
idend and Capital investment requirements. An observer 
may reasonably ask whether this seems to be the result 
of an aggressive and imaginative expansion program or 
the product of competitive weaknesses that limit the com­
pany’s fund-generating capacity. Similarly, the am ount of 
funds going into working Capital is a statement of fact; 
whether it is good or bad depends on the reasons for it.

Consolidated statements. Most large corporations in 
the United States and other industrialized countries own 
other corporations. Their primary financial statements are 
Consolidated statements, reflecting the total assets, liabil­
ities, owners’ equity, net income, and funds flows of all 
the corporations in the group. Thus, for example, the 
Consolidated balance sheet o f the parent Corporation (the 
Corporation that owns the others) does not list its invest- 
ments in its subsidiaries (the Companies it owns) as assets; 
instead, it includes their assets and liabilities with its own.

Some subsidiary corporations are not wholly owned by 
the parent; that is, some shares of their common stock 
are owned by others. The equity of these minority share­
holders in the subsidiary Companies is shown separately 
on the balance sheet. For example, if Any Company, Inc., 
had minority shareholders in one or more subsidiaries, the
owners’ equity section of its December 31, 19__balance
sheet might appear as foilows:

Minority interests in subsidiaries 
Shareholders’ equity:

$ 30

Common stock $100
Additional paid-in Capital 150
Retained earnings 200 450

The Consolidated income statement also must show the 
minority owners’ equity in the earnings of a subsidiary 
as a deduction in the Determination of net income. For 
example:

Income before minority interest $52
Minority interest in earnings 3

Net income $49
Disclosure and auditing requirements. A corporation’s 

obligations to issue financial statements are prescribed in 
the company’s own Statutes or bylaws and in public laws 
and regulations. The financial statements of most large 
and medium-sized Companies in the United States fall 
primarily within the jurisdiction of the federal Securities 
and Exchange Commission (se c ). The sec  has a good deal 
of authority to prescribe the content and structure of the 
financial statements that are submitted to it.
A company’s financial statements are ordinarily prepared 

initially by its own accountants. Outsiders review, or au- 
dit, the Statements and the Systems the Company used 
to accumulate the data from which the statements were 
prepared. In most countries, including the United States, 
these outside auditors are selected by the company’s 
shareholders. The audit of a company’s statements is ordi­
narily performed by professionally qualified, independent

accountants who bear the title of Certified Public Accoun­
tants (c p a )  in the United States. In the United Kingdom 
and many other countries with British-based accounting 
traditions, they are members of government-chartered or- 
ganizations. Their primary task is to investigate the com­
pany’s accounting figures and methods carefully enough to 
permit them to give their opinion that the financial state­
ments are complete and that the figures have been arrived 
at through the use of acceptable measurement principles.

MEASUREMENT PRINCIPLES
In preparing financial statements, the accountant has sev- 
eral measurement Systems to choose from. Assets, for 
example, might be measured at what they cost in the past 
or what they could be sold for now, to mention only two 
possibilities To enable users to interpret statements with 
confidence, Companies in similar industries should use the 
same measurement concepts or principles.

In some countries these concepts or principles are pre- 
scribed by government bodies; in the United States they 
are embodied in “generally accepted accounting princi­
ples” (g a a p ), which represent partly the consensus of 
experts and partly the work of the Financial Accounting 
Standards Board (fa sb ), a private body. The principles or 
Standards issued by the fa sb  can be overridden by the s e c . 
In practice, however, the sec  generally requires corpora­
tions within its jurisdiction to conform to the Standards 
of the FASB.
Asset value. One principle that accountants might 

adopt would be to measure assets at their value to their 
owners. U nder this principle, the economic value of an 
asset is the maximum am ount that the Company would 
be willing to pay for it. This am ount depends on what the 
Company expects to be able to do with it. For business 
assets, these expectations are usually expressed in terms of 
forecasts of the inflows of cash the Company will receive 
in the future. If, for example, the Company believes that 
by spending $1 on advertising and other forms of sales 
prom otion it can seil a certain product for $5, then this 
product is worth $4 to the Company.
W hen cash inflows are expected to be delayed, value is 

less than the anticipated cash flow. For example, if the 
Company has to pay interest at the rate o f 10 percent a 
year, an investment of $100 in a one-year asset today will 
not be worthwhile unless it will return at least $110 a year 
from now ($100 plus 10 percent interest for one year). 
In this example, $100 is the present value of the right to 
receive $110 one year later. Present value is the maximum 
am ount the Company would be willing to pay for a future 
inflow of cash after deducting interest on the investment 
at a specified rate for the time the Company has to wait 
before it receives its cash.

Value, in other words, depends on three factors: (1) the 
amount of the anticipated future cash flows, (2) their tim­
ing, and (3) the interest rate. The lower the expectation, 
the more distant the timing, or the higher the interest rate, 
the less valuable the asset will be.

Value may also be represented by the am ount the Com­
pany could obtain by selling its assets. This sale price is 
seldom a good measure of the assets’ value to the Com­
pany, however, because few Companies are likely to keep 
many assets that are worth no more to the Company than 
their market value. Continued ownership o f an asset im ­
plies that its present value to the owner exceeds its market 
value, which is its apparent value to outsiders.
Asset cost. Accountants are traditionally reluctant to 

accept value as the basis of asset measurement in the 
going concern. Although monetary assets such as cash or 
accounts receivable are usually measured by their value, 
most assets are measured at cost. The reason is that the 
accountant finds it difficult to verify the forecasts upon 
which a generalized value measurement System would have 
to be based. As a result, the balance sheet does not pre- 
tend to show how much the company’s assets are worth; 
it shows how much the Company has invested in them.

The historical cost of an asset is the sum of all the expen- 
ditures the Company made to acquire it. This am ount is 
not always easily measurable. If, for example, a Company 
has built a special-purpose machine in one of its own

Economic
value

Historical
cost



factories for use in manufacturing other products, and the 
project required logistical support from all parts of the 
factory organization, from purchasing to quality control, 
then a good deal of judgment must be reflected in any 
estimate of how much of the costs of these logistical ac­
tivities should be “capitalized” (i.e., placed on the balance 
sheet) as part of the cost of the machine.
Net income. From an economie point of view, income 

is defined as the change in the company’s wealth during 
a period of time, from all sources other than the injection 
or withdrawal of investment funds. Income is the amount 
the Company could consume during the period and still 
have as much real wealth at the end of the period as it 
had at the beginning. For example, if the value of the net 
assets (assets minus liabilities) has gone from $1,000 to 
$1,200 during a period and dividends of $100 have been 
distributed, income measured on a value basis would be 
$300 ($1,200 minus $1,000, plus $100).

Accountants generally have rejected this approach for the 
same reason that they have found value an unacceptable 
basis for asset measurement: such a measure would rely 
too much on estimates of what will happen in the future, 
estimates that would not be readily susceptible to indepen­
dent verification. Instead, accountants have adopted what 

Iransac- might be called a transactions approach to income mea- 
ions surement. They recognize as income only those increases
ipproach in wealth that can be substantiated from data pertaining 

to actual transactions that have taken place with persons 
outside the Company. In such Systems, income is measured 
when work is performed for an outside customer, when 
goods are delivered, or when the customer is billed.
Recognition of income at this time requires two sets of 

estimates: (I) revenue estimates, representing the value of 
the cash that the Company expects to receive from the 
customer; and (2) expense estimates, representing the re­
sources that have been consumed in the création of the 
revenues. Revenue estimation is the easier of the two, but 
it still requires judgment. The main problem is to estimate 
the percentage of gross sales for which payment will never 
be received, either because some customers will not pay 
their bills or because they will demand and receive credit 
for retumed merchandise or defective work.

Expense estimates are generally based on the historical 
cost of the resources consumed. Net income, in other 
words, is the difference between the value received from 
the use of resources and the cost of the resources that were 
consumed in the process. As with asset measurement, the 
main problem is to estimate what portion of the cost of an 
asset has been consumed during the period in question.

Some assets give up their services gradually rather than 
all at once. The cost of the portion of these assets the 
Company uses to produce revenues in any period is that 
period’s depreciation expense, and the amount shown for 
these assets on the balance sheet is their historical cost less 
an allowance for depreciation, representing the cost of the 
portion of the asset’s anticipated lifetime services that has 
already been used. To estimate depreciation, the accoun­
tant must predict both how long the asset will continue to 
provide useful services and how much of its potential to 
provide these services will be used up in each period.

Depreciation is usually computed by some simple for- 
mula. The two most populär formulas in the United 
States are straight-line depreciation, in which the same 
amount of depreciation is recognized each year, and de- 
clining-charge depreciation, in which more depreciation is 
recognized during the early years of life than during the 
later years, on the assumption that the value of the asset’s 
service declines as it gets older.
The role of the independent accountant (the auditor) 

is to see whether the company’s estimates are based on 
formulas that seem reasonable in the light of whatever 
evidence is available and that these formulas are applied 
consistently from year to year. Again, what is “reasonable” 
is clearly a matter of judgment.

Depreciation is not the only expense for which more 
than one measurement principle is available. Another is 
the cost of goods sold. The cost of goods available for 
sale in any period is the sum of the cost of the beginning 
inventory and the cost of goods purehased in that period.

4 Accounting

This sum then must be divided between the cost of goods 
sold and the cost of the ending inventory:

Beginning inventory Cost of goods sold
+  =  +

Purchases Ending inventory
Accountants can make this division by any of three main 

inventory costing methods: (1) first in, first out (f if o ),
(2) last in, first out (u f o ), or (3) average cost. The Lif o  
method is widely used in the United States, where it is also 
an acceptable costing method for income tax purposes; 
Companies in most other countries measure inventory cost 
and the cost of goods sold by some variant of the f if o  or 
average cost methods. Average cost is very similar in its 
results to f if o ; so only f if o  and l if o  need be described.
Each purchase of goods constitutes a single batch, ac­

quired at a specific price. Under f if o , the cost of goods sold 
is determined by adding the costs of the various batches 
of the goods available, starting with the oldest batch in 
the beginning inventory, continuing with the next oldest 
batch, and so on until the total number of units equals the 
number of units sold. The ending inventory, therefore, is 
assigned the costs of the most recently acquired batches. 
For example, suppose the beginning inventory and pur­
chases were as follöws:
Inventory, January 1 1,000 units X $5.00 $ 5,000
Purchases, March 19 800 units X $5.25 4,200
Purchases, September 12 1,200 units X $5.50 6,600

Total goods available 3,000 units $15,800
The Company sold 1,900 units during the year and had 
1,100 units remaining in inventory at the end of the year. 
The f if o  cost of goods sold is:
Oldest batch, 1,000 units X $5.00 $5,000
Next oldest batch, 800 units X $5.25 4,200
Next oldest batch, 100 units X $5.50 550

Total cost of goods sold 1,900 units $9,750
The ending inventory consists of 1,100 units at a f if o  
cost of $5.50 each (the price of the last 1,100 units pur- 
chased), or $6,050.

Under l if o , the cost of goods sold is the sum of the most 
recent purchase, the next most recent, and so on, until the 
total number of units equals the number sold during the 
period. In the example, the l if o  cost of goods sold is:
Most recent purchase, 1,200 units X $5.50 $ 6,600 
Next most recent purchase, 700 units X $5.25 3,675

Total cost of goods sold 1,900 units $10,275
The l if o  cost of the ending inventory is the cost of the 
oldest units in the cost of goods available. In this simple 
example, assuming the Company adopted l if o  at the be­
ginning of the year, the ending inventory cost is the 1,000 
units in the beginning inventory at $5 each ($5,000), plus 
100 units from the first purchase during the year at $5.25 
each ($525), a total of $5,525.

Problems of measurement. Accounting income does 
not include all of the company’s holding gains or losses 
(increases or decreases in the market values of its assets). 
For example, construction of a superhighway may increase 
the value of a company’s land, but neither the income 
statement nor the balance sheet will report this holding 
gain. Similarly, introduction of a successful new product 
increases the company’s anticipated future cash flows, and 
this increase makes the Company more valuable. Those 
additional future sales show up neither in the conventional 
income statement nor in the balance sheet.
Accounting reports have also been criticized on the 

grounds that they confuse monetary measures with the 
underlying rèalities when the prices of many goods and 
services have been changing rapidly. For example, if the 
Wholesale price of an item has risen from $100 to $150 
between the time the Company bought it and the time 
it is sold, many accountants and businessmen claim that 
$ 150 is the better measure of the amount of resources 
consumed by the sale. The $50 is simply a holding gain 
that should not be classified as ordinary income.
When inventory purchase prices are rising, l ifo  inven­

tory costing keeps many gains from the holding of inven-

f if o  a n d
LIFO

Holding 
gains and 
losses

Price
changes
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tories out of net income. If purchases equal the quantity 
sold, the entire cost of goods sold will be measured at 
the higher current prices; the ending inventory will be 
measured at the lower prices shown for the beginning-of- 
year inventory. The difference between the l if o  inventory 
cost and the replacement cost at the end of the year is an 
unrealized (and unreported) holding gain.

In the inventory example cited earlier, the l if o  cost of 
goods sold ($10,275) exceeded the f if o  cost of goods sold 
($9,750) by $525. In other words, l if o  kept $525 more of 
the inventory holding gain out of the income statement 
than f if o  did. Furthermore, the replacement cost of the in­
ventory at the end of the year was $6,050 (1,100 X $5.50), 
which was just equal to the inventory’s f if o  cost; under 
l if o , in contrast, there was an unrealized holding gain of 
$525 ($6,050 minus the $5,525 l if o  inventory cost).

The amount of inventory holding gain that is included 
in net income is usually called the “inventory profit.” The 
implication is that this is a component of net income that 
is less “real” than other components because it results 
from the holding of inventories rather than from trading 
with customers.

When most of the changes in the prices of the company’s 
resources are in the same direction, the purchasing power 

Purchasing öf money is said to change. Conventional accounting 
power statements are stated in nominal currency units (dollars, 

francs, lire, etc.), not in units of constant purchasing 
power. Changes in purchasing power—that is, changes in 
the average level of prices of goods and services—have 
two effects. First, net monetary assets (essentially cash 
and receivables minus liabilities calling for fixed mone­
tary payments) lose purchasing power as the general price 
level rises. These losses do not appear in conventional 
accounting statements. Second, holding gains measured in 
nominal currency units may merely result from changes 
in the general price level. If so, they represent no increase 
in the company’s purchasing power.

In 1980 the fa sb  began requiring major corporations in 
the United States to report the effects of some changes in 
specific and general price levels, but these measurements 
are not incorporated in the primary financial statements. 
In other countries that have experienced severe and pro- 
longed inflation, Companies have been allowed or even 
required to restate their assets to reflect the more recent 
and higher levels of purchase prices  ̂ The increment in the 
asset balances in such cases has not been reported as in­
come, but depreciation thereafter has been based on these 
higher figures.

MANAGERIAL ACCOUNTING
Although published financial statements are the most 
widely visible products of business accounting Systems and 
the ones with which the public is most concemed, they 
are only the tip of the iceberg. Most accounting data and 
most accounting reports are generated solely or mainly for 
the company’s managers. Reports to management may be 
either summaries of past events, forecasts of the future, 
or a combination of the two. Preparation of these data 
and reports is the focus of managerial accounting, which 
consists mainly of three broad functions: (1) cost finding,
(2) budgetary planning and performance reporting, and
(3) cost and profit analysis.
Cost finding. Cost finding is the process by which the 

Company obtains estimates of the costs of producing a 
product, providing a service, performing a function, or 
operating a department. Some of these estimates are his­
torical—how much did it cost?—while others are predic- 
tive—what will it cost?

The most fully developed methods of cost finding are 
used to estimate the costs that have been incurred in a 
factory to manufacture specific products. The simplest of 

Process these methods is known as process costing. In this method, 
costing the accountant first accumulates the costs of each separate 

production Operation or process for a specified period of 
time. The total of these costs is then restated as an average 
by dividing it by the total output of the process during the 
same period.
Process costing can be used whenever the output of indi­

vidual processes is reasonably uniform or homogeneous,

as in cement manufacturing,* flour milling, and other rela- 
tively continuous production processes.

A second method, job order costing, is used when in- Job order 
dividual production centres or departments work on a costing 
variety of products rather than just one during a typical 
time period. Two categories of factory cost are recognized 
under this method: prime costs and factory overhead costs.
Prime costs are those that can be traced directly to a 
specific batch, or job lot, of products. These are the direct 
labour and direct materials costs of production. Overhead 
costs, on the other hand, are those that can be traced only 
to departmental operations or to the factory as a whole 
and not to individual job orders. The salary of a depart­
mental supervisor is an example of an overhead cost.

Direct materials and direct labour costs are recorded 
directly on the job order cost sheets, one for each job. Al­
though not traceable to individual jobs, overhead costs are 
generally assigned to them by means of overhead rates—
i.e., the ratio of total overhead cost to total production 
volume for a given time period. A separate overhead rate 
is usually calculated for each production department, and, 
if the operations of a department are varied, it is often 
subdivided into a set of more homogeneous cost centres, 
each with its own overhead rate. Separate overhead rates 
are sometimes used even for individual processing ma­
chines within a department if the machines differ widely 
in such factors as power consumption, maintenance cost, 
and depreciation.

Because output within a cost centre is not homogeneous, 
production volume must be measured by something other 
than the number of units of product, such as the number 
of machine hours or direct labour hours. Once the over­
head rate has been determined, a Provision for overhead 
cost can be entered on each job order cost sheet on the 
basis of the number of direct labour hours or machine 
hours used on that job. For example, if the overhead rate 
is $3 a machine hour and Job No. 7128 used 600 ma­
chine hours, then $1,800 would be shown as the overhead 
cost of this job.

Most overhead rates are predetermined—that is, they 
represent the average planned overhead cost at some pro­
duction volume. The main reason for this is that actual 
overhead cost averages depend on the total volume and 
efficiency of operations and not on any one job alone. The 
relevance of job order cost information will be impaired 
if these extemal fluctuations are allowed to change the 
amount of overhead cost assigned to a particular job.

The methods of cost finding described in the preceding 
paragraphs are known as füll, or absorption, costing meth­
ods, in that the overhead rates are intended to include 
provisions for all manufacturing costs. Both process and 
job order costing methods can also be adapted to variable, Variable 
or direct, costing in which only variable manufacturing costing 
costs are included in product cost. Variable costs are those 
that will be greater in total in the upper portions of the 
company’s normal range of volumes than in the lower 
portion. Total fixed costs, in contrast, are the same at all 
volume levels within the normal range.
Unit cost under variable costing represents the average 

variable cost of making the product. The main argument 
for the variable costing approach is that average variable 
cost is more relevant to many managerial decisions than 
average füll cost. In deciding whether to manufacture 
goods in large lots, for example, management needs to 
estimate the cost of carrying larger amounts of finished 
goods in inventory. More variable costs will have to be 
incurred to build the inventory to a higher level; fixed 
manufacturing costs presumably will be unaffected.

Furthermore, when a  management decision changes the 
company’s fixed costs, the change is unlikely to be pro­
portional to the change in volume; therefore, average fixed 
cost is seldom a valid basis for estimating the cost effects 
of such decisions. Variable costing eliminates the tempta- 
tion to assume without question that average fixed cost 
can be used to estimate changes in total fixed cost.

Estimates of product costs can be built up in exactly the 
same way as historical averages. Once the route that the 
product will take through the factory is known, estimates 
of the amounts of materials, labour, and overhead required
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at each stage can be written down, totalled, and averaged.
Many Systems go even further than this. Estimates of 

the average costs of each type of material, each Operation, 
and each product are prepared routinely and identified as 
Standard costs. These Standard cost figures are then readily 
available whenever estimates are needed and also serve 
as an im portant element in the company’s performance 
reporting system, as described below.

Distribution cost analysis. Similar methods of cost find­
ing can be used to determine or estimate the cost of 
providing services rather than physical goods. Most adver- 
tising agencies and Consulting firms, for example, maintain 
some form of job cost records, either as a basis for billing 
their clients or as a means of estimating the profitability 
of individual jobs or accounts.

The unit cost of distributing the company’s products 
or of providing administrative and supporting services is 
more difficult to estimate. Any such estimates are likely to 
be prepared on the basis of special studies, mostly centring 
on observations of how employees spend their time during 
selected test periods. Providing these estimates is the task 
of distribution cost analysis.

Budgetary planning and performance reporting. The
second major component of internal accounting Systems 
for management’s use is the company’s budgetary plan­
ning and performance reporting system. This consists of 
two highly interrelated elements: (1) establishing budgetary 
plans and setting performance Standards and (2) measur- 
ing actual results and reporting differences between actual 
performance and the plans.

The simplified diagram in Figure 1 illustrates the inter- 
relationships between these elements. Planning leads to 
plans, which then are translated into action. The results of 
these actions are compared with the plans and reported in 
comparative form. Management can then respond to sub- 
stantial deviations from plan, either by taking corrective 
action or, if outside conditions differ from those predicted 
or assumed in the plans, by preparing revised plans.
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Figure 1: Budget planning and performance reporting.

Although plans can be either broad, strategie outlines of 
the company’s future or schedules o f the inputs and Out­
puts associated with specific independent programs, most 
business plans are periodic plans—that is, they refer to 
Company operations for a  specified period of time. These 
periodic plans are summarized in a series of projected 
financial statements, or budgets.

The two principal budget statements are the profit plan 
and the cash forecast. The profit plan is an estimated in­
come statement for the budget period. It summarizes the 
planned level of selling effort, shown as selling expense, 
and the results of that effort, shown as sales revenue and 
the accompanying cost of goods sold. Separate profit plans 
are ordinarily prepared for each major segment of the 
company’s operations.

The details underlying the profit plan are contained in 
departmental sales and cost budgets, each part identified 
with the executive or group responsible for carrying out 
that part. Figure 2 shows the essence of this relationship: 
the company’s profit plan is really the integrated product 
o f the plans of its two major product divisions. The arrows 
connecting the two divisional plans represent the coordi- 
native Communications that tie them  together on matters 
o f mutual concern.

division B 
marketing 
department 
sales and 
selling expense 
budgets

division B 
manufacturing 
department 
cost
and output 
budgets

profit
plan,
division A

profit
plan,
division B

Company
plan

Figure 2: Relationship of Company profit plan to 
responsibility structure.

The exhibit also goes one level farther down, showing 
that division B’s profit plan is really a coordinated syn- 
thesis of the plans of the division’s marketing department 
and manufacturing department. Arrows again emphasize 
the necessary coordination between the two. Each of these 
departmental plans, in turn, is a summary of the plans of 
the major offices, plants, or other units within the division.
A complete representation of the company’s profit plan 
would require an extension of the diagram through several 
layers to encompass every single responsibility centre in 
the entire Company.

If Standard costs have been established, they are shown 
in the factory cost budgets and in the Standard cost of 
goods sold on the summary profit plans, with anticipated 
deviations, or variances, from Standard cost budgeted sep- 
arately. Many Companies also prepare alternative budgets 
for operating volumes other than the volume anticipated 
for the period. A set of such alternative budgets is known 
as the flexible budget. The practice of flexible budgeting 
has been adopted widely by factory management to facil- 
itate evaluation of cost performance at different volume 
levels and has also been extended to other elements of 
the profit plan.

The second major component of the annual budgetary 
plan, the cash forecast or cash budget, summarizes the an- The cash 
ticipated effects on cash of all of the company’s activities. forecast 
It lists the anticipated cash payments, cash receipts, and 
the amount of cash on hand, month by month throughout 
the year. In most Companies, responsibility for cash man­
agement rests mainly in the head office rather than at the 
divisional level. For this reason, divisional cash forecasts 
tend to be less important than divisional profit plans.
Company-wide cash forecasts, on the other hand, are 

just as important as Company profit plans. Preliminary 
cash forecasts are used in deciding how much money will 
be made available for the payment of dividends, for the 
purchase or construction of buildings and equipment, and 
for other programs that do not pay for themselves im- 
mediately. The amount of short-term borrowing or short- 
térm investment of temporarily idle funds is then gener­
ally geared to the requirements summarized in the final, 
adjusted forecast.
Other elements of the budgetary plan, in addition to the 

profit plan and the cash forecast, include Capital expendi- 
ture budgets, manpower budgets, production budgets, and 
budgeted balance sheets. They all serve the same purpose: 
to help management decide upon a course of action and 
to serve as a point of reference against which to measure 
subsequent performance.
Planning is a management responsibility, not an account­

ing function. To plan is to decide, and only the manager 
has the authority to choöse the direction the Company 
is to take. Accounting personnel are nevertheless deeply 
involved in the planning process. First, they administer 
the budgetary planning system, establishing deadlines for 
the completion of each part of the process and seeing that 
these deadlines are met. Second, they analyze data and 
help management at various levels compare the estimated 
effects of different courses of action. Third, they are re­
sponsible for collating the teiitative plans and proposals 
coming from the individual departments and divisions and 
then reviewing them for consistency an d  feasibility and 
sometimes for desirability as well. Finally, they must draw 
up the final plans and see that these plans are understood 
by the operating executives.
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Once the budgetary plan has been adopted, accounting’s 
next task is to prepare information on the results of Com­
pany activities and make it available to management. The 
manager’s main interest in this information centres on 
three questions: Have his or her own actions had the re­
sults expected, and, if not, why not? How successful have 
subördinates been in managing the activities entrusted to 
them? What problems and opportunities seem to have 
arisen since the budgetary plan was prepared? For these 
purposes, the information must be comparative, relating 
actual results to the level of results that management 
regards as satisfactory. In each case, the Standard for com- 
parison is provided by the budgetary plan.

Much of this information is contained in periodic finan­
cial reports. At the top management and divisional levels, 
the most important of these is the comparative income 
statement, one of which is illustrated in Table 5. This 
shows the profit that was planned for this period, the ac­
tual results received for this period, and the differences, or 
variances, between the two. It also gives an explanation of 
some of the reasons for the difference between a planned 
and an actual income.

Table 5: Any Company, Inc.: Comparative Income 
Statement for the Month of October 19_
(in $000,000)

actual planned difference

Divisional profit contribution 
Division A $100 $120 $(20)
Division B 70 65 5
Division C 140 150 (10)

Total profit contribution $310 $335 $(25)
Head office expenses 110 105 (5 )

Income before taxes $200 $230 $(30)

Comments
(1) An industry-wide strike in customer factories caused 

a slowdown in division A deliveries, reducing profit 
by $24,000,000.

(2) Demand continued strong in division B, reflected in 
increased volume and a stronger price structure.

(3) Division C’s unfavourable results were the result of 
production losses due to the model change and heavy 
introductory costs for the new line. These losses 
should be recovered by the end of the year.

(4) Salary increases account for most of the variance 
in head office expense. The methods department is 
seeking ways to offset this.

The report in this exhibit employs the widely used profit 
contribution format, in which divisional results reflect 
sales and expenses traceable to the individual divisions, 
with no deduction for head office expenses. Company net 
income is then obtained by deducting head office expenses 
as a lump sum from the total of the divisional profit 
contributions.

A similar format can be used within the division, report­
ing the profit contribution of each of the division’s product 
lines, with divisional headquarters expenses deducted at 
the bottom. By far the greatest number of reports, how­
ever, are cost or sales reports, mostly on a departmental 
basis. Departmental sales reports usually represent com­
parisons of actual sales with the volumes planned for the 
period. Departmental cost performance reports, in con­
trast, typically compare actual costs incurred with Stan­
dards or budgets that have been adjusted to correspond 
to the actual volume of work done during the period. 
This practice reflects a recognition that volume fluctua- 
tions generally originate outside the department and that 
the department head’s responsibility is ordinarily limited 
to minimizing cost while meeting the delivery schedules 
imposed by higher management.

For example, a factory department’s output consists en- 
tirely of a single product, with a Standard materials cost of 
$3 a unit and Standard labour cost of $16. Materials cost 
represents three pounds of raw materials at $1 a pound; 
Standard labour cost is two hours of labour at $8 an hour. 
Overhead costs in the department are budgeted at $10,000 
a month plus $2 a unit. Under normal conditions, volume 
is 7,000 units a month, but during October only 6,000

units were produced. The cost Standards for the m onth 
would be as follows:
materials 6,000 units X 3 lb X $1.00 per lb =  $18,000 
labour 6,000 units X 2 hr X $8.00 per hr =  $96,000 
overhead 6,000 units X $2.00 +  $10,000 =  $22,000
The actual cost this month was $17,850 for materials (17,- 
000 pounds at $1.05), $101,250 for labour (12,500 hours 
at $8.10 an hour), and $23,000 for overhead. A summary 
report would show the following:

a c tu a l S tandard  v a n a n c e
materials $17
labour 101
overhead 23

total $142

,850 $18,000 $150
,250 96,000 (5,250)
,000 22,000 (1,000)
,100 $136,000 $(6.100)

These variances are usually analyzed even further in or­
der to identify the underlying causes. The labour variance, 
for example, can be seen to be the result of both high 
wage rates ($8.10 instead of $8.00) and high labour usage 
(12,500 hours instead of 12,000). The factory accountant 
ordinarily would measure the effect of the rate change in 
the following way:
a c tu a l la b o u r  cost =  12,500 X $8.10 =  $ 101,250

(ac tu a l h o u rs  X a c tu a l w age ra te ) 
a c tu a l la b o u r  h o u rs  a t  S tan d ard  

w age ra te  =  12,500 X $8.00 =  100.000
la b o u r  ra te  v a rian ce  $(1,250)

The labour usage variance would then be obtained as 
follows:
a c tu a l la b o u r  h o u rs  X S tan d ard  w age ra te

=  12,500 X $8 $100,000
S tandard  la b o u r  cost (S tan d ard  la b o u r  h o u rs

X Standard wage rate) =  6,000 X 2 X $8 96.000
labour usage variance $(4,000)

In most cases, the labour rate variance would not be re- 
ported to the department head, because it is not subject 
to his or her control.

Cost and profit analysis. Accountants share with many 
other people the task of analyzing cost and profit data in 
order to provide guidance in managerial decision making. 
Even if the analytical work is done largely by others, they 
have an interest in analytical methods because the Systems 
they design must collect data in forms suitable for analysis.

Managerial decisions are based on comparisons of the 
estimated future results of the alternative courses of action 
that the decision maker is choosing among. Recorded his­
torical accounting data, in contrast, reflect conditions and 
experience of the past. Furthermore, they are absolute, not 
comparative, in that they show the effects of one course 
of action but not whether these were better or worse than 
those that would have resulted from some other course.

For decision making, therefore, historical accounting data 
must be examined, modified, and placed on a comparative 
basis. Even estimated data, such as budgets and Standard 
costs, must be examined to see whether the estimates are 
still valid and relevant to managerial comparisons. To a 
large extent, this job of re view and restatement is an ac­
counting responsibility. Accordingly, a major part of the 
accountant’s preparation for the profession is devoted to 
the study of methods and principles of analysis for man­
agerial decision making.

OTHER PURPOSES OF ACCOUNTING SYSTEMS 
Accounting Systems are designed mainly to provide infor­
mation that managers and outsiders can use in decision 
making. They also serve other purposes: to produce oper­
ating documents, to protect the company’s assets, and to 
provide data for Company tax returns.
The accounting organization is responsible for preparing 

documents that contain instructions for a variety of tasks, 
such as payment of customer bills or preparing employee 
payrolls. It also must prepare documents that serve what Document 
might be called private information purposes, such as the prepara- 
employees’ own records of their salaries and wages. Many tion 
of these documents also serve as sources of data for other 
accounting purposes, but they would have to be prepared 
even if no information reports were necessary. Measured
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by the number of people involved and the amount of time 
required, document preparation is one of accounting’s 
biggest jobs.

Accounting Systems must provide means of reducing the 
chance of losses of assets due to carelessness or dishonesty 
on the part of employees, suppliers, and customers. As­
set protection devices are often very simple; for example, 
many restaurants use numbered meal checks so that wait- 
ers will not be able to submit one check to the customer 
and another, with a lower total, to the cashier. Other de­
vices entail a partial duplication of effort or a division of 
tasks between two individuals to reduce the opportunity 
for unobserved thefts.

These are all part of the company’s system of intemal 
Controls. Another important element in the internal con­
trol system is intemal auditing. The task of internal audi- 
tors is to see whether prescribed data handling and asset 
protection procedures are being folio wed. To accomplish 
this, they usually observe some of the work as it is being 
performed and examine a sample of past transactions for 
accuracy and fidelity to the system. They may insert a 
set of fictitious data into the system to see whether the 
resulting output meets a predetermined Standard. This 
technique is particularly useful in testing the validity of 
the programs that are used to process data through elec­
tronic computers.

Finally, the accounting system must provide data for use 
in the completion of the company’s tax returns. This func- 
tion is the concern of tax accounting. In some countries 
financial accounting must obey mies laid down for tax 
accounting by national tax laws and regulations, but no 
such requirement is imposed in the United States, and 
figures prepared for tax purposes often diverge from those 
submitted to shareholders and others. “Taxable income” 
is a legal concept rather than an accounting concept. Tax 
laws include incentives to encourage Companies to do 
certain things and discourage them from doing others. Ac-

cordingly, what is “income” or “capital” to a tax agency 
may be far different from the accountant’s measures of 
these same concepts.
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Aesthetics (or esthetics) may be vaguely defined as 
the philosophical study of beauty and taste. To de­
hne its subject matter more precisely is, however, 

immensely difficult. Indeed, it could be said that self- 
definition has been the major task of modern aesthetics. 
We are acquainted with an interesting and puzzling realm 
of experience: the realm of the beautiful, the ugly, the 
sublime, and the elegant; of taste, criticism, and üne art; 
and of contemplation, sensuous enjoyment, and charm. 
In all these phenomena we believe that similar principles 
are operative and that similar interests are engaged. If we

are mistaken in this impression, we will have to dismiss 
such ideas as beauty and taste as having only peripheral 
philosophical interest. Altematively, if our impression is 
correct and philosophy corroborates it, we will have dis- 
covered the basis for a philosophical aesthetics.

This article seeks to clarify the nature of modem aesthet­
ics and to delineate its underlying principles and concerns. 
Although the article focusses on Western aesthetic thought 
and its development, it surveys some of the seminal fea­
tures of Marxist and Eastem aesthetics.

The article is divided into the following sections:

The nature and scope of aesthetics 9 
Three approaches to aesthetics 9 
The aesthetic recipiënt 10 
The aesthetic object 10 
The aesthetic experience 11 
The role of Imagination 13 
Emotion, response, and enjoyment 14 

The work of art 15 
Understanding art 15
Representation, expression, and symbolism 15 
Form 16
The ontology of art 17

The value of art 18 
Taste, criticism, and judgment 18 
The development of Western aesthetics 20 

The contributions of the ancient Greeks 20 
Medieval aesthetics 20 
The origins of modem aesthetics 20 

Marxist aesthetics 22 
Eastem aesthetics 23 

India 23 
China 23 
Japan 23 

Bibliography 23

THE NATURE AND SCOPE OF AESTHETICS
Aesthetics is broader in scope than the philosophy of 
art, which comprises one of its branches. It deals not 
only with the nature and value of the arts but also with 
those responses to natural objects that find expression in 
the language of the beautiful and the ugly. A problem 
is encountered at the outset, however, for terms such as 
beautiful and ugly seem too vague in their application 
and too subjective in their meaning to divide the world 
successfully into those things that do, and those that do 
not, exemplify them. Almost anything might be seen as 
beautiful by someone or from some point of view; and 
different people apply the word to quite disparate objects 
for reasons that often seem to have little or nothing in 
common. It may be that there is some single underlying 
belief that motivates all of their judgments. It may also 
be, however, that the term beautiful has no sense except 
as the expression of an attitude, which is in tum attached 
by different people to quite different States of affairs.

Moreover, in spite of the emphasis laid by philosophers 
on the terms beautiful and ugly, it is far from evident 
that they are the most important or most useful either in 
the discussion and criticism of art or in the description 
of that which appeals to us in nature. To convey what is 
significant in a poem we might use such terms as ironical, 
moving, expressive, balanced, and harmonious. Likewise, 
in describing a favourite stretch of countryside, we may 
find more use for peaceful, soft, atmospheric, harsh, and 
evocative, than for beautiful. The least that should be said 
is that beautiful belongs to a dass of terms from which it 
has been chosen as much for convenience’ sake as for any 
sense that it captures what is distinctive of the dass.
At the same time, there seems to be no clear way of 

delimiting the dass in question—not at least in advance 
of theory. Aesthetics must therefore cast its net more 
widely than the study either of beauty or of other aes­
thetic concepts if it is to discover the principles whereby 
it is to be defined. We are at once retumed, therefore, to 
the vexing question of our subject matter: What should 
a philosopher study in order to understand such ideas as 
beauty and taste?

Three approaches to aesthetics. Three broad approaches 
have been proposed in answer to that question, each intu- 
itively reasonable:

1. The study of the aesthetic concepts, or, more specifi- 
cally, the analysis of the “language of criticism,” in which 
particular judgments are singled out and their logic and 
justification displayed. In his famous treatise On the Sub­
lime and Beautiful (1757), Edmund Burke attempted to 
draw a distinction between two aesthetic concepts, and, 
by studying the qualities that they denoted, to analyze the 
separate human attitudes that are directed toward them. 
Burke’s distinction between the sublime and the beautiful 
was extremely influential, reflecting as it did the prevail- 
ing style of Contemporary criticism. In more recent times, 
philosophers have tended to concentrate on the concepts 
of modern literary theory—namely, those such as repre- 
sentation, expression, form, style, and sentimentality. The 
study invariably has a dual purpose: to show how (if at 
all) these descriptions might be justified, and to show 
what is distinctive in the human experiences that are ex- 
pressed in them.

2. A philosophical study of certain States of mind—re­
sponses, attitudes, emotions—that are held to be involved 
in aesthetic experience. Thus, in the seminal work of 
modern aesthetics Kritik der Urteilskraft (1790; The Cri- 
tique o f Judgment), Immanuel Kant located the distinctive 
features of the aesthetic in the faculty of “judgment,” 
whereby we take up a certain stance toward objects, sepa- 
rating them from our scientific interests and our practical 
concerns. The key to the aesthetic realm lies therefore in 
a certain “disinterested” attitude, which we may assume 
toward any object and which can be expressed in many 
contrasting ways.

More recently, philosophers—distrustful of Kant’s the­
ory of the faculties—have tried to express the notions of 
an “aesthetic attitude” and “aesthetic experience” in other 
ways, relying upon developments in philosophical psy- 
chology that owe much to G.W.F. Hegel, the Phenome- 
nologists, and Ludwig Wittgenstein (more precisely, the 
Wittgenstein of the Philosophical Investigations [1953]). 
In considering these theories (some of which are discussed 
below) a crucial distinction must be bome in mind: that 
between philosophy of mind and empirical psychology. 
Philosophy is not a Science, because it does not investigate 
the causes of phenomena. It is an a priori or concep- 
tual investigation, the underlying concem of which is to 
identify rather than to explain. In effect, the aim of the
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philosopher is to give the broadest possible description 
of the things themselves, so as to show how we must 
understand them and how we ought to value them. The 
two most prominent current philosophical methods—Phe- 
nomenology and conceptual analysis—tend to regard this 
aim as distinct from, and (at least in part) prior to, the 
aim of science. For how can we begin to explain what 
we have yet to identify? While there have been empirical 
studies of aesthetic experience (exercises in the psychology 
of beauty), these form no part of aesthetics as considered 
in this article. Indeed, the remarkable paucity of their 
conclusions may reasonably be attributed to their attempt 
to provide a theory of phenomena that have yet to be 
properly defined.

3. The philosophical study of the aesthetic object. This 
approach reflects the view that the Problems of aesthetics 
exist primarily because the world contains a special dass 
of objects toward which we react selectively and which we 
describe in aesthetic terms. In effect, the existence of such 
objects constitutes the prime phenomenon; aesthetic ex­
perience should thus be described according to them and 
the meaning of aesthetic concepts be determined by them. 
The usual dass singled out as prime aesthetic objects is 
that comprising works of art. All other aesthetic objects 
(landscapes, faces, objets trouvés, and the like) tend to be 
included in this dass only because, and to the extent that, 
they can be seen as art (or so it is claimed).

If we adopt such an approach, then there ceases to be 
a real distinction between aesthetics and the philosophy 
of art; and aesthetic concepts and aesthetic experience de- 
serve their names through being, respectively, the concepts 
required in understanding works of art and the experience 
provoked by confronting them. Thus Hegel, perhaps the 
major philosophical influence on modern aesthetics, con­
sidered the main task of aesthetics to reside in the study of 
the various forms of art and of the spiritual content pecu- 
liar to each. Much of recent aesthetics has been similarly 
focussed on artistic problems, and it could be said that 
it is now orthodox to consider aesthetics entirely through 
the study of art.

The third approach to aesthetics does not require this 
concentration upon art. Even someone who considered 
art to be no more than one manifestation of aesthetic 
value—perhaps even a comparatively insignificant mani­
festation—may believe that the first concern of aesthetics 
is to study the objects of aesthetic experience and descrip­
tion and to find in them the true distinguishing features 
of the aesthetic realm. Unless we restrict the domain of 
aesthetic objects, however, it becomes extremely difficult 
to maintain that they have anything significant in com­
mon beyond the fact of inspiring a similar interest. This 
means that we should be compelled to adopt the second 
approach to aesthetics after all. And there seems no more 
plausible way of restricting the domain of aesthetic objects 
than through the concept of art.

The three approaches may lead to incompatible results. 
Alternatively, they may be in harmony. Once again, it 
can only be at the end point of our philosophy that we 
shall be able to decide. Initially, it must be assumed that 
the three approaches may differ substantially, or merely 
in emphasis, and thus that each question in aesthetics has 
a tripartite form.

The aesthetic recipiënt. Whichever approach we take, 
however, there is an all-important question upon the an- 
swer to which the course of aesthetics depends: the ques­
tion of the recipiënt. Only beings of a certain kind have 
aesthetic interests and aesthetic experience, produce and 
appreciate art, eiriploy such concepts as those of beauty, 
expression, and form. What is it that gives these beings 
access to this realm? The question is at least as old as 
Plato but received its most important modern exposition 
in the philosophy of Kant, who argued, first, that it is only 

tCant’s rational beings who can exercise judgment—the faculty 
notion of of aesthetic interest—and, second, that until exercised in
judgment aesthetic judgment rationality is incomplete. It is worth 

pausing to examine these two claims.
Rational beings are those, like us, whose thought and 

conduct are guided by reason; who deliberate about what 
to believe and what to do; and who affect each other’s be­

lief* and actions through argument and persuasion. Kant 
argued that reason has both a theoretical and a practi­
cal employment, and that a rational being finds both his 
conduct and his thought inspired and limited by reason. 
The guiding law of rational conduct is that of morality, 
enshrined in the categorical imperative, which enjoins us 
to act only on that maxim which we can at the same time 
will as a universal law.

By virtue of practical reason, the rational being sees him­
self and others of his kind as subject to an order that is not 
that of nature: he lives responsive to the law of reason and 
sees himself as a potential member of a “kingdom of ends” 
wherein the demands of reason are satisfied. Moreover, he 
looks on every rational being—himself included—as made 
sacrosanct by reason and by the morality that sterns from 
it. The rational being, he recognizes, must be treated al­
ways as an end in himself, as something of intrinsic value, 
and never as a mere object to be disposed of according to 
purposes that are not its own.

The capacity to see things as intrinsically valuable, irre- 
placeable, or ends in themselves is one of the important 
gifts of reason. But it is not exercised only practically 
or only in our dealings with other reasoning beings. It 
may also be exercised contemplatively toward nature as 
a whole. In this case, practical considerations are held in 
abeyance, and we stand back from nature and look on it 
with a disinterested concern. Such an attitude is not only 
peculiar to rational beings but also necessary to them. 
Without it, they have only an impoverished grasp of their 
own significance and of their relation to the world in 
which they are situated through their thoughts and actions. 
This disinterested contemplation and the experiences that 
arise from it acquaint us, according to Kant, with the 
ultimate harmony that exists between the world and our 
faculties. They therefore provide the ultimate guarantee, 
both of practical reasoning and of the understanding, by 
intimating to us directly that the world answers to our 
purposes and corresponds to our beliefs.

Disinterested contemplation forms, for Kant, the core 
of aesthetic experience and the ultimate ground of the 
judgment of beauty. He thus concludes (1) that only ra­
tional beings have aesthetic experience; (2) that every ra­
tional being needs aesthetic experience and is significantly 
incomplete without it; and (3) that aesthetic experience 
stands in fundamental proximity to moral judgment and 
is integral to our nature as moral beings.
Modern philosophers have sometimes followed Kant, 

sometimes ignored him. Rarely, however, have they set 
out to show that aesthetic experience is more widely dis­
tributed than the human race. For what could it mean to 
say of a cow, for example, that in staring at a landscape 
it is moved by the sentiment of beauty? What in a cow’s 
behaviour or mental composition could manifest such a 
feeling? While a cow may be uninterested, it cannot surely 
be disinterested, in the manner of a rational being for 
whom disinterest is the most passionate form of interest. 
It is in pondering such considerations that one comes to 
realize just how deeply embedded in human nature is the 
aesthetic impulse, and how impossible it is to separate 
this impulse from the complex mental life that distin- 
guishes human beings from beasts. This condition must 
be borne in mind by any philosopher seeking to confront 
the all-important question of the relation between the aes­
thetic and the moral.

The aesthetic object. The third approach to aesthetics 
begins with a dass of aesthetic objects and attempts there- 
after to show the significance of that dass to those who se­
lectively respond to it. The term aesthetic object, however, 
is ambiguous, and, depending on its interpretation, may 
suggest two separate programs of philosophical aesthetics. 
The expression may denote either the “intentional” or the 
“material” object of aesthetic experience. This distinction, 
a legacy of the Scholastic philosophers of the Middle 
Ages, has played a major role in recent Phenomenology. 
It may be briefly characterized as follows: When some­
one responds to object O, his response depends upon a 
conception of O that may, in fact, be erroneous. O is 
then the material object of his response, while his concep­
tion defines the intentional object. (The term intentional

Kant’s
conception
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aesthetic
experience

Two types 
of objects
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comes from the Latin intendere, “to aim.”) To eite an 
example: A person is frightened by a white cloth flapping 
in a darkened hall, taking it for a ghost. Here, the ma­
terial object of the fear is the cloth, while the intentional 
object is a ghost. A philosophical discussion of fear may 
be presented as a discussion of things feared, but if so, the 
phrase denotes the dass of intentional objects of fear and 
not the (infinitely varied and infinitely disordered) dass 
of material objects. In an important sense, the intentional 
object is part of a state of mind, whereas the material 
object always has independent (and objective) existence. If 
the expression “aesthetic object” is, therefore, taken in its 
intentional construction, the study of the aesthetic object 
becomes the study, not of an independently existing dass 
of things, but of the aesthetic experience itself. It is in this 
sense that the term occurs in the writings of Phenome- 
nologists (e.g., Mikel Dufrenne, La Phénoménologie de 
Vexpérience esthétique [1953; The Phenomenology of Aes­
thetic Experience] and Roman Ingarden, Das literarische 
Kunstwerk [1931; The Literary Work o f Art]), whose stud­
ies of the aesthetic object exemplify not the third, but the 
second, of the approaches considered above.
Which of those two approaches should be adopted? We 

can already see one reason for adopting the approach 
that puts the aesthetic experience first and examines the 
aesthetic object primarily as the intentional object of that 
experience. It is, after all, to experience that we must turn 
if we are to understand the value of the aesthetic realm— 
our reason for engaging with it, studying it, and adding to 
it. Until we understand that value, we will not know why 
we ought to construct such a concept as the aesthetic, still 
less why we should erect a whole branch of philosophy 
devoted to its analysis.

A further reason also suggests itself for rejecting the ap­
proach to aesthetics that sees it merely as the philosophy 
of art, because art, and the institutions that sustain it, are 
mutable and perhaps inessential features of the human 
condition. While we classify together such separate art 
forms as poetry, the novel, music, drama, painting, sculp- 
ture, and architecture, our disposition to do so is as much 
the consequence of philosophical theory as its premise. 
Would other people at other times and in other conditions 
have countenanced such a Classification or seen its point? 
And if so, would they have been motivated by similar 
purposes, similar observations, and similar beliefs? We 
might reasonably be skeptical, for while there have been 
many attempts to find something in common—if only 
a “family resemblance”—between the various currently 
accepted art forms, they have all been both contentious 
in themselves and of little aesthetic interest. Considered 
materially (i.e., without reference to the experiences that 
we direct to them), the arts seem to have little in common 
except for those properties that are either too uninter- 
esting to deserve philosophical scrutiny (the property, for 
example, of being artifacts) or eise too vast and vague to 
be independently intelligible.

Consider the theory of Clive Bell (Art, 1914) that art is 
distinguished by its character as “significant form.” Ini- 
tially attractive, the Suggestion crumbles at once before the 
skeptic. When is form “significant”? The only answer to be 
extracted from Bell is this: “when it is art.” In effect, the 
theory reduces to a tautology. In any normal understand­
ing of the words, a traffic warden is a significant form, at 
least to the motorist who sees himself about to receive a 
ticket. Thus, to explain Bell’s meaning, it is necessary to 
restrict the term significant to the significance (whatever 
that is) of art.

Moreover, it is of the greatest philosophical importance 
to attend not only to the resemblances between the art 
forms but also to their differences. It is true that almost 
anything can be seen from some point of view as beauti- 

Factors ful. At the same time, however, our experience of beauty 
involved crucially depends upon a knowledge of the object in which
in the beauty is seen. It is absurd to suppose that I could present
perception you with an object that might be a stone, a sculpture, 
of beauty a box, a fruit, or an animal, and expect you to teil me 

whether it is beautiful before knowing what it is. In gen­
eral we may say—in Opposition to a certain tradition in 
aesthetics that finds expression in Kant’s theory—that our

sense of beauty is always dependent upon a conception 
of the object in the way that our sense of the beauty 
of the human figure is dependent upon a conception of 
that figure. Features that we should regard as beautiful in 
a horse—developed haunches, curved back, and so on— 
we should regard as ugly in a man, and those aesthetic 
judgments would be determined by our conception of 
what men and horses generally are, how they move, and 
what they achieve through their movements. In a similar 
way, features that are beautiful in a sculpture may not be 
beautiful in a work of architecture, where an idea of func- 
tion seems to govern our perceptions. In every case, our 
perception of the beauty of a work of art requires us to 
be aware of the distinctive character of each art form and 
to put out of mind, as largely irrelevant to our concerns, 
the overarching category of art to which all supposedly 
belong. But if that is so, it is difficult to see how we could 
cast light upon the realm of aesthetic interest by studying 
the concept of art.
Whether or not that concept is a recent invention, it is 

certainly a recent Obsession. Medieval and Renaissance 
philosophers who approached the Problems of beauty and 
taste—e.g., St. Thomas Aquinas, Peter Abelard, and even 
Leon Battista Alberti—often wrote of beauty without ref­
erence to art, taking as their principal example the human 
face and body. The distinctively modern approach to aes­
thetics began to take shape during the 18th Century, with 
the writings on art of Jean-Jacques Rousseau, Charles Bat- 
teux, and Johann Winckelmann and the theories of taste 
proposed by the 3rd Earl of Shaftesbury, Francis Hutch- 
eson, Lord Karnes (Henry Home), and Archibald Alison.
This approach materialized not only because of a growing 
interest in fine art as a uniquely human phenomenon but 
also because of the awakening of feelings toward nature, 
which marked the dawn of the Romantic movement. In 
Kant’s aesthetics, indeed, nature has pride of place as of- 
fering the only examples of what he calls “free beauty”—
i.e., beauty that can be appreciated without the interme- 
diary of any polluting concept. Art, for Kant, was not 
merely one among many objects of aesthetic interest; it 
was also fatally flawed in its dependence upon intellectual 
understanding.

Even without taking that extreme position, it is diffi­
cult to accept that the fragile and historically determined 
concept of art can bear the weight of a full aesthetic 
theory. Leaving aside the case of natural beauty, we must 
still recognize the existence of a host of human activities 
(dress, decoration, manners, ornament) in which taste is 
of the essence and yet which seems totally removed from 
the world of fine art. It has been common, following the 
lead of Batteux, to make a distinction between the fine 
and the useful arts, and to accommodate the activities just 
referred to under the latter description; but it is clear that 
this is no more than a gesture and that the points of sim- 
ilarity between the art of the dressmaker and that of the 
composer are of significance only because of a similarity 
in the interests that these arts are meant to satisfy.
The aesthetic experience. Such considerations point to­

ward the aforementioned approach that begins with the 
aesthetic experience as the most likely to capture the full 
range of aesthetic phenomena without begging the impor­
tant philosophical questions about their nature. Can we 
then single out a faculty, an attitude, a mode of judgment, 
or a form of experience that is distinctively aesthetic? And 
if so, can we attribute to it the significance that would 
make this philosophical enterprise both important in itself 
and relevant to the many questions posed by beauty, crit­
icism, and art?

Taking their cue from Kant, many philosophers have 
defended the idea of an aesthetic attitude as one divorced 
from practical concerns, a kind of “distancing,” or stand- The 
ing back, as it were, from ordinary involvement. The notion of 
classic Statement of this position is Edward Bullough’s distance 
“ ‘Psychical Distance’ as a Factor in Art and an Aesthetic 
Principle,” an essay published in the British Journal o f 
Psychology in 1912. While there is certainly something 
of interest to be said along those lines, it cannot be the 
whole story. Just what kind of distance is envisaged? Is 
the lover distanced from his beloved? If not, by what right
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does he call her beautiful? Does distance imply a lack of 
practical involvement? If such is the case, how can we 
ever take up an aesthetic attitude to those things that 
have a purpose for us—things such as a dress, building, 
or decoration? But if these are not aesthetic, have we not 
paid a rather high price for our definition of this word— 
the price of detaching it from the phenomena that it was 
designed to identify?

Kant’s own formulation was more satisfactory. He de- 
scribed the recipiënt of aesthetic experience not as dis- 
tanced but as disinterested, meaning that the recipiënt 
does not treat the object of enjoyment either as a vehicle 
for curiosity or as a means to an end. He contemplates 
the object as it is in itself and “apart from all interest.” In 
a similar spirit, Arthur Schopenhauer argued that a person 
could regard anything aesthetically so long as he regarded 
it in independence of his will—that is, irrespective of any 
use to which he might put it. Regarding it thus, a person 
could come to see the Idea that the object expressed, and 
in this knowledge consists aesthetic appreciation (Die Welt 
als Wille und Vorstellung [1819; The World as Will and 
Idea]).

Of a piece with such a view is the populär theory of 
Art as art as a kind of “play” activity, in which creation and
play appreciation are divorced from the normal urgencies of

existence and surrendered to leisure. “With the agreeable, 
the good, the perfect,” wrote Friedrich Schiller, “man is 
merely in earnest, but with beauty he plays” (Briefe über 
die ästhetische Erziehung des Menschen [1794-95; Letters 
on the Aesthetic Education o f Man]).

Such thoughts have already been encountered. The Prob­
lem is to give them philosophical precision. They have 
recurred in modern philosophy in a variety of forms—for 
example, in the theory that the aesthetic object is always 
considered for its own sake, or as a unique individual 
rather than a member of a dass. Those particular formu- 
lations have caused some philosophers to treat aesthetic 
objects as though they were endowed with a peculiar meta- 
physical status (see below The work o f art). Alternatively, 
it is sometimes argued that the aesthetic experience has 
an intuitive character, as opposed to the conceptual char­
acter of scientific thought or the instrumental character of 
practical understanding.
The simplest way of summarizing this approach to aes­

thetics is in terms of two fundamental propositions:
1. The aesthetic object is an object of sensory experience 

and enjoyed as such: it is heard, seen, or (in the limiting 
case) imagined in sensory form.

2. The aesthetic object is at the same time contem- 
plated: its appearance is a matter of intrinsic interest and 
studied not merely as an object of sensory pleasure but 
also as the repository of significance and value.

The first of these propositions explains the word aes­
thetic, which was initially used in this connection by the 
Leibnizian philosopher Alexander Baumgarten in Medita- 
tiones Philosophicae de Nonnullis ad Poema Pertinentibus 
(1735; Reflections on Poetry). Baumgarten borrowed the 
Greek term for sensory perception (aisthësis) in order to 
denote a realm of concrete knowledge (the realm, as he 
saw it, of poetry), in which a content is communicated in 
sensory form. The second proposition is, in essence, the 
foundation of taste. It describes the motive of our attempt 
to discriminate rationally between those objects that are 
worthy of contemplative attention and those that are not.

Almost all of the aesthetic theories of post-Kantian Ide- 
alism depend upon those two propositions and try to ex- 
plain the peculiarities of aesthetic experience and aesthetic 
judgment in terms of the synthesis of the sensory and the 
intellectual that they imply—the synthesis summarized 
in Hegel’s theory of art as “the sensuous embodiment 
of the Idea.” Neither proposition is particularly clear. 
Throughout the discussions of Kant and his immediate 
following, the “sensory” is assimilated to the “concrete,” 
the “individual,” the “particular,” and the “determinate,” 
while the “intellectual” is assimilated to the “abstract,” 
the “universal,” the “general,” and the “indeterminate”— 
assimilations that would nowadays be regarded with ex­
treme suspicion. Nevertheless, subsequent theories have 
repeatedly retumed to the idea that aesthetic experience

involves a special synthesis of intellectual and sensory 
components, and that both its peculiarities and its value 
are to be derived from such a synthesis.

The idea at once gives rise to paradoxes. The most im­
portant was noticed by Kant, who called it the antinomy Antinomy 
of taste. As an exercise of reason, he argued, aesthetic of taste 
experience must inevitably tend toward a reasoned choice 
and therefore must formulate itself as a judgment. Aes­
thetic judgment, however, seems to be in conflict with 
itself. It cannot be at the same time aesthetic (an expres­
sion of sensory enjoyment) and also a judgment (claiming 
universal assent). Yet all rational beings, by virtue of their 
rationality, seem disposed to make these judgments. On 
the one hand, they feel pleasure in some object, and this 
pleasure is immediate, not based, according to Kant, in 
any conceptualization or in any inquiry into cause, pur­
pose, or Constitution. On the other hand, they express their 
pleasure in the form of a judgment, speaking “as if beauty 
were a quality of the object,” and so representing their 
pleasure as objectively valid. But how can this be so? The 
pleasure is immediate, based in no reasoning or analysis.
So what permits this demand for universal agreement?
However we approach the idea of beauty, we find this 

paradox emerging. Our ideas, feelings, and judgments are 
called aesthetic precisely because of their direct relation to 
sensory enjoyment. Hence, no one can judge the beauty of 
an object that he has never encountered. Scientific judg­
ments, like practical principles* can be received “second 
hand.” I can, for example, take you as my authority for the 
truths of physics or for the Utility of railways. But I cannot 
take you as my authority for the merits of Leonardo or 
Mozart if I have not seen or heard works by either artist.
It would seem to follow from this that there can be no 
rules or principles of aesthetic judgment, since I must feel 
the pleasure immediately in the perception of the object 
and cannot be talked into it by any grounds of proof. It 
is always experience, and never conceptual thought, that 
gives the right to aesthetic judgment, so that anything 
that alters the experience of an object alters its aesthetic 
significance as well. As Kant put it, aesthetic judgment is 
“free from concepts,” and beauty itself is not a concept.
Such a conclusion, however, seems to be inconsistent 

with the fact that aesthetic judgment is a form of judg­
ment. When I describe something as beautiful, I do not 
mean merely that it pleases me: I am speaking about it, 
not about myself, and, if challenged, I try to find reasons 
for my view. I do not explain my feeling but give grounds 
for it by pointing to features of its object. Any search for 
reasons has the “universalizing” character of rationality: I 
am in effect saying that others, insofar as they are ratio­
nal, ought to feel exactly the same delight as I feel. Being 
disinterested, I have put aside my interests, and with them 
everything that makes my judgment relative to me. But, 
if that is so, then “the judgment of taste is based on 
concepts, for otherwise there could be no room even for 
contention in the matter, or for the claim to the necessary 
agreement of others.”

In short, the expression aesthetic judgment seems to be a 
contradiction in terms, denying in the first term precisely 
that reference to rational considerations that it affirms in 
the second. This paradox, which we have expressed in 
Kant’s language, is not peculiar to the philosophy of Kant.
On the contrary, it is encountered in one form or another 
by every philosopher or critic who takes aesthetic experi­
ence seriously, and who therefore recognizes the tension 
between the sensory and the intellectual constraints upon 
it. On the one hand, aesthetic experience is rooted in the 
immediate sensory enjoyment of its object through an act 
of perception. On the other, it seems to reach beyond 
enjoyment toward a meaning that is addressed to our rea­
soning powers and that seeks judgment from them. Thus 
criticism, the reasoned justification of aesthetic judgment, 
is an inevitable upshot of aesthetic experience. Yet, critical 
reasons can never be merely intellectual; they always con- 
tain a reference to the way in which an object is perceived.

Two related paradoxes also emerge from the same ba- 
sic conception of the aesthetic experience. The first was 
given extended consideration by Hegel, who argued, in 
his Vorlesungen über die Aesthetik (1832; “Lectures on
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Aesthetics”; Eng. trans., Philosophy o f Fine Art), roughly 
as follows: Our sensuous appreciation of art concentrates 
upon the given “appearance”—the “form.” It is this that 
holds our attention and that gives to the work of art its 
peculiar individuality. Because it addresses itself to our 
sensory appreciation, the work of art is essentially con­
crete, to be understood by an act of perception rather than 
by a process of discursive thought. At the same time, our 
understanding of the work of art is in part intellectual; we 
seek in it a conceptual content, which it presents to us in 
the form of an idea. One purpose of critical interpretation 
is to expound this idea in discursive form—to give the 
equivalent of the content of the work of art in another, 
nonsensuous idiom. But criticism can never succeed in 
this task, for, by separating the content from the particular 
form, it abolishes its individuality. The content presented 
then ceases to be the exact content of that work of art. 
In losing its individuality, the content loses its aesthetic 
reality; it thus ceases to be a reason for attending to the 
particular work of art that first attracted our critical atten­
tion. It cannot be this that we saw in the original work 
and that explained its power over us. For this content, 
displayed in the discursive idiom of the critical intellect, 
is no more than a husk, a discarded relic of a meaning 
that eluded us in the act of seizing it. If the content is 
to be the true object of aesthetic interest, it must remain 
wedded to its individuality: it cannot be detached from 
its “sensuous embodiment” without being detached from 
itself. Content is, therefore, inseparable from form and 
form in turn inseparable from content. (It is the form that 
it is only by virtue of the content that it embodies.)
Hegel’s argument is the archetype of many, all aimed at 

showing that it is both necessary to distinguish form from 
content and also impossible to do so. This paradox may 
be resolved by rejecting either of its premises, but, as with 
Kant’s antinomy, neither premise seems dispensible. To 
suppose that content and form are inseparable is, in effect, 
to dismiss both ideas as illusory, since no two works of 
art can then share either a content or a form—the form 
being definitive of each work’s individuality. In this case, 
no one could ever justify his interest in a work of art by 
reference to its meaning. The intensity of aesthetic interest 
becomes a puzzling, and ultimately inexplicable, feature 
of our mental life. If, on the other hand, we insist that 
content and form are separable, we shall never be able to 
find, through a study of content, the reason for attending 
to the particular work of art that intrigues us. Every work 
of art stands proxy for its paraphrase. An impassable gap 
then opens between aesthetic experience and its ground, 
and the claim that aesthetic experience is intrinsically 
valuable is thrown in doubt.
A related paradox is sometimes referred to as the “heresy 

of paraphrase,” the words being those of the U.S. literary 
critic Cleanth Brooks (The Well Wrought Urn, 1949). The 
heresy is that of assuming that the meaning of a work of 
art (particularly of poetry) can be paraphrased. According 
to Brooks, who here followed an argument of Benedetto 
Croce, the meaning of a poem consists precisely in what is 
not translatable. Poetic meaning is bound up with the par­
ticular disposition of the words—their sound, rhythm, and 
arrangement—in short, with the “sensory embodiment” 
provided by the poem itself. To alter that embodiment 
is to produce either another poem (and therefore another 
meaning) or something that is not a work of art at all, and 
which therefore lacks completely the kind of meaning for 
which works of art are valued. Hence no poetry is trans­
latable, and no critic can do better than to point to the 
objective features of the poem that most seem to him to 
be worthy of attention. Yet, that result too is paradoxical. 
For what does the critic see in those objective features and 
how is his recommendation to be supported? Why should 
we attend to poetry at all if nothing can be said about its 
virtues save only “look!”? Why look at a poem rather than 
an advertisement, a mirror, or a blade of grass? Everything 
becomes equally worthy of attention, since nothing can be 
said that will justify attention to anything.

The role of imagination. Such paradoxes suggest the 
need for a more extensive theory of the mind than has 
been so far assumed. We have referred somewhat loosely

to the sensory and intellectual components of human ex­
perience but have said little about the possible relations 
and dependencies that exist between them. Perhaps, there­
fore, the paradoxes result only from our impoverished 
description of the human mind and are not intrinsic to 
the subject matter of aesthetic interest.

Many modern philosophers have at this point feit the 
need to invoke imagination, either as a distinct mental 
“faculty” (Kant) or as a distinctive mental Operation by 
virtue of which thought and experience may be united. 
For Empiricist philosophers (such as David Hume, Joseph 
Addison, Archibald Alison, and Lord Karnes), imagina­
tion involves a kind of “associative” process, whereby 
experiences evoke ideas, and so become united with them. 
For Kant and Hegel, imagination is not associative but 
constitutive—part of the nature of the experience that 
expresses it.

Once again it is useful to begin from Kant, who distin- 
guished two uses of the imagination: the first in ordinary 
thought and perception, the second in aesthetic experience. 
When I look before me and see a book, my experience, 
according to Kant, embodies a “synthesis.” It contains 
two elements: the “intuition” presented to the senses and 
the “concept” (“book”), contributed by the understanding. 
The two elements are synthesized by an act of the imag­
ination that constitutes them as a single experience—the 
experience of seeing a book. Here imagination remains 
bound by the concepts of the understanding, which is to 
say that how I see the world depends upon my disposition 
to form determinate beliefs about it—in this case, the be­
lief that there is a book before me. In aesthetic experience, 
however, imagination is free from concepts and engages 
in a kind of free play. This free play of the imagination 
enables me to bring concepts to bear on an experience 
that is, in itself, free from concepts. Thus there are two 
separate ways in which the content of experience is pro­
vided: one in ordinary perception, the other in aesthetic 
experience. In both cases the operative factor, in holding 
thought and Sensation together, is the imagination.

Whether such theories can cast light on the mysterious 
unity between the intellectual and the sensory that we 
observe in aesthetic experience remains doubtful. The ar­
gument for saying that there is a single process of imagina­
tion involved in all perception, imagery, and remembering 
seems to consist only in the premise (undoubtedly true) 
that in these mental processes thought and experience are 
often inseparable. But to suppose therefore that there is 
some one “faculty” involved in forging the connection 
between them is to fail to take seriously the fact that they 
are inseparable.
Nevertheless, even if we find this general invocation of 

imagination, as the “synthesizing force” Within percep­
tion, vacuous or unilluminating, we may yet feel that the 
imagination has some special role to play in aesthetic ex­
perience and that the reference to imagination has some 
special value in explaining the precise way in which a 
content and an experience become “fused” (to use George 
Santayana’s term). Whether or not Kant was right to refer 
to a free play of imagination in aesthetic experience, there 
certainly seems to be a peculiarly Creative imagination 
that human beings may exercise and upon which aesthetic 
experience calls. It is an exercise of Creative imagination 
to see a face in a picture, since that involves seeing in 
defiance of judgment—seeing what one knows not to be 
there. It is not in the same sense an imaginative act to see 
a face in something that one also judges to be a face. This 
Creative capacity is what Jean-Paul Sartre is referring to 
in LTmaginaire: Psychologie phénoménologique de Vima­
gination (1940; “The Imaginary: The Phenomenological 
Psychology of the Imagination”; Eng. trans., The Psychol- 
ogy o f Imagination) when he describes imagining as “the 
positing of an object as a nothingness”—as not being. In 
memory and perception we take our experience “for real.” 
In imagination we contribute a content that has no reality 
beyond our disposition to “see” it, and it is clear that this 
added content is frequently summoned by art when, for 
example, we see the face in a picture or hear the emotion 
in a piece of music.
Recent work in aesthetics, to some extent inspired by the

Creative
imagina­
tion
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seminal writings of Sartre and Wittgenstein, has devoted 
considerable attention to the study of Creative imagina­
tion. The hope has been to provide the extra ingrediënt in 
aesthetic experience that bridges the gap between the sen­
sory and the intellectual and at the same time shows the 
relation between aesthetic experience and the experience 
of everyday life—an enterprise that is in turn of the first 
importance for any study that seeks to describe the moral 
significance of beauty.
Consider, for example, the spectator at Shakespeare’s 

King Lear. He sees before him an actor who, by speaking 
certain lines and making certain gestures, earns his bread. 
But that is not all that he sees. He also sees a hoary 
king, cast down by age, pride, and weakness, who rages 
against the depravity of man. Yet the spectator knows 
that, in a crucial sense, there is no such king before him. 
It is intellectual understanding, not psychical distance, 
that prevents him from stepping onto the stage to offer 
his assistance. He knows that the scene he enjoys is one 
that he contributes, albeit under the overwhelming com- 
pulsion induced by the actor and his lines. The spectator 
is being shown something that is outside the normal com­
merce of theoretical and practical understanding, and he 
is responding to a scene that bears no spatial, temporal, 
or causal relation to his own experience. His response is 
quintessentially aesthetic. For what interest could he have 
in this scene other than an interest in it for its own sake, 
for what it is in itself? At the same time, what it is in 
itself involves what it shows in general. In imaginatively 
conjuring this scene the spectator draws upon a wealth 
of experience, which is brought to mind and, as it were, 
Condensed for him into the imaginative perception of the 
play. (Hence, Aristotle believed poetry is more general 
than history, since its concreteness is not that of real 
events, but rather of imaginary episodes constructed so as 
to typify human destiny in exemplary representations.)

Such an exercise of the imagination clearly has much to 
teil us about the nature of aesthetic experience. Whether 
or not it could found a theory of the “missing link” be­
tween sensory enjoyment and intellectual understanding, 
it at least provides a paradigm of the relation between 
aesthetic experience and the experience of everyday life. 
The former is an imaginative reconstruction of the latter, 
which becomes interesting for its own sake precisely be­
cause—however realistic—it is not real.

Emotion, response, and enjoyment. It is natural to sup­
pose that a spectator’s response to King Lear is at least 
in part emotional, and that emotion plays a crucial role 
both in the enjoyment of art and in establishing the value 
of art. Moreover, it is not only art that stirs our emotions 
in the act of aesthetic attention: the same is or may be 
true of natural beauty whether that of a face or of a 
landscape. These things hold our attention partly because 
they address themselves to our feelings and call forth a 
response which we value both for itself and for the con- 
solation that we may attain through it. Thus we find an 
important philosophical tradition according to which the 
distinctive character of aesthetic experience is to be found 
in distinctively “aesthetic” emotions.

This tradition has ancient origins. Plato banished the 
poets from his ideal republic partly because of their ca- 
pacity to arouse futile and destructive emotions, and in 
his answer to Plato, Aristotle argued that poetry, in par­
ticular tragic poetry, was valuable precisely because of its 
emotional effect. This idea enabled Aristotle to pose one 
of the most puzzling Problems in aesthetics—the problem 
of tragedy—and to offer a solution. How can I willingly 
offer myself to witness scenes of terror and destruction? 
And how can I be said to enjoy the result, set store by 
it, or accord to it a positive value? Aristotle’s answer is 
brief. He explains that by evoking pity and fear a tragedy 
also “purges” those emotions, and that is what we en­
joy and value:

Tragedy, then, is an imitation of an action that is serious, 
complete, and of a certain magnitude; in language embellished 
with each kind of artistic ornament, the several kinds being 
found in separate parts of the play; in the form of action, 
not of narrative; through pity and fear effecting the proper 
purgation of these emotions.

Aristotle implies that this purgation (katharsis) is not un- 
pleasant to us precisely because the fictional and formal- 
ized nature of the action sets it at a distance from us. We 
can allow ourselves to feel what we normally shun to feel 
precisely because no one is really threatened (or at least 
no one real is threatened).
Attractive though that explanation may seem, it imme- 

diately encounters a serious philosophical problem. It is a 
plausible tenet of philosophical psychology that emotions 
are founded on beliefs: fear on the belief that one is 
threatened, pity on the belief that someone is miserable, 
jealousy on the belief that one has a rival, and so forth. In 
the nature of things, however, these beliefs do not exist in 
the theatre. Confronted by fiction, I am relieved precisely 
of the pressure of belief, and it is this condition that per- 
mits the Aristotelian katharsis. How, then, can I be said 
to experience pity and fear when the beliefs requisite to 
those very emotions are not present? More generally, how 
can my responses to the fictions presented by works of 
art share the structure of my everyday emotions, and how 
can they impart to those emotions a new meaning, force, 
or resolution?

Various answers have been proposed to that question. 
Samuel Taylor Coleridge, for example, argued that our 
response to drama is characterized by a “willing sus­
pension of disbelief,” and thus involves the very same 
ingrediënt of belief that is essential to everyday emotion 
(Biographia Literaria, 1817). Coleridge’s phrase, however, 
is consciously paradoxical. Belief is characterized precisely 
by the fact that it lies outside the will: I can command you 
to imagine something but not to believe it. For this rea­
son, a suspension of disbelief that is achieved “willingly” 
is at best a highly dubious example of belief. In fact, the 
description seems to imply, not belief, but rather imagi­
nation, thus returning us to our problem of the relation 
between emotions directed to reality and those directed to 
merely imaginary scenes.

This is part of a much larger problem—namely, that of 
the relation between aesthetic and everyday experience. 
Two extreme positions serve to illustrate this problem. 
According to one, art and nature appeal primarily to 
our emotions: they awaken within us feelings of sympa- 
thy, or emotional associations, which are both pleasant 
in themselves and also instructive. We are made familiär 
with emotional possibilities, and, through this imaginative 
exercise, our responses to the world become illuminated 
and refined. This view, which provides an immediate and 
satisfying theory of the value of aesthetic experience, has 
been espoused in some form or other by many of the 
classical British Empiricists (Shaftesbury, Hume, Addison, 
Lord Karnes, Alison, and Burke, to eite only a few). It is 
also related to the critical theories of writers such as Cole­
ridge, Matthew Arnold, and F.R. Lea vis, whose criticism 
would make little or no sense without the supposition 
that works of art have the power to correct and corrupt 
our emotions.
According to the opposite view, aesthetic interest, be­

cause it focusses on an object for its own sake, can involve 
no interest in “affect.” To be interested in a work of art 
for the sake of emotion is to be interested in it as a 
means and, therefore, not aesthetically. In other words, 
true aesthetic interest is autonomous, Standing outside the 
current of ordinary human feeling—an attitude of pure 
contemplation or pure “intuition” that isolates its object 
from the stream of common events and perceives it in its 
uniqueness, detached, unexplained, and inexplicable. This 
Position has been taken in modern times by Benedetto 
Croce and, following him, by R.G. Collingwood, whose 
resolute defense of the autonomy of aesthetic experience 
was also associated with a theory of the autonomy of art. 
Art is not only seen as an end in itself but it is an end 
in itself, in a profound and significant sense that distin- 
guishes art from all its false Substitutes (and, in particular, 
from craft, which for Collingwood is not an end but 
merely a means).
Between those two poles, a variety of intermediate posi­

tions might be adopted. It is clear, in any case, that many 
questions have been begged by both sides. The aesthetic 
of sympathy, as Croce called it, has enormous difficulties
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in describing the emotions that are awakened in aesthetic 
experience, particularly the emotions that we are supposed 
to feel in response to such abstract arts as music. With 
what am I sympathizing when I listen to a string quartet 
or a symphony? What emotion do I feel? Moreover, the 
Position encounters all the difficulties already noted in 
forging a link between the imaginary and the real.
The aesthetic of autonomy, as we may call it, encounters 

complementary difficulties and, in particular, the difficulty 
of showing why we should value either aesthetic experience 
itself or the art that is its characteristic object. Moreover, 
it assumes that whenever I take an emotional interest in 
something, I am interested in it for the sake of emotion, 
a false inference that would imply equally that the lover 
is interested only in his love or the angry man only in 
his anger. Collingwood thus dismisses “amusement art,” 
on the spurious ground that to be interested in a work 
of art for the sake of amusement is to be interested not 
in the work but only in the amusement that it inspires. 
That is to say, it is to treat the work as a means to 
feeling rather than as an end in itself. Such a conclusion 
is entirely unwarranted. Amusement is, in fact, a species 
of interest in something for its own sake: I laugh not 
for the sake of laughter, but for the sake of the joke. 
While I may be interested in an object for the sake of the 
emotion that it arouses, the case is peculiar—the case, in 
fact, of sentimentality, often dismissed by moralists as a 
spiritual corruption and equally by critics as a corruption 
of the aims of art.
The difficulties for both views are brought out by a fun­

damental aesthetic category: that of enjoyment. Whatever 
the ultimate value of aesthetic experience, we pursue it 
in the first instance for enjoyment’s sake. Aesthetic expe­
rience includes, as its central instance, a certain kind of 
pleasure. But what kind of pleasure? While our emotions 
and sympathies are sometimes pleasurable, this is by no 
means their essential feature; they may equally be painful 
or neutral. How then does the aesthetic of sympathy ex- 
plain the pleasure that we take, and must take, in the 
object of aesthetic experience? And how does the aesthetic 
of autonomy avoid the conclusion that all such pleasure 
is a violation of its strict requirement that we should be 
interested in the aesthetic object for its own sake alone? 
Neither theory seems to be equipped, as it stands, either 
to describe this pleasure or to show its place in the appre­
ciation of art.

THE WORK OF ART
As the above discussion illustrates, it is impossible to ad- 
vance far into the theory of aesthetic experience without 
encountering the specific Problems posed by the experi­
ence of art. Whether or not we think of art as the central or 
defining example of the aesthetic object, there is no doubt 
that it provides the most distinctive illustration both of 
the elusive nature and the importance of aesthetic interest. 
With the increasing attention paid to art in a corrupted 
world where little eise is commonly held to be spiritually 

Emphasis significant, it is not surprising that the philosophy of art 
on the has increasingly begun to displace the philosophy of natu- 
philosophy ral beauty from the central position accorded to the latter 
of art by the philosophers and critics of the 18th Century. Nor is

this shift in emphasis to be regretted; for the existence of 
art as a major human institution reminds us of the need 
for a theory that will attribute more to aesthetic experience 
than enjoyment and that will explain the profundity of 
the impressions that we receive from beauty—impressions 
that may provide both meaning and solace to those who 
experience them. It is thus worth reviewing some of the 
special Problems in the philosophy of art that have most 
influenced Contemporary aesthetics.

Understanding art. The use of the concept of under­
standing in describing the appreciation of art marks out 
an interesting distinction between art and natural beauty. 
A person may understand or fail to understand T.S. 
Eliot’s Four Quartets, Michelangelo’s “David,” or Bee- 
thoven’s Ninth Symphony, but he cannot understand or 
fail to understand the Highlands of Scotland, even when 
he finds them beautiful or ugly. Understanding seems to 
be a prerequisite to the full experience of art, and this has

suggested to many critics and philosophers that art is not 
so much an object of sensory experience as an instrument 
of knowledge. In particular, art seems to have the power 
both to represent reality and to express emotion, and 
some argue that it is through appreciating the properties 
of representation and expression that we recognize the 
meaning of art. At least, it might be supposed that, if we 
speak of understanding art, it is because we think of art 
as having content, something that must be understood by 
the appropriate audience.

The most populär approach to this concept of under­
standing is through a theory of art as a form of symbolism.
But what is meant by this? Is such symbolism one thing 
or many? Is it a matter of evocation or Convention, of 
personal response or linguistic rule? And what does art 
symbolize—ideas, feelings, objects, or States of affairs?

Representation, expression, and symbolism. Various 
theories have been proposed in answer to these questions, 
the most populär being that the forms of art are similar to 
language and are to be understood as language is under­
stood, in terms of conventions and semantic rules. A few 
examples of Contemporary theories that have described art 
in this way include Ernst Cassirer’s philosophy of symbolic 
forms, Susanne K. Langer’s theory of presentational Sym­
bols, and the works on semiology and semiotics, largely 
inspired by the writings of Roland Barthes, that have been 
fashionable in Continental Europe. It seems important to 
review some of the arguments that have been employed 
both for and against the overall conception of art that 
such theories share.

In favour of the view, it is undeniable that many works 
of art are about the world in somewhat the way that 
language may be about the world. This is evident in the 
case of literature (which is itself an instance of natural 
language). It is no less evident in the case of painting. A 
portrait stands to its sitter in a relation that is not unlike 
that which obtains between a description and the thing 
described. Even if the majority of pictures are of, or about, 
entirely imaginary people, scenes, and episodes, this is no 
different from the case of literature, in which language is 
used to describe purely imaginary subjects. This relation 
between a work of art and its subject, captured in the 
word “about,” is sometimes called representation—a term 
that owes its currency in aesthetics to Croce and Colling­
wood, who used it to draw the familiär contrast between 
representation and expression.

The concept of expression is variously analyzed. Its 
Principal function in modern aesthetics, however, is to 
describe those aspects and dimensions of artistic meaning Expression 
that seem not to fall within the bounds of representation, in art 
either because they involve no clear reference to an inde­
pendent subject matter or because the connection between 
the subject and the artistic form is too close and inextrica- 
ble to admit description in the terms appropriate to repre­
sentation. Therefore, it is widely recognized that abstract 
art forms—music, abstract painting, architecture—may 
yet contain meaningful utterances, and most frequently 
philosophers and critics use terms such as expression in 
order to describe these elusive meanings. Music, in par­
ticular, is often said to be an expression of emotion and 
to gain much of its significance from that. Expression in 
such a case is unlike representation, according to many 
philosophers, in that it involves no descriptive component.
An expression of grief does not describe grief but rather 
presents it, as it might be presented by a face or a gesture.
Expression must be distinguished from evocation. To say 

that a piece of music expresses melancholy is not to say 
that it evokes (arouses) melancholy. To describe a piece of 
music as expressive of melancholy is to give a reason for 
listening to it; to describe it as arousing melancholy is to 
give a reason for avoiding it. (Music that is utterly blank 
expresses nothing, but it may arouse melancholy.) Expres­
sion, where it exists, is integral to the aesthetic character 
and merit of whatever possesses it. For similar reasons, 
expression must not be confused with association, in spite 
of the reliance on the confusion by many 18th-century 
Empiricists.

The distinction between representation and expression is 
one of the most important conceptual devices in contem-
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porary philosophy of art. Croce, who introduced it, sought 
to dismiss representation as aesthetically irrelevant and to 
elevate expression into the single, true aesthetic function. 
The first, he argued, is descriptive, or conceptual, con- 
cerned with classifying objects according to their common 
properties, and so done to satisfy our curiosity. The sec­
ond, by contrast, is intuitive, concerned with presenting its 
subject matter (an “intuition”) in its immediate concrete 
reality, so that we see it as it is in itself. In understanding 
expression, our attitude passes from mere curiosity to that 
immediate awareness of the concrete particular that is the 
core of aesthetic experience.
Later philosophers have been content merely to distin- 

guish representation and expression as different modes of 
artistic meaning, characterized perhaps by different formal 
or semantic properties. Nelson Goodman of the United 
States is one such philosopher. His Languages o f Art 
(1968) was the first work of analytical philosophy to pro­
duce a distinct and systematic theory of art. Goodman’s 
theory has attracted considerable attention, the more so in 
that it is an extension of a general philosophical perspec­
tive, expounded in works of great rigour and finesse, that 
embraces the entire realm of logic, metaphysics, and the 
philosophy of Science.

Goodman, like many others, seeks the nature of art 
in symbolism and the nature of symbolism in a general 
theory of signs. (This second part of Goodman’s aim is 
what Ferdinand de Saussure called semiology, the general 
Science of signs [Cours de linguistique générale, 1916; 
Course o f General Linguistics]). The theory derives from 
the uncompromising Nominalism expounded in Good­
man’s earlier works, a Nominalism developed under the 
influence of two other U.S. philosophers, Rudolf Car- 
nap and W.V. Quine, but also showing certain affinities 
with the later philosophy of Wittgenstein. According to 
Goodman’s general theory of signs, the relation between 
signs and the world can be described, like any relation, in 
terms of its formal structure, the objects related, and its 
genealogy. But, apart from that formal and factual analy­
sis, there is nothing to be said. Words are labels that we 
attach to things, but the attempt to justify that practice 
merely repeats it: in using words, it presupposes precisely 
the justification that it aims to provide.
A corollary of this view is that relations of identical log- 

ical structure and identical genealogy between relevantly 
similar terms are really one and the same relation. Thus, 
if we assume that paintings, like words, are signs, then 
portraits stand to their subjects in the same relation as 
proper names to the objects denoted by them. (This is 
the substance of Goodman’s proof that representation is a 
species of denotation.) We should not worry if that leads 
us to no new understanding of the relation (e.g., if it leads 
to no procedure for decoding the painted sign), for Good­
man believes the search for such procedure is incoherent. 
The meaning of a sign is simply given, along with the 
artistic practice that creates it.

Goodman proceeds to generalize his theory of symbol­
ism, using the word reference to express the relation 
between word and thing. (We might well characterize this 
relation as labelling.) Denotation is the special case of ref­
erence exemplified by proper names and portraits—a case 
in which a Symbol labels one individual. When a single 
label picks out many things, then we have not a name 
but a predicate.

Sometimes the process of labelling goes both ways. A 
colour sample is a sign for the colour it possesses—say, 
the colour red. It therefore refers to the label red, which in 
turn refers back to the sample. In this case, the predicate 
red and the sample mutually label each other. Goodman 
calls this relation exemplification, and analyzes expression 
as a special case of it—namely, the case where the ex­
emplification of a predicate proceeds by metaphor. For 
example, a piece of music may refer to sadness; it may 
also be metaphorically sad. In this case, Goodman argues, 
we may speak of the music as expressing sadness.
The economy and elegance of Goodman’s theory are 

matched by its extreme inscrutability. On the surface it 
seems to provide direct and intelligible answers to all the 
major problems of art. What is art? A system of Symbols.

What is representation? Denotation. What is expression? 
A kind of reference. W hat is the value of art? It symbolizes 
(displays) reality. W hat is the distinction between art and 
Science? A distinction between Symbol Systems but not 
between the matters they display. Yet, at each point we 
feel at a loss to know what we are learning about art in 
being told that it is essentially symbolic.

In this respect, Goodman’s theory is similar to many se­
mantic theories of art: it proves that expression, for exam­
ple, describes a symbolic relation only by giving a theory 
of symbolism that is so general as to include almost every 
human artifact. It becomes impossible to extract from the 
result a procedure of Interpretation—a way of understand­
ing a work of art in terms of its alleged symbolic function. 
In particular, we cannot extend to the discussion of art 
those theories that show how we understand language in 
terms of its peculiar syntactic and semantic structure, for 
such theories always seem to rely precisely on what is pe­
culiar to language and what distinguishes language from, 
say, music, painting, and architecture.
A similar result can be found in an earlier theory upon 

which Goodman’s is to some extent modelled—the one 
proposed by Langer in her Philosophy in a New Key (1942) 
and Feeling and Form (1953). She argues that works of art 
symbolize States of mind (“feelings”), but that the relation 
is not to be explained in terms of any rule of reference 
such as operates in language. Works of art are, Langer 
says, “presentational Symbols” whose relation to their ob­
jects is purely morphological. The symbol and its object 
are related by virtue of the fact that they possess the same 
“logical form.” It follows that what the symbol expresses 
cannot be restated in words; words do not present the 
“logical form” of individuals but rather that of the prop­
erties and relations that characterize them. (Here again is 
the familiär view that art presents the individuality of its 
subject matter and is therefore not conceptual or descrip­
tive.) With such a view we can no longer explain why we 
say that a Work of art expresses a feeling and not that the 
feeling expresses the work; for the relation of expression, 
explained in these morphological terms, is clearly sym­
metrica!. Moreover, like other semantic theories, Langer’s 
analysis provides no procedure for interpretation, nothing 
that would give application to the claim that in under­
standing a work of art we understand it as a symbol.
Notwithstanding these difficulties for semantic theories 

of art, most philosophers remain convinced that the three 
categories of representation, expression, and understand­
ing are all-important in making sense of our experience of 
art. They have become increasingly persuaded, however, 
with Croce and Collingwood, that the differences between 
representation and expression are more important than 
the similarities. In particular, while representation may be 
secured by semantic rules (as in language itself), there can­
not be rules for the production of artistic expression. To 
think otherwise is to imagine that the difference between a 
Mozart and a Salieri is merely a difference of skill. Expres­
sion occurs in art only where there is expressiveness, and 
expressiveness is a kind of success to be measured by the 
response of the audience rather than by the grammar of 
the work. This response crucially involves understanding, 
and no theory of expression that is not also a theory of 
how expression is understood can be persuasive.

Form. Expression and representation form part of the 
content of a work of art. Nonetheless, it is not only con­
tent that is understood (or misunderstood) by the attentive 
recipiënt. There is also form, by which term we may de- 
note all those features of a work of art that compose its 
unity and individuality as an object of sensory experience. 
Consider music. In most cases when a listener complains 
that he does not understand a work of music, he means, 
not that he has failed to grasp its expressive content, but 
that the work has failed to cohere for him as a single 
and satisfying object of experience. He may put the point 
(somewhat misleadingly) by saying that he has failed to 
grasp the language or logic of the composition he hears. 
What matters, however, is that the appreciation of music 
(as of the other arts) depends upon the perception of 
certain “unities” and upon feeling the inherent order and 
reasonableness in a sequence (in this case, a sequence of
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tones). It is this perception of order that is fundamental 
to understanding art, whether abstract or representational, 
and that to many philosophers and critics has seemed 
more basic than the understanding of content. When Clive 
Bell wrote of art as “significant form,” he really meant 
to defend the view, first, that form is the essence of art 
and, second, that form must be understood and therefore 
understandable (i.e., significant). Other philosophers have 
espoused one or another version of formalism, according 
to which the distinguishing feature of art—the one that 
determines our interest in it—is form. Part answers part, 
and each feature aims to bear some cogent relation to 
the whole. It is such facts as these that compel our aes­
thetic attention.
The study of form must involve the study of our per­

ception of form. A considerable amount of work on this 
subject has been inspired by the theories of the Gestalt 
psychologists Max Wertheimer, Wolfgang Köhler, and 
Kurt Koffka, whose semiempirical, semiphilosophical re- 
searches into the perception of form and pattern seem 
to make direct contact with many of the more puzzling 
features of our experience of art. The influence of the 
Gestalt psychologists is also apparent in works of visual 
aesthetics; e.g., Rudolf Arnheim’s Art and Visual Per­
ception (1954), which explores the significance of such 
well-known Gestalt phenomena as the figure-ground rela­
tionship and the perception of completed wholes for our 
understanding of pictures.
Fruitful though this emphasis on the “good Gestalt” has 

been, it cannot claim to have covered in its entirety the 
immensely complex subject of artistic form. For one thing, 
the theories and observations of the Gestalt psychologists, 
while evidently illuminating when applied to music and 
painting, can be applied to our experience of literature 
only artificially and inconclusively. Furthermore, it is im- 
possible either to subsume all formal features of music 
and literature under the idea of a Gestalt or to demon- 
strate why, when so subsumed, the emotional effect and 
aesthetic value of form is made intelligible. Too much of 
aesthetic importance is left unconsidered by the study of 
the Gestalt, so that formalist critics and philosophers have 
begun to look elsewhere for an answer to the questions 
that concern them.

One recurring idea is that the operative feature determin- 
ing our perception of form is “structure,” the underlying, 
concealed formula according to which a work of art is 
constructed. This idea has had considerable influence in 
two areas, music theory and literary criticism, the former 
through the Austrian music theorist Heinrich Schenker 
and the latter through the Russian formalists and the 
structuralist linguists of Prague and Paris. Schenker argued 
in Harmonielehre (1906-35; Harmony) that musical form 
can be understood as generated out of musical “cells,” 
units that are expanded, repeated, and built upon in ways 
that create a web of significant relationships, including 
a background and a foreground of musical movement. 
Certain structuralist critics, notably Tzvetan Todorov and 
Roland Barthes, have tried to perceive the unity of works 
of literature in terms of a similar development of literary 
units, often described tendentiously as “codes,” but per­
haps better understood as themes. These units are succes- 
sively varied and transposed in ways that make the whole 
work into a logical derivation from its parts.
Against this approach it has been argued that in neither 

case does structural analysis succeed in making contact 
with the real source of artistic unity. This unity lies within 
the aesthetic experience itself and so cannot be understood 
as a structural feature of the work of art. Once again 
the temptation has been to enshrine in a body of rules 
what lies essentially beyond the reach of rules: a unity 
of experience that cannot be predicted but only achieved. 
Structuralist aesthetics has therefore come under increas- 
ing criticism, not only for its pedantry but also for its 
failure to make genuine contact with the works of art to 
which it is applied.

In general, the study of artistic form remains highly con- 
troversial and fraught with obstacles that have yet to be 
overcome. This area of the theory of art remains difficult 
and inaccessible equally to the critic and the philosopher,

both of whom have therefore tended to turn their atten­
tion to less intractable Problems.

The ontology of art. One such problem is that of the 
ontological status of the work of art. Suppose that A has 
on the desk before him David Copperfield. Is David Cop­
perfield therefore identical with this book that A can touch 
and see? Certainly not* for another copy lies on B’s desk, 
and a single work of art cannot be identical with two dis­
tinct physical things. The obvious conclusion is that David 
Copperfield, the novel, is identical with no physical thing. 
It is not a physical object, any more than is a piece of 
music, which is clearly distinct from all its performances. 
Perhaps the same is true of paintings. For could not 
paintings be, in principle at least, exactly reproduced? And 
does not that possibility show the painting to be distinct 
from any particular embodiment in this or that area of 
painted canvas? With a little Stretching, the same thought 
experiment might be extended to architecture, though the 
conclusion inevitably becomes increasingly controversial.

The problem of the nature of the work of art is by 
no means new. Such an argument, however, gives it a 
pronounced Contemporary flavour, so that both Phenome- 
nologists and Analytical philosophers have been much 
exercised by it, often taking as their starting point the 
clearly untenable theory of Croce. According to Croce, the 
work of art does not consist in a physical event or object 
but rather in a mental “intuition,” which is grasped by 
the audience in the act of aesthetic understanding. The 
unsatisfactory nature of this theory, sometimes called the 
“ideal” theory of art, becomes apparent as soon as we ask 
how we would identify the intuition with which any given 
work of art is supposedly identical. Clearly, we can identify 
it only in and through a performance, a book, a score, or 
a canvas. These objects give us the intuition that cannot 
exist independently of them. (Otherwise we should have 
to say that the world contains an uncountable number 
of great works of art whose only defect is that they have 
never been transcribed.)
Clearly then, the physical embodiment of the work—in 

sounds, language, scores, or other inscriptions—is more 
fundamentally a part of it (of its “essence”) than the ideal 
theory represents it to be. What then is the work of art, and 
what is its relation to the objects in which it is embodied? 
These questions have been discussed by Richard Wollheim 
in Art and Its Objects (1968), and again by Goodman in 
Languages o f Art (see above). Wollheim argues that works 
of art are “types” and their embodiments “tokens.” The 
distinction here derives from the U.S. philosopher and 
logician C.S. Peirce, who argued that the letter a, for ex­
ample, is neither identical with any particular token of it 
(such as the one just written) nor distinct from the dass of 
such tokens. Peirce therefore calls a a type (i.e., a formula 
for producing tokens).

Wollheim’s theory is open to various objections. For 
example, works of architecture are not, as things stand, to­
kens of types but physical objects, and to make them into 
types by endlessly reproducing them would be to destroy 
their aesthetic character. To identify an object in terms of 
a process that destroys its character is not in any evident 
sense to identify it. The theory, moreover, seems to be 
unable to distinguish a musical performance containing a 
wrong note from a performance of a new work of music 
containing precisely that note as part of its type.
Goodman’s theory is more technical and displaces the 

question of the nature of art in favour of that of the nature 
of an inscription: Just what is it for a particular set of 
marks to identify a work of art? Other philosophers have 
concentrated on the question of identity: What makes this 
work of art the same as that one? Some argue, for exam­
ple, that works of art have a distinct criterion of identity, 
one that reflects the peculiar nature and demands of aes­
thetic interest. Others dismiss the search for a criterion 
of identity as both aesthetically insignificant and illusory 
in itself. Still others, notably the Phenomenologist Roman 
Ingarden, argue that the work of art exists on several lev­
els, being identical not with physical appearance but with 
totality of interpretations that secure the various formal 
and semantic levels that are contained in it.
Questions that so obviously lend themselves to the pro-
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cedures of modem philosophy have naturally commanded 
considerable attention. But whether they are aesthetically 
significant is disputed, and some philosophers go so far as 
to dismiss all questions of ontology and identity of art as 
peripheral to the subject matter of aesthetics. The same 
could not be said, however, of the question of the value 
of art, which, while less discussed, is evidently of the first 
importance.
The value of art. Theories of the value of art are of two 

Extrinsic kinds, which we may call extrinsic and intrinsic. The first 
and regards art and the appreciation of art as means to some
intrinsic recognized moral good, while the second regards them
theories as valuabie not instrumentally but as objects unto them­

selves. It is characteristic of extrinsic theories to locate the 
value of art in its effects on the person who appreciates 
it. Art is held to be a form of education, perhaps an ed- 
ucation of the emotions. In this case, it becomes an open 
question whether there might not be some more effective 
means to the same result. Alternatively, one may attribute 
a negative value to art, as Plato did in his Republic, ar- 
guing that art has a corrupting or diseducative effect on 
those exposed to it.
The extrinsic approach, adopted in modern times by Leo 

Tolstoy in Chto takoye iskusstvo? (1896; What Is Art?), 
has seldom seemed wholly satisfactory. Philosophers have 
constantly sought for a value in aesthetic experience that 
is unique to it and that, therefore, could not be obtained 
from any other source. The extreme version of this intrin­
sic approach is that associated with Walter Pater, Oscar 
Wilde, and the French Symbolists, and summarized in 
the slogan “art for art’s sake.” Such thinkers and writers 
believe that art is not only an end in itself but also a 
sufficiënt justification of itself. They also hold that in 
order to understand art as it should be understood, it is 
necessary to put aside all interests other than an interest 
in the work itself.

Between those two extreme views there lies, once again, 
a host of intermediate positions. We believe, for example, 
that works of art must be appreciated for their own sake, 
but that, in the act of appreciation, we gain from them 
something that is of independent value. Thus a joke is 
laughed at for its own sake, even though there is an in­
dependent value in laughter, which lightens our lives by 
taking us momentarily outside ourselves. Why should not 
something similar be said of works of art, many of which 
aspire to be amusing in just the way that good jokes are?

The analogy with laughter—which, in some views, is 
itself a species of aesthetic interest—introducés a concept 
without which there can be no serious discussion of the 
value of art: the concept of taste. If I am amused it is for 
a reason, and this reason lies in the object of my amuse­
ment. We thus begin to think in terms of a distinction 
between good and bad reasons for laughter. Amusement 
at the wrong things may seem to us to show corruption of 
mind, cruelty, or bad taste; and when it does so, we speak 
of the object as not truly amusing, and feel that we have 
reason on our side.

Similarly, we regard some works of art as worthy of our 
attention and others as not. In articulating this judgment, 
we use all of the diverse and confusing vocabulary of 
moral appraisal; works of art, like people, are condemned 
for their sentimentality, coarseness, vulgarity, cruelty, or 
self-indulgence, and equally praised for their warmth, 
compassion, nobility, sensitivity, and truthfulness. (The 
same may apply to the object of natural beauty.) Clearly, 
if aesthetic interest has a positive value, it is only when 
motivated by good taste; it is only interest in appropriate 
objects that can be said to be good for us. All discussion 
of the value of art tends, therefore, to turn from the outset 
in the direction of criticism: Can there be genuine critical 
evaluation of art, a genuine distinction between that which 
deserves our attention and that which does not? (And, 
once again, the question may be extended to objects of 
natural beauty.)

TASTE, CRITICISM, AND JUDGMENT
All aesthetic experience, whether of art or nature, seems 
to be informed by and dependent upon an exercise of 
taste. We choose the object of aesthetic experience, and

often do so carefully and deliberately. Moreover, we are 
judged by our choices, not only of works of art but also of 
colour schemes, dresses, and garden Ornaments, just as we 
are judged by our manners and our sense of humour. By 
his taste an individual betrays himself: not merely a small 
part of himself but the whole. Yet, the relation between 
taste and morality is by no means straightforward. There 
seems, in fact, to be a puzzling question as to the precise 
nature of the relation between aesthetic and moral values, 
and between the good taste that discerns the first and the 
good conduct that responds to the second. If there is no 
relation, the enormous amount of human energy that is 
invested in art and criticism may begin to seem rather 
pointless. If the relation is too close, however, the result 
is an intolerable moral elitism that makes refinement the 
sole Standard of acceptable conduct, as for example, the 
elitism depicted by Villiers de LTsle-Adam in Axel, by
J.K. Huysmans in Ä Rebours, and by Oscar Wilde in 
The Picture o f Dorian Gray. The aesthete is one who 
puts aesthetic values above all others and who seeks for a 
morality that conforms to them. But like his opposite, the 
philistine, he fails to see that the relation between the aes­
thetic and the moral is not one of priority; each informs 
and is informed by the other, without taking precedence 
and without dictating the choice that belongs within the 
other’s sphere.
Contemporary aesthetics has been less disposed to discuss 

the idea of taste than that of criticism. But clearly, the two 
ideas are so closely related that anything said about the 
one has a direct bearing on the other. In both cases, the 
approach has been the first of those outlined at the begin­
ning of this article: the approach that starts with a study 
of the concepts and modes of argument employed in dis- 
cussing beauty and tries to grasp the distinctive problems 
of aesthetics through a study of the logical and ideological 
puzzles that these concepts and arguments arouse.

Philosophers often distinguish between two kinds of criti­
cal discussion—the interpretative and the evaluative—and Inter- 
two classes of concepts corresponding to them. In describ- pretative 
ing an object of natural beauty or a work of art, we may and 
use a host of so-called aesthetic terms, terms that seem to evaluative 
have a particular role when used in this context and that criticism 
articulate the aesthetic impression which it is the first task 
of criticism to convey. Among such terms we may notice 
affective terms—moving, frightening, disturbing; terms de- 
noting emotional qualities—sad, lively, moumful, wistful; 
terms denoting the expressive or representational content 
of ä work of art, its formal features, and its overall artistic 
genre—comic, tragic, ironie. Some of these terms can be 
applied meaningfully only to works of art; others may be 
applied to the whole of nature in order to articulate an 
aesthetic experience. The examination of their logic has 
had an increasingly important role in analytical aesthetics.
Frank N. Sibley, for example, has argued that such terms 
are used in aesthetic judgment in a peculiar way, without 
conditions (i.e., without a reasoned basis), and in order to 
describe aesthetic properties that are discernible only by 
the exercise of taste. This sophisticated reminder of Kant’s 
theory that aesthetic judgment is free from concepts has 
been criticized as creating too great a gap between the 
language of criticism and the language of everyday life.
But it is of considerable interest in itself in attempting to 
revive a conception of taste that was highly influential in 
18th-century aesthetics. As noted above, taste is, accord­
ing to this conception, a faculty not of evaluation but 
of perception.
In aesthetics, however, evaluative judgments are in- 

escapable. Theories avoiding the implication that taste is 
a form of discrimination, which naturally ranks its objects 
according to their merit, are peculiarly unsatisfying, not 
the least because they have so little bearing on the practice 
of criticism or the reasons that lead us to assign such 
overwhelming importance to art.

What then of the concepts employed in aesthetic evalua­
tion? Burke introduced a famous distinction between two 
kinds of aesthetic judgment corresponding to two orders 
of aesthetic experience: the judgment of the beautiful and 
that of the sublime. The judgment of beauty has its origin 
in our social feelings, particularly in our feelings toward
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the other sex, and in our hope for a consolation through 
love and desire. The judgment of the sublime has its ori­
gin in our feelings toward nature, and in our intimation 
of our ultimate solitude and fragility in a world that is 
not of our own devising and that remains resistant to our 
demands. In Burke’s words,

Whatever is fitted in any sort to excite the ideas of pain, 
and danger, that is to say, whatever is in any sort terrible, or 
is conversant about terrible objects, or operates in a manner 
analogous to terror, is a source of the sublime; that is, it is 
productive of the strongest emotion which the mind is capa- 
ble of feeling.

Burke’s distinction emerges as part of a natural philosophy 
of beauty: an attempt to give the origins of our Senti­
ments rather than to explain the logic of the judgments 
that convey them. In Kant, the distinction is recast as a 
distinction between two categories of aesthetic experience 
and two separate values that attach to it. Sometimes when 
we sense the harmony between nature and our faculties, 
we are impressed by the purposiveness and intelligibility 
of everything that surrounds us. This is the sentiment of 
beauty. At other times, overcome by the infinite greatness 
of the world, we renounce the attempt to understand 
and control it. This is the sentiment of the sublime. In 
confronting the sublime, the mind is “incited to abandon 
sensibility”—to reach over to that transcendental view of 
things that shows to us the immanence of a süpersensible 
realm and our destiny as subjects of a divine order. Thus, 
from the presentiment of the sublime, Kant extracts the 
ultimate ground of his faith in a Supreme Being, and this 
is for him the most important value that aesthetic experi­
ence can convey.

The distinction between the sublime and the beautiful 
is now less frequently made than at the time of Burke 
and Kant. Nevertheless, it is undeniable that aesthetic 
judgment exists in many contrasting forms, of both praise 
and condemnation. A philosopher who sought to account 
for the idea of beauty without attending to those of the 
elegant, the refined, the great, the delicate, the intelligent, 
the profound, and the lovely would be unlikely to provide 
us with much understanding öf the nature and function 
of criticism. There may be, however, something that these 
judgments have in common which might be used in order 
to cast light on all of them. Kant certainly would have 
thought so, since he argued that all such judgments share 
the distinctive features of taste revealed in his antinomy. 
In other words, they are all grounded in an immediate 
(“subjective”) experience, while at the same time being 
“universal”— i.e., held forth as valid for all rational beings 
irrespective of their particular interests and desires. Thus, 
the critic tries to justify his aesthetic judgments, seeking 
reasons that will persuade others to see what he sees as 
elegant or beautiful in a similar light.
Could there be a genuine critical procedure devoted to 

that enterprise of providing objective grounds for subjec­
tive preferences? This question is integrally connected to 
another that we have already discussed: the question of 
the value of aesthetic experience. If aesthetic experience is 
valueless, or if it has no more value than attachés to idle 
enjoyment, then it becomes far less plausible to insist on 
the existence of objective evaluation than if aesthetic expe­
rience has the kind of importance attributed to it by Kant.

Modern considerations of this exceedingly difficult ques­
tion tend to concentrate on the criticism of art and on 
the role of the critic of art. What is a critic doing when 
he discusses a work of art, what does he look for, and 
with what purpose? It might be said that a critic should 
first of all study the artist’s intention, since this will show 
the real meaning of his work, the real content that he is 
trying to communicate. The U.S. critics W.K. Wimsatt 
and Monroe C. Beardsley, however, argue that there is a 
fallacy (the so-called intentional fallacy) involved in this 
approach. What is to be interpreted is the work of art 
itself, not the intentions of the artist, which are hidden 
from us and no subject for our concern. If judgment is to 
be aesthetic, it must concern itself with the given object, 
and the meanings that we attribute to the object are those 
that we see in it, whatever the artist intended.
The existence of an intentional fallacy has been doubted.

Some argue, for example, that Wimsatt and Beardsley 
make too sharp a distinction between an intention and 
the act that expresses it, assuming the intention to be a 
kind of private mental episode forever hidden from an 
observer rather than a revealed order in the work itself. 
But when a critic refers to the artistic intention, it is not 
clear whether he means anything more than the general 
purposiveness of the work of art, which can be interpreted 
by a critic without supposing there to be some intention 
beyond that öf producing the precise work before him. 
(Indeed, in Kant’s view, there can be purposiveness with­
out purpose, and this phenomenon provides the central 
object of aesthetic interest whether in art or in nature.) 
The dispute here is tortuous and obscure. Nevertheless, 
the move away from intentionalism, as it is called, has 
been regarded as imperative by most modern critics, who 
tend to see the role of criticism in either one of two ways:
(1) criticism is devoted to the study and interpretation of 
the aesthetic object rather than of the artist or the recip­
iënt; and (2) criticism is devoted to the articulation of a 
response to the work of art and to the justification of a 
particular way of seeing it.
Underlying both these conceptions is the fashionable 

preoccupation with art as the principal object of eriti- 
cal judgment. Nevertheless, in suggesting that the choice 
which lies before the critic is between the aesthetic object 
and the experience that it arouses, the two views ensure 
that the artist is kept hidden. As a consequence, it is 
not difficult to adapt them to a wider view of aesthetic 
judgment and aesthetic experience—to a view that makes 
room for natural beauty and for the aesthetics of everyday 
life, as it is manifested in dress, manners, decoration, and 
the other useful arts.

It might be thought that only the first of the two con­
ceptions can give rise to an objective critical procedure, 
since it alone requires that criticism focus on an object 
whose existence and nature is independent of the critic. 
The most important Contemporary defense of an objective 
criticism, that of the British literary critic F.R. Leavis, 
has relied heavily on the second idea, however. In a 
celebrated controversy with his U.S. counterpart, René 
Wellek, Leavis argued that it is precisely because criti­
cism is devoted to the individual response that it may 
achieve objectivity. Although there may be objectivity in 
the scientific explanätion of the aesthetic object— i.e., in 
the Classification and description of its typology, structure, 
and semiotic status—this is not, according to Leavis, the 
kind of objectivity that matters, for it will never lead to 
a value judgment and will therefore never amount to an 
objective criticism. Value judgments arise out of, and are 
validated by, the direct confrontation in experience be­
tween the critical intelligence and the aesthetic object, the 
first being informed by a moral awareness that provides 
the only possible ground for objective evaluation.

If criticism were confined to the study of näture, it 
would look very peculiar. It is only because of the devel­
opment of artistic and decorative traditions that the habit 
of aesthetic judgment becomes established. Accordingly, 
Contemporary attempts to provide a defense of aesthetic 
judgment concentrate almost exclusively on the criticism 
of art, and endeavour to find principles whereby the sepa­
rate works of art may be ordered according to their merit, 
or at least characterized in evaluative terms. Leavis’ “ob­
jective” criticism is expressly confined to the evaluation 
of literary works taken from a single tradition. The reason 
for this narrowness can be put paradoxically as follows: 
Criticism can be objective only when it is based in sub- 
jectivity. Criticism is the justification of a response, and 
such justification requires a frame of reference that both 
the critic and his reader can readily recognize. The suc- 
cessful communication and justification of a response are 
possible only by reference to the canon of works accepted 
within a common culture. The canonical works—what 
Matthew Arnold called the touchstones of criticism—pro­
vide the context of relevant comparisons, without which 
no amount of detailed änalysis could convey the quality 
of the individual work. Critical reasoning is an attempt to 
place works of art in relation to one another, so that the 
perceived greatness of the one will provide the Standard of

The role of
modern
criticism

Leavis’ 
method 
of literary 
criticism



20 Aesthetics

Hato
ind
Aristotle

measurement for the other. At the same time, the individ­
ual quality of feeling in each work must be elicited and 
discussed exactly as we might discuss the quality of feeling 
in everyday life, praising it for its intensity, exactness, and 
generosity, and criticizing it for its sentimentality, obscu- 
rity, or lack of seriousness. All of the moral categories that 
we apply to human feeling and character we may therefore 
apply equally to art, and the basis of an objective criticism 
will be no different from the basis (whatever it might 
be) for an objective morality. The value of art, on this 
account, resides partly in the fact that it gives exemplary 
expression to human feeling and character, and so enables 
us to measure our own lives and aspirations against their 
imaginary counterparts.
These ideas are vague and have been frequently criticized 

for their moralistic overtones as well as for the seeming 
narrowness of their application. Even if they apply to the 
criticism of literature, what do we say about the criticism 
of music, of architecture, of dress and decor, of natural 
beauty? In the nonliterary arts much criticism is directed 
first to form, style, and workmanship, and only secondly 
to the moral content of the works under consideration. 
There are exceptions to this rule, and once again the Prin­
cipal exception is English—namely, John Ruskin’s pro- 
foundly moralized criticism of architecture. Nevertheless, 
the extreme difficulty experienced in extending the Leavis- 
ite procedures of practical criticism (in which the reader’s 
response becomes the principal focus of critical attention) 
to the nonliterary arts has given sustenance to the view 
that this “moralized” criticism is really only one kind of 
criticism and not necessarily the most widely applicable 
or the most important. If such is the case, it cannot really 
claim to have discovered a basis for the objective exer­
cise of taste.

THE DEVELOPMENT OF WESTERN AESTHETICS 
The contributions of the ancient Greeks. The two great- 

est Greek philosophers, Plato and Aristotle, shared a sense 
of the importance of aesthetics, and both regarded music, 
poetry, architecture, and drama as fundamental institu- 
tions within the body politic. Plato notoriously recom- 
mends the banning of poets and painters from his ideal 
republic and in the course of his argument provides an 
extended theory of imitation (mimesis), along with spu- 
rious reasons for thinking that imitation derogates both 
from the laws of morality and from the rational cognition 
of the world. Much of Aristotle’s extended and diverse 
reply to Plato is concerned with rehabilitating imitation as 
the foundation of moral education (Ethica Nicomachea), 
as the origin of a necessary katharsis (Poëtica), and as the 
instrument-^-through music, dance, and poetry—of char­
acter formation (Politica).
Plato’s more mystical writings, notably the Timaeus, 

contain hints of another approach to aesthetics, one based 
on the Pythagorean theory of the cosmos that exerted 
a decisive influence on the Neoplatonists. Through the 
writings of St. Augustine, Boethius, and Macrobius, the 
Pythagorean cosmology and its associated aesthetic of 
harmony were passed on to the thinkers of the Middle 
Ages. The Aristotelian theory of imitation and the con­
cern with the expressive and emotionally educative aspect 
of aesthetic experience were not truly influential until the 
17th Century. At that time much attention was also paid 
to another classical work, the Hellenistic treatise on the 
sublime ascribed to Longinus, which is perhaps the most 
interesting and extended piece of antique literary criticism 
to have been passed on to the modern world.

Medieval aesthetics. St. Thomas Aquinas devoted cer­
tain passages of his Summa Theologiae (c. 1266-73) to the 
study of beauty. To his thinking, man’s interest in beauty 
is of sensuous origin, but it is the prerogative of those 
senses that are capable of “contemplation”—namely, the 
eye and the ear. Aquinas defines beauty in Aristotelian 
terms as that which pleases solely in the contemplation of 
it and recognizes three prerequisites of beauty: perfection, 
appropriate Proportion, and clarity. Aquinas’ position typ- 
ifies the approach to aesthetics adopted by the Scholastics. 
More widely diffused among medieval thinkers was the 
Neoplatonist theory, in which beauty is seen as a kind of

divine order conforming to mathematical laws: the laws 
of number, which are also the laws of harmony. Music, 
poetry, and architecture all exhibit the same conformity 
to a cosmic order, and, in experiencing their beauty, we 
are really experiencing the same order in ourselves and 
resonating to it as one string to another. This theory, 
expounded in treatises on music by St. Augustine and 
Boethius, is consciously invoked by Dante in his Convivio 
(c. 1304-07; The Banquet). In this piece, generally consid­
ered one of the first sustained works of literary criticism 
in the modern manner, the poet analyzes the four levels 
of meaning contained in his own poems.
The Neoplatonist emphasis on number and harmony 

dominated aesthetics during the early Renaissance as well 
and was reaffirmed by Leon Alberti in his great treatise 
on architecture, De Re Aedificatoria (1452; Ten Books on 
Architecture). Alberti also advanced a definition of beauty, 
which he called concinnitas, taking his terininology from 
Cicero. Beauty is for Alberti such an order and arrange­
ment of the parts of an object that nothing can be altered 
except for the worse. This kind of definition can hardly 
stand alone as a basis for aesthetics, for what does the 
word worse mean? The obvious answer, “less beautiful,” 
at once reduces the definition to circularity.

The origins of modern aesthetics. Francis Bacon wrote 
essays on beauty and deformity, but he confined his re- 
marks to the human figure. René Descartes produced a 
treatise on music, although it contains little that would be 
recognized as aesthetics in the modern sense. During the 
first decades of modern philosophy, aesthetics flourished, 
not in the works of the great philosophers, but in the 
writings of such minor figures as Baltasar Graciän, Jean 
de La Bruyère (who began the study of taste that was 
to dominate aesthetics for a Century), and Georges-Louis 
Ledere, comte de Buffon.

It was not until the end of the 17th Century that the 
distinctive concerns of modern aesthetics were established. 
At that time, taste, imagination, natural beauty, and im­
itation came to be recognized as the central topics in 
aesthetics. In Britain the principal influences were the 3rd 
Earl of Shaftesbury and his disciples Francis Hutcheson 
and Joseph Addison. Shaftesbury, a follower of the polit- 
ical and educational philosopher John Locke, did more 
than any of his contemporaries to establish ethics and 
aesthetics as central areas of philosophical inquiry. As a 
naturalist, he believed that the fundamental principles of 
morals and taste could be established by due attention to 
human nature, our sentiments being so ordered that cer­
tain things naturally please us and are naturally conducive 
to our good (Characteristiks o f Men, Manners, Opinions, 
Times, 1711). Taste is a kind of balanced discemment, 
whereby a person recognizes that which is eongenial to 
his sentiments and therefore an object of pleasurable 
contemplation. Following Locke, Shaftesbury laid much 
emphasis on the association of ideas as a fundamental 
component in aesthetic experience and the crucial bridge 
from the sphere of contemplation to the sphere of action. 
Addison adopted this position in a series of influential es­
says, “The Pleasures of the Imagination” in The Spectator 
(1712). He defended the theory that imaginative associa­
tion is the fundamental component in our experience of 
art, architecture, and nature, and is the true explanation 
of their value to us.
Francis Hutcheson was perhaps the first to place the 

problem of aesthetic judgment among the central ques­
tions of epistemology: How can we know that something 
is beautiful? What guides our judgment and what validates 
it? His answer was decidedly Empiricist in tone: aesthetic 
judgments are perceptual and take their authority from a 
sense that is common to all who make them. In An Inquiry 
into the Original o f our Ideas ö f Beauty and Virtue (1725), 
Hutcheson explained: “The origin of our perceptions of 
beauty and harmony is justly called a ‘sense’ because it 
involves no intellectual element, no reflection on princi­
ples and causes.”

The significance o f Baumgarten’s work. Such a State­
ment would have been vigorously repudiated by Hutche- 
son’s Contemporary Alexander Baumgarten, who, in his 
aforementioned Reflections on Poetry, introduced the term
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aesthetic in its distinctively modern sense. Baumgarten 
was a pupil of Christian Wolff, the Rationalist philosopher 
who had created the orthodox philosophy of the German 
Enlightenment by building the metaphysical ideas of Gott­
fried Wilhelm Leibniz into a system. He was thus heir to 
a tradition that dismissed the senses and the imagination 
as incapable of providing a genuine cognition of their 
objects and standing always to be corrected (and replaced) 
by rational reflection. Baumgarten, however, argued that 
poetry is surely cognitive: it provides insight into the world 
of a kind that could be conveyed in no other way. At the 
same time, poetic insights are perceptual (“aesthetic”) and 
hence imbued with the distinctive character of sensory 
and imaginative experience. According to Baumgarten, 
the ideas conveyed by poetry are “clear and confused,” 
as opposed to the “clear and distinct” ideas of reason in 
the sense that they had been described by Descartes and 
the 17th-century Rationalists. Baumgarten held that the 
aesthetic value of a poem resides in the relative prepon- 
derance of clarity over confusion. Accordingly, his theory 
of the value of art was ultimately cognitive.
It was some decades before Baumgarten’s coinage be- 

came philosophical currency. But there is no doubt that 
his treatise, for all its pedantry and outmoded philosoph­
ical method, deserves its reputation as the founding work 
of modern aesthetics.
Major concerns o f 18th-century aesthetics. The devel­

opment of aesthetics between the work of Baumgarten 
and that of Immanuel Kant, who had been influenced by 
Baumgarten’s writings, was complex and diverse, drawing 
inspiration from virtually every realm of human inquiry. 
Yet, throughout this period certain topics repeatedly re­
ceived focal attention in discussions pertaining to aesthetic 
questions.

One such topic was the faculty of taste, the analysis 
of which remained the common point among German, 
French, and English writers. Taste was seen either as 
a sense (Hutcheson), as a peculiar kind of emotionally 
inspired discrimination (Hume), or as a part of refined 
good manners (Voltaire). In an important essay entitled 
“Of the Standard of Taste” (in Four Dissertations, 1757), 
Hume, following Voltaire in the Encyclopédie, raised the 
question of the basis of aesthetic judgment and argued 
that “it is natural for us to seek a Standard of taste; a 
rule by which the various sentiments of men may be 
reconciled; at least, a decision afforded, confirming one 
Sentiment, and condemning another.” But where is this 
Standard of taste to be found? Hume recommends an 
ideal of the man of taste, whose discriminations are un- 
clouded by an emotional distemper and informed by a 
“delicacy of imagination . . .  requisite to convey a sensi- 
bility o f . . .  finer emotions.” For, Hume argues, there is a 
great resemblance between “mental” and “bodily” taste— 
between the taste exercised in aesthetic discrimination and 
that exercised in the appreciation of food and drink, which 
can equally be deformed by some abnormal condition of 
the subject. Hume proceeded to lay down various proce­
dures for the education of taste and for the proper conduct 
of critical judgment. His discussion, notwithstanding its 
skeptical undercurrent, has proved lastingly influential on 
the English schools of criticism, as well as on the preferred 
Anglo-Saxon approach to the questions of aesthetics.
A second major concern of 18th-century writers was the 

role of imagination. Addison’s essays were seminal, but 
discussion of imagination remained largely confined to 
the associative theories of Locke and his followers until 
Hume gave to the imagination a fundamental role in 
the generation of commonsense beliefs. Kant attempted 
to describe the imagination as a distinctive faculty, active 
in the generation of scientific judgment as well as aes­
thetic pleasure. Between them, Hume and Kant laid the 
ground for the Romantic writers on art: Johann Gottfried 
von Herder, Friedrich Schiller, Friedrich Schelling, and 
Novalis (pseudonym of Friedrich Leopold, Freiherr von 
Hardenberg) in Germany, and Samuel Taylor Coleridge 
and William Wordsworth in England. For such writers, 
imagination was to be the distinctive feature both of 
aesthetic activity and of all true insight into the human 
condition. Meanwhile, Lord Karnes and Archibald Alison

had each provided full accounts of the role of association 
in the formation and justification of critical judgment. 
Alison, in particular, recognized the inadequacies of the 
traditional Empirieist approach to imaginative association 
and provided a theory as to how the feelings aroused by 
a work of art or a scene of natural beauty may become 
part of its appearance—qualities of the object as much 
as of the subject (Essays on the Nature and Principles o f  
Taste [1790]).
The concept of imitation, introduced into the discus­

sion of art by Plato and Aristotle, was fundamental to 
the 18th-century philosophy of art. Imitation is a vague 
term, frequently used to cover both representation and 
expression in the modern sense. The thesis that imitation 
is the common and distinguishing feature of the arts was 
put forward by James Harris in Three Treatises (1744) 
and subsequently made famous by Charles Batteux in a 
book entitled Les Beaux Arts réduits ä un même principe 
(1746; “The Fine Arts Reduced to a  Single Principle”). 
This diffuse and ill-argued work contains the first modern 
attempt to give a systematic theory of art and aesthetic 
judgment that will show the unity of the phenomena and 
their common importance. “The laws of taste,” Batteux 
argued, “have nothing but the imitation of beautiful nature 
as their object”; from which it follows that the arts, which 
are addressed to taste, must imitate nature. The distinction 
between the fine and useful arts (recast by Collingwood as 
the distinction between art and craft) sterns from Batteux.

Still another characteristic of 18th-century aesthetics was 
the concern with the distinction between the sublime and 
the beautiful. Burke’s famous work, On the Sublime and 
Beautiful, has already been discussed. Its influence was 
feit throughout late 18th-century aesthetics. For example, 
it inspired one of Kant’s first publications, an essay on 
the sublime. Treatises on beauty were common, one of 
the most famous being The Analysis o f Beauty (1753) by 
the painter William Hogarth, which introducés the theory 
that beauty is achieved through the “serpentine line.”

The view that art is expression emerged during the 1700s. 
Rousseau put forth the theory of the arts as forms of 
emotional expression in an essay dealing with the origin 
of languages. This theory, regarded as providing the best 
possible explanation of the power of music, was widely 
adopted. Treatises on musical expression proliferated dur­
ing the late 18th Century. One illustrative example of such 
writings is James Beattie’s Essay on Poetry and Music as 
They Affect the Mind (1776), in which the author rejects 
the view of music as a representational (imitative) art form 
and argues that expression is the true source of musical 
excellence. Another example is provided by Denis Diderot 
in his didactic novel Le Neveu de Rameau (1761-74; Ra- 
meau’s Nephew and Other Works). The theory of expres­
sion was inherited by the German Romantics, especially 
by Schelling, Schiller, and Herder. It was, furthermore, 
developed in a novel direction by the Italian philosopher 
Giambattista Vico in his Scienza nuova (1725-44; New 
Science). Vico integrated art into a comprehensive theory 
of the development and decline of civilization. According 
to him, the cyclical movement of culture is achieved partly 
by a process of successive expression, through language 
and art, of the “myths” that give insight into surrounding 
social conditions.
Kant, Schiller, and Hegel. As previously noted, Kant’s 

Kritik der Urteilskraft introduced the first full account 
of aesthetic experience as a distinct exercise of rational 
mentality. The principal ingredients of Kant’s work are 
the following: the antinomy of taste, the emphasis on the 
free play of the imagination, the theory of aesthetic ex­
perience as both free from concepts and disinterested, the 
view that the central object of aesthetic interest is not art 
but nature, and the description of the moral and spiritual 
significance of aesthetic experience, which opens to us a 
transcendental point of view of the world of nature and 
enables us to see the world as purposive, but without pur­
pose. In that perception, observes Kant, lies the deepest 
intimation of our nature and of our ultimate relation to a 
“supersensible” realm.

Schiller’s Briefe über die ästhetische Erziehung des Men­
schen, inspired by Kant, develops further the theory of
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the disinterested character of the aesthetic. Schiller argues 
that through this disinterested quality aesthetic experience 
becomes the true vehicle of moral and political educa- 
tion, providing man both with the self-identity that is his 
fulfillment and with the institutions that enable him to 
flourish: “What is man before beauty cajoles from him 
a delight in things for their own sake, or the serenity of 
form tempers the savagery of life? A monotonous round 
of ends, a constant vacillation of judgment; self-seeking, 
and yet without a seif; lawless, yet without freedom; a 
slave, and yet to no rule.”
Schiller’s Briefe exerted a profound influence on Hegel’s 

philosophy in general and on his Vorlesungen über die 
Aesthetik in particular. In discussions of remarkable range 
and imaginative power, Hegel introducés the distinctively 
modern conception of art as a request for self-realization, 
an evolving discovery of forms that give sensuous em­
bodiment to the spirit by articulating in concrete form 
its inner tensions and resolutions. For Hegel, the arts are 
arranged in both historical and intellectual sequence, from 
architecture (in which Geist [“spirit”] is only half articulate 
and given purely symbolic expression), through sculpture 
and painting, to music and thence to poetry, which is the 
true art of the Romantics. Finally, all art is destined to 
be superseded by philosophy, in which the spirit achieves 
final articulation as Idea. 'The stages of art were identified 
by Hegel with various stages of historical development. 
In each art form a particular Zeitgeist (i.e., spirit of the 
time) finds expression, and the necessary transition from 
one art form to its successor is part of a larger historical 
transformation in which all civilization is engaged.

The incidental discussions of Hegel’s Vorlesungen intro­
ducé most of the themes of Contemporary philosophy of 
art, though in the peculiar language o f Hegelian Ideal- 
ism. Nineteenth-century Idealist aesthetics can reasonably 
be described as a series of footnotes to Hegel, who was, 
however, less original than he pretended. Many of the in­
dividual thoughts and theories in his lectures on aesthetics 
were taken from the contemporary literature öf German 
Romanticism (in particular, the writings of Herder, Jean 
Paul [pseudonym of Johann Paul Friedrich Richter] and 
Novalis) and from the works of German critics and art his- 
torians (notably G.E. Lessing and Johann Winckelmann) 
who had forged the link between modern conceptions of 
art and the art of antiquity. The influence of Hegel was, 
therefore, the influence of German Romanticism as a 
whole, and it is not surprising that the few who escaped it 
lost their audience in doing so.

Post-Hegelian aesthetics. Little of 19th-century aesthet­
ics after Hegel has proved of lasting interest. Perhaps the 
most important exception is the controversial literature 
surrounding Richard Wagner, particularly the attack on 
the expressive theory of music launched by Wagner’s critic 
Eduard Hanslick in his Vom musikalisch-Schönen (1854; 
On the Beautiful in Music). With this work modern mu­
sical aesthetics was bom, and all the assumptions made 
by Batteux and Hegel concerning the unity (or unity in 
diversity) of the arts were thrown in doubt.

The most impressive work on aesthetics of the late 1800s 
was George Santayana’s The Sense o f Beauty (1896), 
which shows a welcome move away from the 19th-century 
Obsession with art toward more fundamental issues in the 
philosophy of mind. Santayana argues against Kant’s the­
ory of the disinterested and universal quality of aesthetic 
interest, and defends the view that pleasure is the central 
aesthetic category, beauty being “pleasure regarded as the 
quality of a thing.” All human functions and experiences 
may contribute to the sense of beauty, which has two 
broad categories of object: form and expression. In his the­
ory of expression Santayana again takes up the problem 
raised by the theory of the association of ideas, and argues 
that in aesthetic pleasure the associative process achieves 
a kind of fusion between the response aroused and the 
object which arouses it, and that this is the fundamental 
experience of expression.

Expressionism. After Kant and Hegel, the most impor­
tant influence on modern aesthetics has been Croce. His 
oft-cited Estetica come scienza delT espressione e linguis- 
tica generale (1902; Aesthetic as Science o f Expression

and General Linguistics, or Aesthetic) presents, in a rather 
novel idiom, some of the important insights underlying 
the theories of his predecessors. In this work, Croce dis- 
tinguishes concept from intuition: the latter is a kind of 
acquaintance with the individuality of an object, while the 
former is an instrument of Classification. Art is to be un­
derstood first as expression and second as intuition. The 
distinction between representation and expression is ulti- 
mately identical with that between concept and intuition.
The peculiarities of aesthetic interest are really peculiari­
ties of intuition: this is what explains the problem of form 
and content, and what gives the meaning of the idea that 
the object of aesthetic interest is interesting for its own 
sake and not as a means to an end.
Croce conceived his expressionism as providing the philo­

sophical justification for the artistic revolutions of the 
19th Century and, in particular, for the Impressionist style 
of painting, in which representation gives way to the at­
tempt to convey experience directly onto the canvas. His 
extreme view of the autonomy of art led him to dismiss 
all attempts to describe art as a form of representation 
or to establish direct connections between the content of 
art and the content of scientific theories. Croce’s disciple 
R.G. Collingwood (Principles o f Art, 1938) was similarly 
dismissive of representation and similarly concemed with 
presenting a theory of art that would justify the revolu- 
tionary practice of his contemporaries (in this case, the 
post-Symbolist poetry of T.S. Eliot’s The Waste Land).
As pointed out earlier, Collingwood distinguishes craft, 
which is a means to an end, from art, which is an end in 
itself. But since art is also, for Collingwood, expression, 
expression too must be an end in itself. It cannot be con- 
strued as the giving of form tó independently identifiable 
States of mind. The feeling must reside in the form itself 
and be obtainable exclusively in that form. If it were 
otherwise, art would be simply another kind of craft— 
the craft of giving expression to preexisting and indepen­
dently identifiable States of mind. Therefore, like Croce, 
Collingwood opposes expression in art to description: ex­
pression gives us the particularity and not the generality 
of States of mind

Collingwood sets his aesthetics within the context of a 
theory of the imagination, in which he shows the influ­
ence of the British Empiricists as well as of the Idealist 
metaphysicians who had influenced Croce. A similar at­
tempt to unite the theory of art with a philosophy of the 
imagination had been made by the French philosopher 
Alain in his Systeme des beaux-arts (1920, revised 1926;
“System of the Fine Arts”), a work that is distinguished by 
its detailed attention to dress, fashión, manners, and the 
useful arts, and by its idea of the artist as artisan d ’abord.
Along with John Dewey’s Art As Experience (1934), in 
which aesthetic experience is presented as integral to the 
organic completion of human nature, these works provide 
the culminating expression of a now defunct view of the 
subject as central to the understanding not of art alone 
but of the human condition as well.

MARXIST AESTHETICS
Many attempts have been made to develop a specifically 
Marxist aesthetics, one that would incorporate the Marx- 
ian theory of history and dass consciousness and the 
critique of bourgeois ideology, so as to generate principles 
of analysis and evaluation and show the place of art in the 
theory and practice of revolution. William Morris in En­
gland and Georgy V. Plekhanov in Russia both attempted 
to unite Marx’s social criticism with a conception of the 
nature of artistic labour. Plekhanov’s Iskusstvo i obshche- 
stvennaya zhizn (1912; Art and Social Life) is a kind of 
synthesis of early Marxist thought and attempts to recast 
the practices of art and criticism in a revolutionary mold.
The ideology of “art for art’s sake,” Plekhanov argues, 
develops only in conditions of social decline when artist Plekha- 
and recipiënt are in “hopeless disaccord with the social nov’s 
environment in which they live.” Drawing on Kant and theory 
Schiller, Plekhanov presents a theory óf the origins öf art of the 
in play; play, however, must not be understood in iso- origins 
lation. It is indissolubly linked to labour, of which it is of art 
the complementary opposite. An art of play will be the in play
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“free” art of the revolution, of mankind retumed to social 
harmony, but only because play and labour will then be 
reunited and transcended. In place of their Opposition 
will be a harmonious whole in which art is continuous 
with labour.
The aesthetic theories of the Russian Revolution owe 

something to Plekhanov; something to the school of For­
malist criticism, typified by the proto-Structuralist M. 
Bakhtin; and something to the anti-aesthetic propaganda 
of the Russian Constructivists, who believed in an art 
expressive of man’s dominion over raw materials—an art 
that would be destructive of all existing pattems of Subor­
dination. The official approach to art in the Soviet Union, 
however, has been typified, first, by the persecution of 
all those who have expressed adherence to those theories, 
and, second, by the adoption under Stalin of Socialist 
Realism (the view that art is dedicated to the “realistic” 
representation of proletarian values and proletarian life) 
as the sole legitimate basis for artistic practice.

Subsequent Marxist thinking about art has been largely 
influenced by two major central European thinkers: Wal­
ter Benjamin and György Lukäcs. Both are exponents of 
Marxist humanism, who see the important contribution 
of Marxian theory to aesthetics in the analysis of the 
condition of labour and in the critique of the alienated 
and “reified” consciousness of man under capitalism. Ben- 
jamin’s collection of essays Das Kunstwerk im Zeitalter 
seiner technischen Reproduzierbarkeit (1936; The Work 
o f Art in the Age o f MechanicaI Reproduction) attempts 
to describe the changed experience of art in the modern 
world, and sees the rise of Fascism and mass society as 
the culmination of a process of debasement, whereby art 
ceases to be a means of instruction and becomes instead a 
mere gratification, a matter of taste alone. “Communism 
responds by politicizing art”—that is, by making art into 
the instrument by which the false consciousness of the 
mass man is to be overthrown.
Lukäcs developed a multifaceted approach to literary 

criticism, in which the historical condition of society and 
the reality of dass consciousness are singled out as the 
ideological agenda of works of literature and the major 
source of their appeal. This position is set forth in such 
works as Die Theorie des Romans (1920; The Theory o f 
the Novel). Neither Lukäcs nor Benjamin produced a co­
herent aesthetics as defined in this article, although each 
has been immensely influential on the practice of modern 
literary criticism whether Marxist or not in its ultimate 
inspiration. (Ro.Sc.)

EASTERN AESTHETICS
India. The disparagement of the sensory realm as mere 

illusion (“the veil of Maya”), characteristic of much Indian 
religion, went hand in hand with a philosophy of embod­
iment (karma), which gave a distinctive role to art both 
as an instrument of worship and as an earthly delight. 
The legends of the great god Krishna abound in exagger- 
ated fantasies of erotic and physical power; the art of the 
temples testifies to a sensuality that belies the mystical 
gestures of renunciation which form the commonplaces of 
Hindu morality. In providing theories of such art, and of 
the natural beauty that it celebrates, Indian philosophers 
have relied heavily on the concept of aesthetic flavour, 
or rasa, a kind of contemplative abstraction in which the 
inwardness of human feelings irradiates the surrounding 
world of embodied forms.

The theory of rasa is attributed to Bharata, a sage-priest 
who may have lived about a d  500. It was developed 
by the rhetorician and philosopher Abhinavagupta (c. a d  
1000), who applied it to all varieties of theatre and po­
etry. The principal human feelings, according to Bharata, 
are delight, laughter, sorrow, anger, fear, disgust, heroism, 
and astönishment, all of which may be recast in contem­
plative form as the various rasas: erotic, comic, pathetic, 
furious, terrible, odious, marvellous, and quietistic. These 
rasas comprise the components of aesthetic experience. 
The power to taste rasa is a reward for merit in some 
previous existence.
China. Confucius (551-479 bc) emphasized the role of 

aesthetic enjoyment in moral and political education, and,

like his near Contemporary Plato, was suspicious o f the 
power of art to awaken frenzied and distracted feelings.
Music must be stately and dignified, contributing to the 
inner harmony that is the foundation of good behaviour, 
and all art is at its hoblest when incorporated into the 
rituals and traditions that enforce the stability and order 
of social life.
Lao-tzu, the legendary founder of Taoism, was even more 

puritanical. He condemned all art as a blinding of the 
eye, a deafening of the ear, and a cloying of the palate.
Later Taoists were more lenient, however, encouraging a 
freer, more intuitive approach both to works of art and 
to natüre. The philosophy of beauty presented in their 
works, and in the writings of the Ch’an (Zen) Buddhists 
who succeeded them, is seldom articulate, being confined 
to epigrams and short commentaries that remain opaque 
to the uninitiated.

The same epigrammatic style and the same fervent puri- 
tanism can be discemed in the writings of Mao Tse-tung, 
who initiated in the Cultural Revolution the most suc- 
cessful war against beauty that has been waged in modern 
history.

Japan. The practice of literary commentary and aes­
thetic discussion was extensively developed in Japan and 
is exemplified at its most engaging in the great novel Genji 
monogatari (c. 1000; Tale o f Gerïjï), writteh by Murasaki 
Shikibu, lady-in-waiting to the Empress. Centuries of com­
mentary on this novel, as well as on the court literature 
that it inspired, on the Nö and puppet plays, and on the 
lyrical verses of the haiku poets, led to the establishment 
of an aesthetics of supreme refinement. Many of the 
concepts of this form of aesthetics were drawn from the 
writings of Zeami Motokiyo (1363-1443), a playwright 
and actor-manager. Zeami argued that the value of art is 
to be found in yügen (“mystery and depth”), and that the The 
artist must follow the rule of söö (“consonance”), accord- concepts 
ing to which every object, gesture, and expression has to of 
be appropriate to its context. yügen

The domination of aesthetic scruples over Japanese life and 
has, as its culminating instance, the tea ceremony—a söö 
marvel of constrained social ballet—to the study of which 
whole lives have been devoted. Associated with this tri- 
umph of manners is an art of mood and evocation, in which 
significance is found in the small, concentrated gesture, 
the sudden revelation of transcendent meaning in what is 
most ordinary and unassuming. In the late 18th Century,
Motoori Norinaga, a leading literary scholar, summed up 
the essence of Japanese art and literature as the expression 
of a touching intimation of transience, which he captured 
in the famous phrase mono no aware, meaning roughly 
“the sensitivity to the sadness of things.” Other aesthetic 
qualities emphasized by classical scholars and critics are 
en (“charming”), okashi (“amusing”), and sabi (having the 
beauty of old, faded, worn, or lovely things). In all such 
aesthetic categories, we can sense the resonance of the 
Taoist and Buddhist ideas of renunciation.

(Th.M./Ro.Sc.)
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Afghanistan

Afghanistan is located in the heart of south central 
Asia. The country is officially named the Republic 
of Afghanistan (Dari Persian: Jomhüri-ye Afghänes- 

tän; Pashto: Da Afghänestän Jamhawriyat). It has an area 
of some 251,825 square miles (652,225 square kilometres) 
and is completely landlocked, the nearest coast lying along 
the Arabian Sea, about 300 miles to the south. Its longest 
border, of 1,125 miles (1,810 kilometres), is with Pakistan, 
to the east and south. Slightly shorter is the 1,050-mile 
border with the Soviet Union—the Turkmen, Uzbek, and 
Tadzhik Soviet Socialist republics—in the north. The 510- 
mile border in the west separates Afghanistan from Iran, 
and there is a 200-mile border with the part of Jammu 
and Kashmir claimed by Pakistan. The shortest border— 
of 50 miles—is with the Uighur Autonomous Region of

Sinkiang of the People’s Republic of China, at the end of 
a long, narrow corridor, the Väkhän (Wakhan Corridor), 
in the extreme northeast. The Capital of Afghanistan is 
its largest city, Kabul, which is located in a triangular- 
shaped valley in the east-central part of the country at 
an altitude of about 5,900 feet (1,800 metres). The city is 
connected by road to most Afghan provinces, the Soviet 
Union, and Pakistan.

The boundaries of Afghanistan were established in the 
late 19th Century, mainly as a result of the rivalry between 
Britain and Russia. In the 20th Century Afghanistan be- 
came a pawn in a struggle of political ideologies and a 
search for commercial influence. Part of that struggle was 
the invasion of Afghanistan by the Soviet Union in 1979.

This article is divided into the following sections:

Physical and human geography 25 
The land 25 

Relief 
Drainage 
Soils 
Climate
Plant and animal life 
Settlement patterns 

The people 29 
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Afghanistan since 1973 35
The Republic of Afghanistan (1973-78)
The Afghan Civil War 
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Physical and human geography
THE LAND
Relief. Afghanistan^ shape has been compared to a 

leaf, of which the Väkhän strip forms the stem. The out- 
Hindu standing geographic feature of Afghanistan is its mountain
Kush range, the Hindu Kush (in Afghanistan, Hendü Kosh).

This formidable range is a banier between the compara- 
tively fertile northem provinces and the rest of the coun­
try, and it creates the major pitch of Afghanistan from 
northeast to Southwest. The Hindu Kush, when it reaches 
a point some 100 miles north of Kabul, spreads out and 
continues westward under the names of Bäbä, Bäyan, 
Safid Küh (Paropamisus), and others, each section in tum 
sending spurs in different directions. One of these spurs 
is the Torkestän Mountains, which extend northwestward. 
Other important ranges include the Kasa Murgh, south 
of the Hari River; the Hesär Mountains, which extend 
northward; and two formidable ranges, the Mazar and 
the Khurd, extending in a southwestem direction. On the 
eastem frontier with Pakistan, several mountain ranges 
effectively isolate the interior of the country from the rain­
laden winds that blow from the Indian Ocean, accounting 
for the dryness of the climate.

Geographic The Hindu Kush and subsidiary ranges divide 
regions Afghanistan into three distinct geographic regions, which 

roughly can be designated as the Central Highlands, the 
Northem Plains, and the Southwestem Plateau. The Cen­
tral Highlands, actually a part of the Himalayan chain, 
include the main Hindu Kush range. Its area of about

160,000 square miles is a region of deep, narrow valleys 
and lofty mountains, some peaks of which rise above 21,- 
000 feet. High mountain passes, generally between 12,000 
and 15,000 feet above sea level, are of great strategie im­
portance and include the Shebar Pass, located northwest of 
Kabul where the Bäbä Mountains meet the Hindu Kush, 
and the Khyber Pass, which leads to the Indian subcon­
tinent, on the Pakistan border southeast of Kabul. The 
Badakhshän area in the northeastern part of the Central 
Highlands is the location of the epicentres for many of the 
50 or so earthquakes that occur in the country each year.
The Northem Plains region, north of the Central High­

lands, extends eastward from the Iranian border to the 
foothills of the Pamirs, near the border with the Tadzhik 
Soviet Socialist Republic. It comprises 40,000 square miles 
of plains and fertile foothills sloping gently toward the 
Amu River (the ancient Oxus River). This area is a part 
of the much larger Central Asian steppe, from which it 
is separated by the Amu River. The average elevation is 
about 2,000 feet. The Northem Plains region is intensively 
cultivated and densely populated. In addition to fertile 
soils, the region possesses rieh mineral resources, particu- 
larly deposits of natural gas.

The Southwestem Plateau, south of the Central High­
lands, is a region of high plateaus, sandy deserts, and 
semideserts. The average altitude is about 3,000 feet. The 
Southwestem Plateau covers about 50,000 square miles, 
one-fourth of which forms the sandy Rlgestän Desert. The 
smaller Märgow Desert of salt flats and desolate steppe 
lies west of the Rlgestän Desert. Several large rivers cross
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MAP INDEX

Political subdivisions
Badakhshän ------- 36 45 n 72 00 e
Bädghis
(Bädghisät)........ 35 00 n 63 45 e

Baghlän ............... 35 45 n 69 00 e
Balkh ....................36 30 N 67 00 e
Bäm iän ................. 34 45 n 67 15 e
Faräh ................... 33 00 n 62 30 e
Färyäb (Fariab) . . .  36 00 n 65 00 e
Ghazni ................. 33 00 n 68 00 e
Ghowr (Ghor) . . . .  34 00 n 65 00 e 
Harät, 
see Herat

Helm and................ 31 00 n 64 00 e
Herät (Harät)..........34 30 n 62 00 e
Jowzjan
(Jawzjan)..............36 30 n 66 00 e

Käboi (Kabul) ____34 30 N 69 25 E
Kandahär, 
see Qandahär

Käpisä .................34 45 N 69 30 E
Konarhä (Konar,
Kunarha).............35 15 n 71 00 e

KondOz (Qondöz). .36 45 n 68 30 e 
Kunarha, 
see Konarhä

Laghmän ................35 00 n 70 15 e
Low ga r.......... .... .33 50 n 69 00 e
Nangarhär
(Nangrahar,
Ningrahar).......... 34 45 n 70 50 e

Nimrüz (Seistan) . .30 30 n 62 00 e 
Ningrahar, 
see Nangarhär 

OrQzgän
(Uruzgän) ...........33 15 n 66 00 e

P ak t iä ...................33 35 N 69 35e
P ak t ik ä .................32 25 n 68 45 E
Parvän (Parwän) . .35 15 n 69 30 e 
Qandahär
(Kandahär) ........ 31 00 n 65 45 E

QondGz, 
see KondOz

Samangän.............36 15 n 67 40 e
Seistan, 
see Nimrüz

Takhär .................36 30 n 69 30 e
Uruzgän, 
see Orüzgän

Vardak (Wardak) . .34 15 n 68 00 e 
Zäbol (Zabul) ----- 32 00 n 67 15 E

Cities and towns
Adraskan ..............33 39 n 62 16 e
Ajrestän ............... 33 31 n 67 11 E
Almär ....................35 50 N 64 32 e
Anär Darreh ......... 32 46 n 61 39 E
Andkhvoy ..............36 56 n 65 08 e
Äq Koprük, 
see Keshendeh

Ä qchah .................. 36 56 n 66 11 E
Asadäbäd ..............34 52 n 71 09 e
Äybak,
see Samangän 

Bactra, 
see Balkh

Baghlän ............... 36 13 n 68 46 e
Bäghrän ............... 33 04 n 65 05 e
Bagräm .................. 34 58 n 69 17 e
Bälä Bo lük..............32 38 N 62 28 e
Balkh (Bactra)----- 36 46 n 66 54 E
Bämiän (Bämyän) . .34 50 n 67 50 E
Banow ................. 35 38 n 69 15 E
B a rak i.................... 33 58 n 68 58 e

Barg-e Matäl . . . . . 35 40 N 71 21 e
Bäzär-e Panjvä’i . . .31 32 N 65 28 E
Bust, see
Lashkar Gäh

Chaghcharän .. . .34 31 N 65 15 E
Chahär Borjak .. . .30 17 N 62 03 E
Chakhänsür___ . .31 10 N 62 04e
Chä rikä r.......... . .35 01 N 69 11 E
Däymirdäd . . . . . .34 13 N 68 19 E
Deh Räwod . . . . . .32 37 N 65 27e
Deh Shü .......... . . 30 26 N 63 19 E
Deläräm .......... . .32 11 N 63 25e
Do Q a l'e h ........ . . 32 08 N 61 27 e
Dowlatäbäd___ . . 36 26 N 64 55e
Düräj................. . . 37 56 N 70 43 E
Eshkäshem___ . . 36 42 N 71 34 E
Esläm Qal'eh . . . . . 34 40 N 61 04 E
Faizäbäd,
see Feyzäbäd

Faräh (Farrah,
Ferah)............ . . 32 22 N 62 07e

Feyzäbäd
(Faizäbäd)___ . .37 06n 70 34e

Gardeyz
(G ardäz)........ . . 33 37 N 69 07 e

G e re sh k .......... . .31 48 N 64 34e
G h a zn i............. . . 33 33 N 68 26 E
Ghowrmäch . . . . .35 44 N 63 47 e
Ghüriän............. . .34 21 N 61 30 E
G iz ä b ........ .. . .33 23 N 66 16 E
Golestän.......... . . 32 37 N 63 39 E
Golrän............... . . 35 06 N 61 41 E
Gowmal Kalay . . . .32 31 N 68 51 E
Harät,
see Herät

Hazrat-e Soltän . . . 36 27 N 67 54 E
Herät (Harät) . . . . .34 20 N 62 12 E
Jabal os Saräj .. . .35 07 N 69 14 E

Jaläläbäd ............. 34 26 n 70 28 e
Ja ld ak ......................31 58 n 66 43 e
Jaw and ....................35 04 n 64 09 e
Kabul ....................34 31 N 69 12 e
K a ja k i......................32 16 n 65 03 e
Kandahär, 
see Qandahär 

Keshendeh (Äq
Koprük).................. 36 05 N 66 51 e

Khad ir......................33 55 u 65 56 e
Khänäbäd................36 41 n 69 07 e
Khäs Konar
(Konar-e Khäs). . .  34 39 n 70 54 e

Kholm ................... 36 42 N 67 41 e
K ho w st.................33 22 N 69 57e
Khw äzagak...........34 53 n 65 18 e
Konar-e Khäs, 
see Khäs Konar

KondOz (Qondüz). .36 45 n 68 51 e
Koshk ................... 34 57 N 62 15 e
Kowt-e 'Ashrow
(Maidanshar)___ 34 27 n 68 48 e

Kühestänät...........35 49 n 65 52 e
Läsh-e Joveyn----- 31 43 n 61 37 e
Lashkar Gäh
(B u s t) .................31 35 N 64 21 e

Mahmüd-e Räqi . .  .35 01 n 69 20 e 
Maidanshar, see 
Kowt-e ‘Ashrow 

Maimäna, see 
Meymaneh

Ma‘r ü f ................. .31 34 n 67 03e
Mazär-e Sharif . . . .  36 42 n 67 06 e
Mehtarläm.............34 39 n 70 10 e
Meymaneh
(Maimäna)...........35 55 n 64 47 e

M oqor.................. 32 52 n 67 47 e
M undü l.................35 17n 70 10 e
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The Sistän 
depression

Helmand
River

N ä v o r ................. . 33 53 N 67 57e

OrgQn................. . 32 57 n 69 11 E
O rQ zgän............. . 32 56 N 66 38 E
O w b e h ............... . 34 22 N 63 10 E
Palälak ............... .30 14 N 62 54e

Panjäb ............... . 34 22 n 67 01 E
Pasäband ........... .33 41 N 64 51 E
Pol-e 'A la m ......... .33 59 N 69 02 E
Porcham an......... . 33 08 N 63 51 E
Qädes ................. .34 48 N 63 26 E
Qalät................... . 32 07 N 66 54 e
Qal‘eh-ye Now . . . . 34 59 n 63 08 e
Qal'eh-ye Panjeh . 
Qandahär

.37 00 N 72 35 E

(Kandahär) ___ .31 35 N 65 45 e
Qarah Bägh ___ .33 12 N 68 06 E
Qondüz, 
see KondGz 

Sabzevär, 
see Shindand

Samangän 
(Äybak)........... . .36 16 N 68 01 E

Sar-e P o l ......... . . .36 14 N 65 55e
Sayghän . . .35 11 N 67 42 E
Shäh JO y ......... . . .32 31 N 67 25 e
Shahrak ......... . . .34 06n 64 18 E
Shahr-e Safä . . . . .31 50 N 66 22 E
Shahrestän . . . . . .33 41 N 66 33 E
Sheberghän 
(Shebirghan, 
Shibarghän).. . . .36 41 N 65 45 e

Shindand 
(Sabzevär)___ . . .33 18 N 62 08 E

ShirKhän . . . . ..  .37 11 n 68 36e

Täloqän........... . .  .36 44 n 69 33E
Tani ............... . . .33 15 N 69 49e

Tarin Kowt .......... 32 38 n 65 52 e
Teywarah ............ 33 21 n 64 25 e
Tokzär .................35 52 n 66 26 e
TQIak .............. . .33 58 N 63 44 E
Warsaj .................36 12 n 70 02 e
Yangi Q a l'eh ........ 37 28 n 69 36 e
Ya tim T aq ............ 3641 n 65 56e

Zaran j...................30 58 n 61 53 e
Zareh Sharan . . . .  33 08 n 68 47 e 
ZarghOn Shahr . .  .32 51 n 68 25 e

Physical features and 
points of interest
Amïr, r ive r............ 35 12 n 66 30 e
Amu (ÄmQ,
Oxus), river . . . .  .37 00n 68 00e 

A rghandäb, river . .31 27 n 64 23 e 
A rghandäb, Lake . .31 53 n 65 55 e 
A rius, 
see Hart

Bäbä Mountains . .  34 30 n 67 30 e
Balkh, r iv e r .......... 36 39 n 66 56 e
Bäyan Mountains . .  34 20 n 65 30 e 
Cophes, 
see Käbul 

Do Shäkh,
Mount .............. 34 05 N 61 32 e

Erymandrus, 
see Helmand

Faräh, r iv e r ..........31 29 n 61 24 e
FOlädi, Mount ___ 34 38 n 67 32 e
Ghazni, r iv e r ........32 35 n 67 58 e
Gowmal (Gumal),
r iv e r ...... ............31 56 n 70 22 e

Hari (Arius),
river ...................37 24 n 60 38 e

Helmand
(Erymandrus,
Helmund,
Hilmand), river . .31 12 n 61 34 e 

HendG Kosh, 
see Hindu Kush

Hesär Mountains . .  34 50 n 66 30 e 
Hilmand, 
see Helmand 

Hindu Kush 
(HendO Kosh),

_ mountains . . . . . .  .35 00 n 71 00 e
Istädeh-ye

Moqor, Lake . . . .  32 32 n 67 57 e 
Käbul (Cophes),
river . . ...............33 55 im 72 14 e

Kajaki Reservoir . .  32 22 n 65 16 e 
Khäsh Desert . . .  .31 50 n 62 30 e 
Khyber Pass 
(Khaybar,
Kowtal-e).............34 05 n 71 10 e

Konar, r iv e r...........34 25 n 70 32 e
Koshk, rive r...........36 03 n 62 47 e
Kowkcheh, river . .  37 10 n 69 23 e 
Lateh Band
Pass ................. 34 30 N 69 34e

Lowgar, r ive r.........34 33 n 69 17 e
Märgow Desert . . .  30 45 n 63 10 e
Monjän, r iv e r .........36 01 n 70 43 e
Morghäb, river . . .  .38 18n 61 12e 
Namaksär, Lake . . 34 00 n 60 30 e 
Nävar
Dep ress ion .........33 44 n 67 45 E

Nowshäk, Mount . .36 26 n 71 50 e 
Oxus, 
see Amu

Pamirs,
m ountains...........38 00 n 73 00 e

Panjshär, r ive r___ 34 38 n 69 42 e
POzak, Lake .........31 30 n 61 45 e
QondQz, r iv e r ___ 37 00 n 68 16 e
Rigestän, region . .31 00 n 65 00 e
Säberi, L a k e ........ 31 30 n 61 20 e
Safid Mountain
R ange .................34 30 n 63 30 e

Sälang P a s s .........35 22 n 69 04 e
Sangän, Mount . .  .33 33 n 64 55 e 
Shebar Pass . . . .  .34 54 n 68 14e 
Siäh, see
Towr Mountains

Sistän, re g io n ___ 30 30 n 62 00 e
Tondi
D epress ion ........ 32 26 n 60 59 e

Torkestän
Mounta ins...........35 25 n 64 15 e

Towr (Siah)
Mountains...........34 27 n 70 13 e

Väkhän (Wakhan
Corridor),
region ...............37 00 n 73 00 e

Väkhjir (Wakhjir)
P a s s ...................37 06 N 74 29e

Wakhan Corridor,
see Väkhän 

Wakhjir,
see Väkhjir 

Zereh
Depress ion ........ 29 45 n 61 50 e

the Southwestem Plateau; among them are the Helmand 
River and its major tributary, the Arghandäb.
Most of Afghanistan lies between 2,000 and 10,000 feet 

in elevation. Along the Amu River in the north and the 
delta of the Helmand River in the Southwest, the altitude 
is about 2,000 feet. The Sistän depression of the South­
westem Plateau, 1,500 to 1,700 feet in elevation, was the 
seat of a flourishing ancient civilization that was ended in 
the 14th Century by Timur (Tamerlane).

Drainage. Practically the entire drainage system of 
Afghanistan is enclosed within the country. Only the rivers 
in the east, which drain an area of 32,000 square miles, 
reach the sea. The Käbul River, the major eastem stream, 
flows into the Indus River in Pakistan, which empties into 
the Arabian Sea of the Indian Ocean. Almost all the other 
important rivers of the country originate in the Central 
Highlands region and empty into inland lakes or dry up 
in sandy deserts. The major drainage Systems are those of 
the Amu, Helmand, Käbul, and Hari.

The Amu, a 1,578-mile-long river originating in the 
glaciers of the Pamirs, drains an area of approximately
93,000 square miles in the northeastem (Badakhshän) and 
northem (Khänäbäd and Mazär-e Sharif) parts of the 
country. It forms the frontier between the Soviet Union 
and Afghanistan for 600 miles of its upper course. Two of 
its major Afghan tributaries, the Kowkcheh and the Qon­
düz, rise in the mountains of Badakhshän and Kondüz 
provinces. The Amu becomes navigable from its conflu- 
ence with the Kowkcheh, 60 miles west of the city of 
Feyzäbäd. It empties into the Aral Sea in the Soviet Union.
The northwestern drainage system is dominated by the 

Hari River, originating on the western slopes of the Bäbä 
Mountains, at an altitude of 9,000 feet. The river flows 
westward, just south of Herät and across the broad Herät 
Valley. After irrigating the fertile lands of the valley, the 
Hari River tums north about 80 miles west of Herät and 
forms the border between Afghanistan and Iran for a dis­
tance of 65 miles. It then crosses into Soviet Central Asia 
and disappears in the Kara-Kum Desert.
The principal river in the Southwest is the 715-mile-long 

Helmand, which rises in the Bäbä Mountains, about 50 
miles west of Kabul. With its many tributaries, mainly the 
Arghandäb, it drains more than 100,000 square miles. The 
river empties into the Säberi, an inland lake. In its course 
through the southem region of the country, the Helmand 
flows north of the Rigestän Desert and then crosses the 
Märgow Desert until it reaches a region of seasonal lakes 
in the Sistän depression.

The largest drainage system in the southeastem region is 
that of the Käbul River, which flows eastward from the 
slopes of the Mazar Range to join the Indus River at At- 
tock, Pak. Its major tributary in the south is the Lowgar.

Afghanistan has few lakes of any considerable size. The 
two most important are Lake Säberi in the Southwest and 
the saline Lake Istädeh-ye Moqor, situated 60 miles south 
of Ghazni in the southeast. There are five small lakes in 
the Bäbä Mountains known as the Amir lakes; they are 
noted for their unusual shades of colour, from milky white 
to dark green, caused by the underlying bedrock.

Soils. The country possesses extremes in the quality 
of its soils. The Central Highlands have desert-steppe or 
meadow-steppe types of soil. The Northem Plains have 
extremely rieh, fertile, loesslike soils, while the South­
westem Plateau has infertile desert soils except along the 
rivers in the Southwest, where alluvial deposits can be 
found. Erosion is very much in evidence in the Central 
Highlands, especially in the regions affected by seasonal 
monsoons and heavy precipitation.
Climate. In general, Afghanistan has extremely cold 

winters and hot summers, typical of a semiarid steppe cli­
mate. There are many regional variations, however. While 
the mountain regions of the northeast have a subarctic 
climate with dry, cold winters, the mountainous areas on 
the border of Pakistan are influenced by the Indian mon­
soons, usually coming between July and September and 
bringing maritime tropical air masses with humidity and 
rains. In addition, strong winds blow almost daily in the 
Southwest during the summer.

Local Variation is also produced by differences in alti­
tude. The weather in winter and early spring is strongly 
influenced by cold air masses from the north and the 
Atlantic low depression from the northwest; these two air 
masses bring snowfall and severe cold in the highlands 
and rain in the lower altitudes.

Afghanistan has a wide range of temperatures. High tem- 
peratures over 95° F (35° C) have been recorded in the 
drought-ridden Southwestem Plateau region. In Jaläläbäd, 
one of the hottest localities in the country, the highest 
temperature of 120° F (49° C) has been recorded in July. 
January temperatures may drop to 5° F (—15° C) and be- 
low in the high mountain areas, while at the city of Kabul, 
located at an altitude of 5,900 feet, the lowest temperature 
has been recorded at —24° F (—31 ° C).

In the mountains the annual mean precipitation increases 
from west to east; there, as in the southeastem monsoon 
region, it averages about 16 inches (400 millimetres). The
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The Amir lakes in the Bäba Mountains.
Daniele Pellegrini— Photo Researchers

extremes of precipitation have been recorded in the Sälang 
Pass of the Hindu Kush, with the highest annual precipi­
tation of 53 inches, and in the arid region of Faräh in the 
west, with only three inches a year. Most of the country’s 
precipitation occurs from December to April; in the high- 
lands snow falls from December to March, while in the 
lowlands, it rains intermittently from December to April 
or May. The summer months are hot, dry, and cloudless 
everywhere but in the monsoon region.

Plant and animal life. Vegetation is sparse in the South­
ern part of the country, particularly toward the west, where 
dry regions and sandy deserts predominate. Trees are rare, 
and only in the rainy season of early spring is the soil 
covered with flowering grasses and herbs. The plant cover 
becomes more dense toward the north, where precipita­
tion is more abundant; and at higher altitudes the plants 
are almost luxuriant, particularly in the mountainous re­
gion north of Jaläläbäd, where the climate is influenced 
by the monsoons. The high mountains abound in large 
forest trees, among which conifers, such as pine and fir, 
predominate. Some of these trees are 180 feet high. The 
average altitude for the fir line is over 10,000 feet. At lower 
altitudes, somewhere between 5,500 and 7,200 feet, cedar 
is abundant; below the fir and cedar lines, oak, walnut, 
alder, ash, and j uniper trees can be found. There are also 
shrubs, several varieties of roses, honeysuckle, hawthorn, 
and currant and gooseberry bushes.

Most of the wild animals of the subtropical temperate 
zone inhabit Afghanistan. Large mammals, formerly abun­
dant, are now greatly reduced in numbers. The Siberian 
tiger, which inhabited the banks of the Amu River, has 
all but disappeared, as have the tigers that inhabited the 
southeastem region. There is still a great variety of wild 
animals roaming the mountains and foothills, including 
wolves, foxes, striped hyenas, and jackals. Gazelies, wild 
dogs, and wild cats, such as snow leopards, are widespread. 
Wild goats, including the markhor (prized for its long, 
twisted homs) and the ibex (with long, backward-curv- 
ing horns), can be found in the Pamirs, and wild sheep, 
including the urial and argali (or Marco Polo sheep), in 
the Pamirs and the Hindu Kush. Brown bears are found 
in the mountains and forests. Smaller animals, such as 
mongooses, moles, shrews, hedgehogs, bats, and several 
species of kangaroo rat (jerboas), may be found in the 
many isolated, sparsely populated areas.
Birds of prey include vultures, which occur in great 

numbers, and eagles. Migratory birds abound during the 
spring and fall seasons. There are also many pheasant, 
quail, cranes, pelicans, snipe, partridge, and crows.

There are many varieties of freshwater fish in the rivers, 
streams, and lakes, but their numbers are not great except 
on the northem slopes of the Hindu Kush, where the 
rivers are well stocked with brown trout.

Settlement patterns. The Hindu Kush divides the coun­
try into northem and southem regions, which can be fur- 
ther subdivided on the basis of topography, national and 
ethnolinguistic Settlement pattems, or historical Tradition. 
Northem Afghanistan, for example, may be subdivided 
into the Badakhshän-Väkhän region in the east and the 
Balkh-Meymaneh region in the west. The east, which is

mainly a conglomeration of mountains and high plateaus, 
is inhabited chiefly by Tadzhiks (Tajiks), while the west, 
which is mostly plains of comparatively low altitude, con- 
tains a mixture of peoples in which Uzbeks and Turkmens 
of Turkic origin predominate.

Southern Afghanistan can be subdivided into four sub- 
regions—those of Kabul, Qandahär, Herät, and Hazära- 
jät. The Kabul region combines the area drained by the 
Kabul River and the high plateau of eastem Afghanistan, 
bounded in the south by the Gowmal (Gumal) River. This 
region is inhabited by Pashtuns (formerly called Pathans, 
a term now considered to be derogatory), Tadzhiks, and 
Nüristänis. This region is the main corridor connecting 
the other regions and their peoples.

The Qandahär region consists of the sparsely populated 
Southern part of Afghanistan. The people inhabiting this 
region belong principally to the Durräm branch of the 
Pashtuns. In addition, there is a small number of Baluch 
and Brahui peoples. The city of Qandahär is located in a 
fertile oasis near the Arghandäb River.

The region of Herät, or western Afghanistan, is inhabited 
by a mixture of Tadzhiks, Pashtuns, and Chahar Aimaks. 
The life of the region revolves around the city of Herät.

The mountainous region of Hazärajät occupies the cen­
tral part of the country and is inhabited principally by 
the Hazäras. Although Hazärajät is located in the heart of 
the country, its high mountains and poor communication 
facilities make it the most isolated part of Afghanistan.

Urban Settlement. Most urban Settlements have grown 
along the road that runs from Kabul southwestward to 
Qandahär, then northwest to Herät, northeast to Mazär-e 
Sharlf, and southeast back to Kabul. The rural population 
of farmers and nomads is distributed unevenly over the 
rest of the country, mainly concentrated along the rivers. 
The most heavily populated part of the country is between 
the cities of Kabul and Chärikär. Other concentrations of 
people can be found east of the city of Kabul near Jaläl­
äbäd, in the Herät oasis and the valley of the Har! River 
in the northwest, and in the valley of the Qondüz River 
in the northeast. The high mountains of the central part 
of the country and the deserts in the south and Southwest 
are sparsely populated or uninhabited.

The major cities of Afghanistan are Kabul, Qandahär, 
Herät, Baghlän, Jaläläbäd, Kondüz, Chärikär, and Mazär-e 
Sharif. Kabul is the administrative Capital of the country, 
located south of the Hindu Kush at the crossroads of the 
trade routes between the Indian subcontinent and Central 
Asia and between the Middle and Far East. It is built 
on both sides of the Käbul River and is the main centre 
of economic and cultural activity. Qandahär, second to 
Kabul in population, is located on the Asian Highway 
in the south-central part of the country, between Kabul 
and Herät. Qandahär became the first Capital of modern 
Afghanistan in 1747 under Ahmad Shäh DurränI.
Rural Settlement. Sedentary farmers usually live in 

small villages, most of them scattered near irrigated land 
in the valleys of major rivers. These villages, as a rule, are 
built in the form of small forts. Each fort-village contains 
several mud houses, inhabited by closely connected fami­
lies who form a defensive community.
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The semisedentary farmers, who breed livestock and raise 
a few crops, live in the high alpine valleys. Since cultivable 
land there is scarce, they live in scattered isolated hamlets. 
Each household owns a few head of livestock, which are 
moved in summer to the highland pastures. The people 
usually divide themselves into two groups in summer: one 
group remains in the hamlet to tend the crops, while the 
other accompanies the livestock to the highlands.
The nomads are mainly Pashtun herdsmen; there are 

also several thousand Baluch and Kirgiz nomads. They 
move in groups (tribes or clans) from summer to winter 
pasturages, living in tents and, while on the move, pack- 
ing their belongings on the backs of camels, donkeys, and 
cattle. Between one-sixth and one-fifth of the total popu­
lation may be classified as nomadic. Since 1977, however, 
some nomads have been settled in the plains north of 
the Hindu Kush or in the area of the Helmand Valley 
(irrigation) Project.

THE PEOPLE
Ethnolinguistic groups. The people of Afghanistan form 

a mosaic of ethnic and linguistic groups. Pashto (Pushtu) 
and Dari, a dialect of Persian (Färsi), are Indo-European 
languages; they are the official languages of the country. 
About half of the population speaks Pashto, the language 
of the Pashtuns, while about a third of the population 
speaks Dari, the language of the Tadzhik (Tajik), Haz- 
ära, Chahar Aimak, and Kizilbash peoples. Other Indo- 
European languages, spoken by smaller groups, include 
Western Dardic (Nüristäni or Kafiri), Baluchi, and a num- 
ber of Indic and Pamiri languages spoken principally in 
isolated valleys in the northeast. Turkic languages, a sub- 
family of the Altaic languages, are spoken by the Uzbek 
and Turkmen peoples, the most recent settlers, who are 
related to peoples from the steppes of Central Asia. The 
Turkic languages are closely related; within Afghanistan 
they include Uzbek, Turkmen, and Kirgiz, the last spoken 
by a small group in the extreme northeast.
The present population of Afghanistan contains a num- 

ber of elements, which, in the course of history and as a 
result of large-scale migration and conquests, have been 
superimposed upon each other. Dravidians, Indo-Aryans, 
Greeks, Scythians, Arabs, Turks, and Mongols have, at dif­
ferent times, inhabited the country and have influenced its 
culture and ethnography. Intermixture of the two principal 
linguistic groups is evident in such peoples as the Hazäras 
and Chahar Aimaks, who speak Indo-European languages 
but have pronounced Mongoloid physical characteristics 
and cultural traits usually associated with Central Asia.
The Pashtuns of Afghanistan principally inhabit the 

Southern and eastem parts of the country but are also well 
represented in the west and north. They are divided into 
a number of tribes, some sedentary and others nomadic. 
The traditional homeland of the Pashtuns lies in an area 
east, south, and Southwest of Kabul; many live in contigu- 
ous territory of Pakistan. The two most important groups 
of the Pashtun tribal confederation are the Durränis, who 
live in the area around the city of Qandahär, and the 
Ghilzays, who inhabit the region between Kabul and Qan­
dahär. The Durränis formed the traditional nucleus of 
Afghanistan’s social and political elite.

The Tadzhiks, mostly farmers and artisans, live in the 
Käbol and Badakhshän provinces of the northeast and 
the Herät region in the west; there are also pockets of 
Tadzhiks in other areas. They are sedentary in the plains 
and semisedentary in the higher valleys. The Tadzhiks are 
not divided into clear-cut tribal groups.
The Nüristänis, who speak Western Dardic, inhabit an 

area of some 5,000 square miles in Laghmän, Nangarhär, 
and Konarhä provinces, north and east of Kabul. The 
Hazäras traditionally occupy the central mountainous re­
gion of Hazärajät. Because of the scarcity of land, how­
ever, many have migrated to other parts of the country. 
The Hazäras speak a Dari dialect that contains a number 
of Turkish and Mongolian words.
The Chahar Aimaks are probably of Turkic or Turco- 

Mongolian origin, judging by their Mongoloid physical 
appearance and their housing of Mongolian-style yurts. 
They are located mostly in the western part of the central

mountain region. The Uzbeks and Turkmens inhabit a 
region north of the Hindu Kush, and there are small num­
bers of Kirgiz in the Väkhän in the extreme northeast. The 
Uzbeks are usually farmers, while the Turkmens and Kir­
giz are mainly seminomadic herdsmen. The Uzbeks are 
the largest Turkic-speaking group in Afghanistan. There 
are also other smaller Turco-Mongolian groups.

Afghanistan has very small ethnic groups of Dravidian 
and Semitic speakers. Dravidian languages are spoken by 
the Brahuis, residing in the extreme south. There is also a 
small number of Jews, most of whom speak Dari in their 
daily lives but use Hebrew for religious ceremonies.

Religion. About 99 percent of the people of Afghanistan 
are Muslims, of whom some three-fourths are members of 
the Sunnï sect (Hanafï branch). The others, particularly 
the Hazäras, Kizübash, and a few Ismä'llls, follow Shï'ite 
Islam. The Nüristänis are descendants of a large ethnic 
group, the Kafirs, who were forcibly converted to Isläm 
in 1895; the name of their region was then changed from 
Kafiristan (“Land of the Infidels”) to Nüristän (“Land of 
Light”). There are also a few thousand Hindus and Sikhs.

Demographie trends. The establishment of the Demo­
cratie Republic of Afghanistan in 1978 and the Soviet 
invasion of the country the following year disrupted the 
country’s population pattems. Civil war and the destruc- 
tion of towns and villages caused mass movements of 
people in two major directions—emigration, mainly to 
Pakistan and Iran, or escape to the relative safety of the 
Capital city, Kabul. By some estimates, almost 3,000,000 
people escaped to Pakistan and some 1,850,000 to Iran; 
the population of Kabul is estimated to have doubled in 
size. Kabul has grown to encompass almost half of the 
urban population of the country. Afghanistan’s population 
is mainly rural; almost half of the population is under 15 
years of age. Life expectancy is less than 40 years.

THE ECONOMY
When Afghanistan began to plan the development of its 
economy in the mid-1950s, it lacked not only the neces- 
sary social Organization and institutions for modem eco­
nomie activities but also managerial and technical skills. 
The country was at a much lower stage of economic 
development than most of its neighbours. Between 1956 
and 1979, however, the country’s economic growth was 
guided by several five-yeär and seven-year plans and was 
aided by extensive foreign assistance, primarily from the 
Soviet Union and the United States. Roads, dams, power 
plants, and factories were constructed, irrigation projects 
carried out, and education broadened.

The Soviet invasion in 1979 and the subsequent civil war 
severely dismpted Afghanistan’s economic development. 
Agricultural production declined and food shortages were 
reported, and, with the exception of natural gas production 
and some other industries considered essential by the So­
viet Union, industrial output stagnated. Thus, Afghanistan 
remains economically one of the world’s poorest countries.

Management of the economy. The Socialist govemment 
is committed to developing a mixed, guided economy by 
means of a series of five-year plans. In practice, the effec- 
tiveness of such a policy has been limited by the paucity 
of govemment resources, by a cumbersome bureaucracy, 
and by a shortage in technical personnel.

Before the Soviet invasion, the govemment budget was 
divided into two parts, ordinary and development. The 
former covered administrative activities and the latter 
investment expenditures, incorporated into the national 
plans of development. Total domestic revenue was usu­
ally exceeded by expenditures; the difference was covered 
through deficit financing and foreign loans and grants. 
Following the Soviet invasion, a balanced budget was 
achieved with revenue derived principally from the sale 
of natural gas and from foreign loans and grants. Ex­
penditures were mainly for governmental ministries, the 
developmental budget, and foreign debt service.

The private sector engages primarily in agriculture and 
livestock breeding. There formerly was a mixed pattem of 
small, medium, and large landholdings, but this System 
underwent drastic change, particularly after 1978. The 
bulk of the trade and transport and most manufacturing
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were in the hands of private entrepreneurs until the late 
1970s when these sectors of the economy were national- 
ized. Public enterprise formerly was confined to a section 
of the foreign trade, to mining, and to some industries.

Because most of the population is engaged in agricul- 
ture, the industrial labour force is insignificant, and labour 
unions have failed to develop. Traditional loyalties to 
families and tribes are stronger than those to workers’ 
organizations.

Resources. Mineral resources. Extensive surveys have 
revealed the existence of a number of minerals of economie 

Natural gas importance. The most important discovery has been that 
of natural gas, with large reserves near Sheberghän in 
Jowzjän province, near the Soviet border, about 75 miles 
west of Mazär-e Sharif. The Khväjeh Gügerdak and Yatïm 
Taq heids are major producers, with storage and refining 
facilities. Pipelines deliver natural gas to the Soviet Union 
and to a thermal power plant and Chemical fertilizer plant 
in Mazär-e Sharif.

Petroleum resources have proved to be insignificant. 
Many coal deposits have been found in the northem 
slopes of the Hindu Kush. Major coal fields are at Karkar 
and Eshposhteh, in Baghlän province, and Fort Sarkäri, 
in Balkh province.

High-grade iron ore, with an iron content of 62-63 
percent, has been discovered at Häjlgak, 60 miles north­
west of Kabul. Copper is mined at 'Aynak, near Kabul, 
and uranium is extracted in the mountains near Khväjeh 
Rawäsh, east of Kabul. There are also deposits of copper, 
lead, and zinc near Kondüz; beryllium in Khäs Konar; 
chrome ore in the Lowgar valley near Herät; and the semi- 
precious stone lapis lazuli in Badakhshän. Afghanistan also 
has deposits of rock salt, beryl, barite, fluorspar, bauxite, 
lithium, tantalum, gold, silver, asbestos, mica, and sulfur.

Biologie resources. Afghanistan is essentially a pastoral 
country. Only 12 percent of the total land area is arable, 
and only about half of the arable acreage is cultivated 
annually. Much of the arable area consists of fallow cul- 
tivable land or steppes and mountains that serve as pas- 
tureland. In addition, a large area is desert.

Forests cover about 3 percent of the total land area; they 
are found mainly in the eastem part of the country and on 
the southem slopes of the Hindu Kush. Those in the east 
consist mainly of conifers, providing timber for the build­
ing industry as well as some wild nuts for export. Other 
trees, especially oaks, are used as fuel. North of the Hindu 
Kush are pistachio trees, the nuts of which are exported.
Power resources. Afghanistan is potentially rich in hy- 

droelectric resources. The seasonal flow of the coun­
try’s many streams and waterfalls, however—torrential in 
spring, when the snow melts in the mountains, but neg- 
ligible in summer—necessitates the costly construction of 
dams and reservoirs in remote areas. The nation’s negli- 
gible demand for electricity renders such projects unprof­
itable except near large cities or industrial centres. The 
potential of hydroelectricity has been tapped substantially 
only in the Kabul-Jaläläbäd region.
Agriculture. Agriculture and animal husbandry, much 

of which consists of subsistence farming and pastoral no- 
madism, are by far the most important items of the gross 
national product, accounting for more than half of its total 

Irrigation value. Since much of the land is arid or semiarid, about 
half of the cultivated land is irrigated.

Most of the cultivated land is planted with cereals. Of 
these, wheat is the chief erop and the staple food of the 
population. The other food grains are com (maize), rice, 
and barley. Cotton is important, both for the domestic 
textile industry and for export. Fruits and nuts are also 
important items of export. Opium poppy and cannabis 
are grown for the illegal international drug trade.

Animal husbandry produces meat and dairy products for 
local consumption; skins, especially the famous karakul, 
and wool (both for export and for domestic carpet weav- 
ing) are also important products. Livestock includes sheep, 
cattle, goats, donkeys, horses, camels, buffalo, and mules. 
About two-thirds of the annual milk production is from 
cows, the rest from sheep and goats.

Industry. Industry is based mainly on agricultural and 
pastoral raw materials. Most important is the cotton tex­

tile industry. The country also produces rayon and acetate 
fibres. Other industrial products are cement, sugar, veg- 
etable oil, furniture, soap, shoes, and woolen textiles. A 
nitrogenous fertilizer plant, based on natural gas, has been 
constructed in Mazär-e Sharif, and phosphate fertilizers 
are also produced. In addition, Afghanistan has a number 
of traditional handicrafts, which account for a fair Propor­
tion of the country’s export earnings.

Finance. In 1975 the govemment nationalized all banks. 
The largest bank in the country, the Bank of Afghanistan, 
is the centre of the formal banking system. It is the sole 
bank of issue, and it plays an important role in determin- 
ing and implementing the govemment’s financial policies. 
There are private money traders who provide nearly all 
the services of a commercial bank.

Trade. Total annual imports usually exceed exports. 
Roughly two-thirds of Afghanistan’s exports go to the 
Soviet Union and one-seventh to the United Kingdom 
and West Germany. The Soviet Union is also the leading 
source of imports, followed by Japan, West Germany, 
Hong Kong, and the United Kingdom. The principal ex­
port is natural gas, which goes mainly to the Soviet Union. 
In addition, dried fruit, nuts, carpets, wool, and karakul 
pelts are exported. Imports include vehicles, petroleum 
products, sugar, textiles, processed animal and vegetable 
oils, and tea.
Transportation. Being a landlocked country, Afghani­

stan is primarily dependent on transit facilities from its 
neighbours for its international trade. Lacking railways 
and with few navigable rivers, it relies on roads as the 
mainstay of its transport system. These factors produce 
high transport costs and also add to the difficulty of in- 
tegrating the transport system of the country with those 
of its neighbours. Nevertheless, in the 1960s major efforts 
were directed toward upgrading the highway system and 
to connecting the main trading centres of the country with 
one another, as well as with the railheads or road networks 
of neighbouring countries.
The road network of Afghanistan now connects Soviet 

railheads in Kushka and Termez with those at Chaman 
and Peshawar, Pak., respectively, and pro vides for direct 
overland transit between the Soviet Union and the Indo- 
Pakistani subcontinent. The most important Afghan high- 
ways are those connecting Kabul with Shïr Khän, on the 
Soviet border in the north, and with Peshäwar. Other 
paved roads link Qandahär, Herät, and Mazär-e Sharif 
with Kabul and with frontier towns of Pakistan, Iran, and 
the Soviet Union.

Despite the rapid development of motor transport, camels 
and donkeys are still commonly used as draft animals. In 
the countryside many people have not abandoned their 
cherished horses, which are important for prestige.

Civil aviation has increased in importance. Almost all 
provincial centres have at least a seasonally operable air- 
port, while there are international airports at Kabul and 
Qandahär. (V.P.P.)

ADMINISTRATION AND SOCIAL CONDITIONS
Government. Until the middle of the 20th Century, 

Afghanistan was ruled by the absolute power of the king. 
Two constitutions were promulgated, in 1923 and 1931, 
both affirming the power of the monarchy. The Consti­
tution of 1964, however, provided for a constitutional 
monarchy, based on the Separation of executive, legisla­
tive, and judicial authorities. A military coup in 1973 
overthrew the monarchy, abolished the constitution of 
1964, and established the Republic of Afghanistan. The 
Grand National Assembly (Loya Jirgah) adopted a new 
constitution in February 1977, but it was abrogated in 
1978 when another coup established the Democratie Re­
public of Afghanistan, govemed by the Afghan Revolu­
tio n ä r  Council. Political turmoil continued, marked by 
a third coup in September 1979, a massive invasion of 
troops from the Soviet Union, and the installation of a so­
cialist govemment in December 1979. A new constitution 
promulgated in 1987 changed the name of the country 
back to the Republic of Afghanistan and reaffirmed its 
nonaligned status, strengthened the post of president, and 
permitted other parties to participate in govemment.

Major
highways

Political
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The highest govemment authority is vested in the Grand 
National Assembly, a body defined as “the highest manifes- 
tation of the will of the people of Afghanistan” and made 
up of members of the executive, legislative, and judicial 
branches. The Grand National Assembly has the power to 
elect the president, amend and interpret the constitution, 
declare war, and adopt decisions on “the most important 
questions conceming the country’s national destiny.” The 
head of state and commander in chief of the armed forces 
is the president, who is elected for a seven-year term. The 
Council of Ministers is the highest executive body and is 
responsible for domestic and foreign policy. The National 
Assembly is the highest legislative body and comprises a 
192-member council of elders and a 234-member council 
of representatives.
Afghanistan has a centralized system of local govemment. 
For administrative purposes the country is divided into 
provinces, each administered by a centrally appointed gov- 
emor. The provinces are further subdivided into districts 
and subdistricts, headed by appointed commissioners. 
Armed forces. Regular army officers are trained in a 

military school in Kabul. There is a small air force, 
equipped with modern Soviet aircraft and with bases at 
Bagräm and Shïndand. A secret police force was organized 
in the late 1970s. (V.P.P./Ed.)

Education. Education is free at all levels, and elemen- 
tary education is officially compulsory wherever it is 
provided by the state. Nonetheless, fewer than one-fourth 
of all Afghan children attend school. There are primary 
schools throughout the country but secondary schools only 
in the provincial and in some district centres. Less than 
one-fourth of the population is literate. Kabul University 
was founded in 1946 by the incorporation of a number 
of faculties, the oldest of which is the faculty of medicine, 
established in 1932. The University of Nangarhär was 
formed in Jaläläbäd in 1963.

Health and welfare. Health care and the availability of 
hospitals, doctors, and nurses in Afghanistan are greatly 
deficiënt. Medical training is almost nonexistent, and the 
medical aid that is available is provided mainly by for­
eign countries. The major proportion of medical services 
is concentrated in Kabul, and many rural areas do not 
have hospitals or doctors. The lack of health care accounts 
for a high mortality rate among young children. Welfare 
measures offered by the govemment are minimal.

Social divisions. The bulk of the population in the ru­
ral areas consists of small farmers exploiting their tiny 
plots of land. The majority of the city and town dwellers 
are artisans, small traders, or govemment employees. The 
industrial labour force, though small, has grown. There is 
also a business community of merchants and industrial- 
ists. Since the 1960s the wearing of a veil by women has 
been voluntary, and women have found employment in 
offices and shops. Some Afghan women have received a 
university education.

CULTURAL LIFE
Afghanistan has a rieh cultural heritage, covering more 
than 5,000 years. Because of almost complete isolation 
from the outside world, however, little in art, literature, 
or architecture was produced between the 16th and early 
20th centuries. Because most Afghans live outside the 
cities, their mode of living can be described as that of a 
peasant tribal society. Kinship is the basis of social life and 
determines the patriarchal character of the community. 
Religion plays a very important role.

Archaeological research carried out since 1922 has un- 
covered many fine works of art of the pre-Islämic and 
Islämic periods. A revival of the traditional arts and an 
interest in new forms of expression have given a new 
dynamism to artistic creation. Of the new painters, some 
draw direct inspiration from the Herät school of the 15th- 
century Timurid period; others are influenced by Western 
styles. Through govemment initiative, some of the old 
monuments of architectural value are being restored and 
redecorated. The School of Fine Arts was established in 
Kabul in the 1930s. In architecture, the traditional Timurid 
techniques are preserved, particularly in the design of the 
exterior walls of mosques or tombs. Handicrafts include

the world-renowned Afghan carpets and copper Utensils.
Theatre as known in the West has flourished only since 

about 1960. Adaptations of European classics were intro- 
duced at first, but the present trend favours the didactic 
treatment of themes from everyday Afghan life. In addi­
tion to city theatres such as those in Kabul, Herät, or 
Qandahär, there are traveling Companies that take plays 
to provincial centres or country fairs.

In music and dance, a revival of traditional folksinging 
has gone hand in hand with the imitation of modern 
Western and Indian music. Afghan music is different from 
Western music in many ways, particularly in its scales, 
note intervals, pitch, and rhythm, but it is closer to West­
ern than to Asian music. Afghans celebrate their religious 
or national feast days, and particularly weddings, by pub­
lic dancing. The performance of the attan dance in the 
open air has long been a feature of Afghan life. It is the 
national dance of the Pashtuns and now of the nation.

The Afghan Historical Society is devoted to disseminat- 
ing information on Afghan history. It publishes Aryana, 
a monthly, in Pashto and Dari. The society also ar- 
ranges for the publication of research works on Afghan 
history, manuscripts, and historical sites and monuments. 
The Pashto Society works for the development of Pashto 
literature and for its promotion among the non-Pashto- 
speaking population. It publishes the monthly Kabul and 
arranges for the publication of old Pashto manuscripts as 
well as of works on Pashto linguistics and literature.

For Statistical data on the land and people of Afghanistan, 
see the Britannica World Data section in the brita n n ica
WORLD DATA ANNUAL. (V.P.P.)

History

Variations on the word “Afghan” may go back as early 
as a 3rd-century-AD Säsänian reference to “Abgan.” The 
earliest Muslim reference to the Afghans probably dates 
to a d  982, but tribes related to the modern Afghans have 
lived in the region for many generations. For millennia, 
the land now called Afghanistan has been the meeting 
place of four cultural and ecological areas: the Middle 
East, Central Asia, South Asia, and the Far East.

PREHISTORY
Paleolithic peoples probably roamed Afghanistan as early 
as 100,000 Bc. The earliest definite evidence of human 
occupation was found in the cave of Darra-i-Kur in 
Badakhshän, where a transitional Neanderthal skull frag­
ment in association with Mousterian-type tools was dis- 
covered; the remains are of the Middle Paleolithic, dating 
about 30,000 years ago. Caves near Aq Koprük yielded 
evidence of an early Neolithic culture (c. 9000-6000 bc) 
based on domesticated animals. Archaeological research 
since World War II has revealed Bronze Age sites, dating 
both before and after the Indus Valley (or Harappän) 
civilization of the 3rd to the 2nd millennium bc. There 
was trade with Bronze Age Mesopotamia and Egypt, the 
main export from the Afghan area being lapis lazuli from 
the mines of Badakhshän. In addition, a site with definite 
links to the Harappän civilization has been excavated at 
Shortugai near the Amu River, northeast of Kondüz.

HISTORICAL BEGINNINGS (TO THE 7TH CENTURY AP)
The Achaemenians and the Greeks. In the 6th Century 

bc the Achaemenian ruler Cyrus II the Great established 
his authority over the area. Darius I the Great Consolidated 
Achaemenian rule of the region through the provinces, or 
satrapies, of Aria (in the region of modern Herät), Bactria 
(Balldi), Sattagydia (Ghazni to the Indus River), Arachosia 
(Qandahär), and Drangiana (Seistan).

Alexander the Great overthrew the Achaemenians and 
conquered most of the Afghan satrapies before he lefit for 
India in 327 bc . Ruins of an outpost Greek city founded 
about 325 bc were discovered at Ay Khänom, at the 
confluence of the Amu and Kowkcheh rivers. Excavations 
there produced inscriptions and transcriptions of Delphic 
precepts written in a script influenced by cursive Greek. 
Greek decorative elements dominate the architecture, in­
cluding an immense administrative centre, a theatre, and
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a gymnasium. A nomadic raid about 130 bc ended the 
Greek era at Ay Khänom.

After Alexanders death in 323 bc , the eastem satrapies 
passed to the Seleucid dynasty, which mied from Babylon. 
In about 304 bc the territory south of the Hindu Kush 
was ceded to the Maurya dynasty of northern India. Bilin­
gual rock inscriptions in Greek and Aramaic (the official 
language of the Achaemenians) found at Qandahär and 
Laghmän (in eastem Afghanistan) date from the reign of 
Asoka (c. 265-238 bc, or c. 273-232 bc), the Maurya dy- 
nasty’s most renowned emperor. Diodotus, a local Greco- 
Bactrian govemor, declared the Afghan plain of the Amu 
River independent about 250 bc ; Greco-Bactrian con- 
querors moved south about 180 bc and established their 
rule at Kabul and in the Punjab. The Parthians of eastern 
Iran also broke away from the Seleucids, establishing con- 
trol over Seistan and Qandahär in the south.

The Kushäns. About 135 bc a loose confederation of 
five Central Asian nomadic tribes known as the Yüeh-chih 
wrested Bactria from the Bactrian Greeks. These tribes 
united under the banner of the Kushän (Kusäna), one of 
the five tribes, and conquered the Afghan area. The zenith 
of Kushän power was reached in the 2nd Century a d  un­
der King Kaniska (c. a d  78-144), whose empire stretched 
from Mathurä in north-central India beyond Bactria as far 
as the frontiers of China in Central Asia.
The Kushäns were patrons of the arts and of religion. A 

major branch of the Silk Road carrying luxury goods and 
ideas between Rome, India, and China passed through 
Afghanistan, where a transshipment centre existed at 
Balkh. Indian pilgrims traveling the Silk Road introduced 
Buddhism to China during the early centuries a d , and 
Buddhist Gandhära art flourished during this period. The 
world’s largest Buddha figures (175 feet and 120 feet tall) 
were carved into a cliff at Bämlän in the central moun­
tains of Afghanistan during the 3rd and 4th centuries ad . 
Further evidence of the trade and cultural achievement of 
the period has been recovered at the Kushän summer Cap­
ital of Bagräm, north of Kabul; it includes painted glass 
from Alexandria; piaster matrices, bronzes, porphyries,

lacquers from China. A massive Kushän city at Delbaijin, 
north of Balkh, and a major gold hoard of superb artistry 
near Sheberghän, west of Balkh, also have been excavated.
The Säsänians and Hephthalites. The Kushän Empire 

did not long survive Kaniska, though for centuries Kushän 
princes continued to rule in various provinces. Persian 
Säsänians established control over parts of Afghanistan, 
including Bagräm, in a d  241. In a d  400 a new wave 
of Central Asian nomads under the Hephthalites took 
control, only to be defeated in ad  565 by a coalition of 
Säsänians and Western Turks. From the 5th through the 
7th Century many Chinese Buddhist pilgrims continued 
to travel through Afghanistan. The pilgrim Hsüan-tsang 
(Xüanzang) wrote an important account of his travels, 
and several of the religious centres he visited, including 
Hadda, Ghazna, Kondüz, Bämiän, Shotorak, and Bagräm, 
have been excavated.

MEDIEVAL PERIOD (7TH-18TH CENTURY)
Under the Hephthalites and Säsänians, many of the 
Afghan princedoms were influenced by Hinduism. The 
Hindu längs (Shähi) were concentrated in the Kabul and 
Ghazni areas. Excavated sites of the period include a ma­
jor Hindu Shäh! temple north of Kabul and a chapel in 
Ghazni that contains both Buddhist and Hindu statuary, 
indicating that there was a mingling of these two religions.
The first Muslim dynasties. Islämic armies defeated 

the Säsänians in a d  642 at Nahävand (near modern 
Hamadän, Iran) and moved on to the Afghan area, but 
they were unable to hold the territory; cities submitted, 
only to rise in revolt, and the hastily converted retumed 
to their old beliefs once the armies had passed. The 9th 
and 10th centuries witnessed the rise of numerous local 
Islämic dynasties. One of the earliest was the Tähirids 
of Khoräsän, whose kingdom included Balkh and Herät; 
they established virtual independence from the 'Abbäsid 
caliphate in a d  820. The Tähirids were succeeded in 867- 
869 by a native dynasty from Seistan, the Saffarids. Lo­

cal princes in the north soon became feudatories of the 
powerful Sämänids, who mied from Bukhara. From 872 
to 999 Bukhara, Samarkand, and Balkh enjoyed a golden 
age under Sämänid mle. (L.Du./N.H.D.)

The Ghaznavids. In the middle of the 10th Century 
a former Turkish slave named Alptegin seized Ghazna 
(Ghazni). He was succeeded by another former slave,
Subüktigin, who extended the conquests to Kabul and the 
Indus. His son was the great Mahmüd of Ghazna, who Mahmüd 
came to the throne in 998. Mahmüd conquered the Punjab of Ghazna 
and Multan and carried his raids into the heart of India.
The hitherto obscure town of Ghazna became a splendid 
city, as did the second Capital at Bust (Lashkar Gäh).

The Ghürids. Mahmüd’s descendants continued to mle 
over a gradually diminishing empire until 1150, when 
'Alä’-ud-Dln Husayn of Ghür, a mountain-locked region 
in central Afghanistan, sacked Ghazna and drove the last 
Ghaznavid out to India. 'Alä’-ud-Dln’s nephew, Mu'izz- 
ud-Dln Muhammad, known as Muhammad of Ghür, first 
invaded India in 1175. After his death in 1206, his gen­
eral, Qutb-ud-Dln Aybak, became the sultan of Delhi.

The Khwärezm-Shähs. Shortly after Muhammad of 
Ghür’s death, the Ghurid Empire feil apart, and 
Afghanistan was occupied by Sultan (Alä’ ad-Dln 
Muhammad, the Khwärezm-Shäh. The territories of the 
Khwärezm-Shäh dynasty extended from Chinese Turki- 
stan in the east to the borders of Iraq in the west.

(F.R.A1.)
The Mongol invasion. Genghis Khan invaded the east­

em part of cAlä’ ad-Dïn’s empire in 1219. Avoiding a 
battle, 'Alä5 ad-Dln retreated to a small island in the 
Caspian Sea, where he died in 1220. Soon after cAlä’ ad- 
Dln’s death, his energetic son Jaläl ad-Dln Mingbumu 
rallied the Afghan highlanders at Parwan (modem Jabal 
os Saräj), near Kabul, and inflicted a emshing defeat on 
the Mongols under Kutikonian. Genghis Khan, who was 
then at Herät, hastened to avenge the defeat and laid siege 
to Bämlän. There Mutugen, the Khän’s grandson, was 
killed, an event so infuriating to Genghis Khan that when 
he captured the citadel he ordered that no living being 
be spared. Bamian was utterly destroyed. Advancing pn 
Ghazna, Genghis won a great victory over Jaläl ad-Dln, 
who then feil back toward the Indus (1221), where he 
made a final but unsuccessful stand.
Later medieval dynasties. After his death in 1227,

Genghis Khan’s vast empire feil to pieces. In Afghanistan 
some local chiefs succeeded in establishing independent 
principalities, and others acknowledged Mongol princes as 
suzerains. This state of affairs continued until the end of 
the 14th Century, when Timur (Tamerlane) conquered a 
large part of the country.

Timur’s successors, the Timurids, were great patrons of 
leaming and the arts who enriched their Capital city of 
Herät with fine buildings. Under their mle (1404-1507)
Afghanistan enjoyed peace and prosperity.

Early in the 16th Century the Turkic Uzbeks rose to The 
power in Central Asia under Muhammad Shaybänl, who Mughals 
took Herät in 1507. In late 1510 the Safavid shäh Esmä'Il 
besieged Shaybänl in Merv and killed him. Bäbur, a de­
scendant of Genghis Khan and Timur, had made Kabul 
the Capital of an independent principality in 1504. He 
captured Qandahär in 1522, and in 1526 he marched on 
Delhi. He defeated Ibrählm, the last of the LodI Afghan 
kings of India, and established the Mughal Empire, which 
lasted until the middle of the 19th Century and included 
all of eastem Afghanistan south of the Hindu Kush. The 
Capital was at Ägra. Nine years after his death in 1530, 
the body of Bäbur was taken to Kabul for burial.

During the next 200 years Afghanistan was parceled be­
tween the Mughals of India and the Safavids of Persia— 
the former holding Kabul north to the southem foothills 
of the Hindu Kush and the latter Herät and Faräh. Qan­
dahär was for many years in dispute.

LAST AFGHAN EMPIRE
Overthrow of foreign rule. Periodic attempts were made 

to gain independence. In 1709 Mir Veys Khän, a leader 
of the Hotaki Ghilzay tribe, led a successful rising against 
Gorgln Khän, the Persian govemor of Qandahär.
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The Hotakis. Mir Veys Khän govemed Qandahär until 
his death in 1715. In 1716 the Abdälis of Herät, encour- 
aged by his example, took up arms against the Persians 
and under their leader, Asadulläh Khän, succeeded in 
liberating their province. Mahmüd, Mir Veys’s young son 
and successor, was not content with holding Qandahär, 
and in 1722 he led some 20,000 men against Isfahan; the 
Safavid govemment surrendered after a six-month siege.
Mahmüd died in 1725 and was succeeded by Ashraf, 

who had to contend with Russian pressure from the north 
and Ottoman Turk advances from the west. Shäh Ashraf 
halted both the Russian and Turkish onslaughts, but a 
brigand chief, Näder Qoli Beg, defeated the Afghans at 
Dämghän in October 1729 and drove them from Persia. 
During the retreat Ashraf was murdered, probably on or­
ders from his cousin, who was then holding Qandahär.
Näder Shäh. Näder Qoli Beg took Herät in 1732 after 

a desperate siege. Impressed by their courage, Näder re- 
cruited many Herätis to serve in his army. He was elected 
shäh of Persia, with the name Näder Shäh, in 1736.
In 1738, after a year’s siege, the city of Qandahär feil 

to Näder Shäh’s army of 80,000 men. Näder Shäh seized 
Ghazna and Kabul and occupied the Mughal Capital at 
Delhi in 1739. His booty included the Koh-i-noor dia­
mond and the Peacock Throne. He was assassinated at 
Khabushan in 1747, which led to the disintegration of his 
empire and the rise of the last great Afghan empire.
The Durräni dynasty. The commander of the Shäh’s

4,000-man Afghan bodyguard was Ahmad Khän Abdäli, 
who retumed to Qandahär where he was elected king 
(shäh) by a tribal council. He adopted the title Durr-i 
Durrän (“Pearl of Pearls”). Supported by most tribal lead­
ers, Ahmad Shäh Durräni extended Afghan control from 
Mesheid to Kashmir and Delhi, from the Amu River to the 
Arabian Sea. The Durräni was the second greatest Muslim 
empire in the second half of the 18th Century, surpassed 
in size only by the Ottoman.

Ahmad Shäh died in 1772 and was succeeded by his son, 
Timür Shäh, who received but nominal homage from the 
tribal chieftains. Much of his reign was spent in quelling 
their rebellions. Because of this Opposition, Timür shifted 
his Capital from Qandahär to Kabul in 1776.

Zamän Shäh (1793-1800). After the death of Timür 
in 1793, his fifth son, Zamän, seized the throne with the 
help of Sardär Päyenda Khän, a chief of the Bärakzay. Za­
män then tumed to India with the object of repeating the 
exploits of Ahmad Shäh. This alarmed the British, who 
induced Fath 'Ali Shäh of Persia to bring pressure upon 
the Afghan king and divert his attention from India. The 
shäh went a step further, helping Mahmüd, govemor of 
Herät and a brother of Zamän, with men and money and 
encouraging him to advance on Qandahär. Mahmüd, as- 
sisted by his vizier, Fath Khän Bärakzay, eldest son of Sar­
där Päyenda Khän, and by Fath 'Ali Shäh, took Qandahär 
and advanced on Kabul. Zamän, in India, hurried back 
to Afghanistan. There he was handed over to Mahmüd, 
blinded, and imprisoned (1800). The Durräni Empire had 
begun to disintegrate after 1798, when Zamän Shäh ap­
pointed a Sikh, Ranjit Singh, as govemor of Lahore.

Shäh Mahmüd (1800-03; 1809-18). Shäh Mahmüd left 
affairs of state to Fath Khän. Some of the chiefs who had 
grievances against the King or his ministers joined forces 
and invited Zamän’s brother Shäh Shojä' to Kabul. The 
intrigue was successful. Shäh Shojä' occupied the Capital, 
and Mahmüd sued for peace.

Shäh Shojä: (1803-09; 1839-42). The new king, Shäh 
Shojä', ascended the throne in 1803. The chiefs had be- 
come powerful and unmly, and the outlying provinces 
were asserting their independence. The Sikhs of the Pun­
jab were encroaching upon Afghan territories from the 
east, while the Persians were threatening from the west.

Napoleon, then at the zenith of his power in Europe, 
proposed to Alexander I of Russia a combined invasion 
of India. A British mission, headed by Mountstuart El- 
phinstone, met Shäh Shojä' at Peshäwar to discuss mu­
tual defense against this threat, which never developed. 
A treaty of friendship was concluded (June 7, 1809), the 
shäh promising to oppose the passage of foreign troops 
through his dominions. Shortly after the mission left Pe­

shäwar news was received that Kabul had been occupied 
by the forces of Mahmüd and Fath Khän. Shäh Shojäc’s 
troops were routed, and he withdrew from Afghanistan 
and found asylum with the British at Ludhiäna in 1815.

The rise of the Bärakzay. The Bärakzay were now 
dominant. This Situation incited the jealousy of Kämrän, 
Mahmüd’s eldest son, who seized and blinded Fath Khän. 
Later, Shäh Mahmüd had him cut to pieces.

Döst Mohiammad (1826-39; 1843-63). Advancing from 
Kashmir in 1818, Döst Mohammad, younger brother of 
Fath Khän, took Peshäwar and Kabul and drove Shäh 
Mahmüd and Kämrän from all their possessions except 
Herät, where they maintained a precarious footing for a 
few years. Balkh was seized by the ruler of Bukhara; the 
trans-Indus Afghan districts were occupied by the Sikhs; 
and the outlying provinces of Sind and Baluchistan as- 
sumed independence. Ghazna, Kabul, and Jaläläbäd feil 
to Döst Mohammad.

Döst Mohammad established the Bärakzay (or Moham- 
madzai) dynasty. His Position secure after he assumed 
the title of amïr in 1826 at Kabul, he decided to recover 
Peshäwar from the Sikhs. Declaring a jihäd, or Islämic 
holy war, in 1836, he advanced on Peshäwar. The Sikh 
leader Ranjit Singh, however, sowed dissension in Döst 
Mohammad s camp, the invading army melted away, and 
Peshäwar was permanently lost to the Afghans.

In November 1837 Mohammad Shäh of Persia laid siege 
to Herät, which the British saw as the key to India. The 
Russians supported the Persians. The British, fearful that 
Persia was falling completely under Russian influence, 
entered into alliances with the rulers of Herät, Kabul, 
and Qandahär. A British mission to Kabul under Captain 
(later Sir) Alexander Bumes in 1837 was welcomed by 
Döst Mohammad, who hoped the British would help him 
recover Peshäwar. Bumes could not give him the required 
assurances; and when a Russian agent appeared in Kabul, 
the British left for India.

With the failure of Bumes’s mission, the govemor gen­
eral of India, Lord Auckland, ordered an invasion of 
Afghanistan, with the object of restoring Shäh Shojä' to 
the throne. In April 1839, after suffering great privations, 
the British Army entered Qandahär; Shäh Shojä' was then 
crowned shäh. Ghazna was captured in the following 
July, and in August Shäh Shojä' was installed at Kabul. 
Döst Mohammad escaped first to Balkh, then to Bukhara, 
where he was arrested. The Afghans, however, would tol- 
erate neither a foreign occupation nor a king imposed on 
them by a foreign power, and insurrections broke out. 
Döst Mohammad escaped from prison and retumed to 
Afghanistan to lead his partisans against the British. In 
a battle at Parwan on Nov. 2, 1840, Döst Mohammad 
had the upper hand, but the next day he surrendered to 
the British in Kabul. He was deported to India with the 
greater part of his family.

Outbreaks continued throughout the country, and the 
British eventually found their position untenable. Terms 
for their withdrawal were discussed with Akbar Khän, 
Döst Mohammad’s son, but Sir William Hay Macnaghten, 
the British political agent, was killed during a parlay with 
the Afghans. On Jan. 6, 1842, some 4,500 British and 
Indian troops, with 12,000 camp followers, marched out 
of Kabul. Bands of Afghans swarmed around them, and 
the retreat ended in a blood bath. Shäh Shojä' was killed 
after the British left Kabul.

Though in the summer of the same year British forces 
reoccupied Kabul, the new govemor general, Lord El- 
lenborough, decided on the evacuation of Afghanistan. 
In 1843 Döst Mohammad retumed to Kabul. During 
the next 20 years Döst Mohammad Consolidated his mle 
by occupying Qandahär (1855), Balkh and the northem 
Khanates (1859), and Herät (1863), the last less than a 
month before his death in June 1863.
Shïr A ll (1863-66; 1868-79). Shir 'Ali Khän, Döst 

Mohammad’s third son, then became amïr., but his two 
elder brothers took the throne from him in May 1866. 
Shir 'Ali regained his throne in September 1868. Shir 'Alfs 
reception of a Russian mission at Kabul and his refusal to 
receive a British one, on British terms, led directly to the 
war of 1878-80. Shir 'Ali, leaving his son, Ya'qüb Khän,
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as his regent in Kabul, sought help from the Russians, but 
they advised him to make peace. Shir 'All died in Mazär-e 
Sharif on Feb. 21, 1879.

Yäqüb Khän (1879). The Treaty of Gandamak (Gan- 
domak; May 26, 1879) recognized Ya'qüb Khän as amïr, 
and he subsequently agreed to receive a permanent British 
embassy at Kabul. In addition, he agreed to conduct his 
foreign relations with other States in accordance “with the 
wishes and advice” of the British govemment. This British 
triumph, however, was short-lived. On Sept. 3, 1879, the 
British envoy and his escort were murdered in Kabul. 
British forces were again dispatched, and before the end of 
October they occupied Kabul. Ya'qüb abdicated and was 
given exile in India, where he died in 1923.

(M.Al./L.Du./N.H.D.)
Abdor Rahmän Khän (1880-1901). The British finally 

withdrew from Qandahär in April 1881. In 1880 'Abdor 
Rahmän Khän, a cousin of Shir 'All, had retumed from 
exile in Central Asia and proclaimed himself amïr of 
Kabul. During the reign of 'Abdor Rahmän, the bound- 
aries of modern Afghanistan were drawn by the British 
and the Russians. The Durand Line of 1893 divided zones 
of responsibility for the maintenance of law and order 
between British India and the kingdom of Afghanistan; it 
was never intended as a de jure international boundary. 
Afghanistan, therefore, although never dominated by a 
European imperial govemment, became a buffer between 
Tsarist Russia and British India.

'Abdor Rahmän exerted his influence, if not actual 
control, over the various ethnolinguistic groups inside 
Afghanistan, fighting some 20 small wars to convince 
them that a strong central govemment existed in Kabul. 
'Abdor Rahmän was so successful that, at his death, his 
designated successor and eldest son, Hablbolläh Khän, 
succeeded to the throne as Hablbolläh I without the usual 
fratricidal fighting. 'Abdor Rahmän can be considered the 
founder of modem Afghanistan.
Hablbolläh Khän (1901-19). The introduction of mod­

ern European technology begun by 'Abdor Rahmän was 
furthered by Hablbolläh. Western ideals and styles pen- 
etrated the Afghan royal court and upper classes. An 
Afghan nationalist, Mahmüd Beg TarzI, published (1911— 
18) the periodical Seräj ol-Akbär (“Torch of the News”), 
which had political influence far beyond the boundaries 
of Afghanistan.

Hablbolläh Khän visited British India in 1907 as guest 
of the viceroy of India, Gilbert Elliot, 4th earl of Minto. 
Impressed with British power, Hablbolläh resisted pres- 
sures from TarzI, Amänolläh (Hablbolläh’s third son, who 
had married Soraya, a daughter of TarzI), and others to 
enter World War I on the side of the Central Powers 
(Germany, Austria-Hungary, the Ottoman Empire, and 
Bulgaria). The peace ending World War I brought death 
to Hablbolläh; he was murdered on Feb. 20, 1919, by 
persons associated with the anti-British movement, and 
Amänolläh seized power.
Amänolläh (1919-29). Amänolläh launched the incon- 

clusive Third Anglo-Afghan War in May 1919. The 
month-long war gained the Afghans the conduct of their 
own foreign affairs. The Treaty of Räwalpindi was signed 
on Aug. 8, 1919, and amended in 1921. Before signing the 
final document with the British, the Afghans concluded a 
treaty of friendship with the new Bolshevik regime in the 
Soviet Union; Afghanistan thereby became one of the first 
nations to recognize the Soviet govemment, and a “spe­
cial relationship” evolved between the two govemments 
and lasted until December 1979, when the Soviet Union 
invaded Afghanistan.

Amänolläh changed his title from amïr to padshah 
(“king”) in 1923 and inaugurated a decade of reforms—in­
cluding constitutional and administrative changes, removal 
of the veil from women, and coeducational schools—that 
offended conservative religious and tribal leaders.

Civil war broke out in November 1928, and a Tadzhik 
folk hero called Baccheh Saqow (Bacha Saqqao; “Son of a 
Water Carrier”) occupied Kabul. Amänolläh abdicated on 
Jan. 14, 1929, in favour of his elder brother, Inayatolläh, 
but Baccheh Saqow proclaimed himself Hablbolläh Ghäzl 
(or Hablbolläh II), amïr of Afghanistan. Amänolläh failed

to retrieve his throne and went into exile in Italy. He died 
in 1960 in Zürich.
Mohammad Näder Shäh (1929-33). Hablbolläh II was 

driven from the throne by Mohammad Näder Khän and 
his brothers, distant cousins of Amänolläh. On Oct. 10, 
1929, Hablbolläh II was executed along with 17 of his 
followers. A tribal assembly elected Näder Khän as shäh, 
and the Opposition was bloodily persecuted.

Näder Shäh produced a new constitution in 1931 that 
was modeled on Amänolläh’s constitution of 1923 but was 
more conservatively oriented to appease Islämic religious 
leaders. The national economy developed in the 1930s 
under the leadership of several entrepreneurs who began 
small-scale industrial projects. Näder Shäh was assassi- 
nated on Nov. 8, 1933, and the 19-year-old crown prince, 
Zahir, succeeded his father.
Mohammad Zahir Shah (1933-73). The first 20 years 

of Zahir Shah’s reign were characterized by cautious poli- 
cies of national consolidation, an expansion of foreign 
relations, and internal development using Afghan funds 
alone. World War II brought about a slowdown in de­
velopment processes, but Afghanistan maintained its tra­
ditional neutrality. The “Pashtunistan” problem regarding 
the political status of those Pashtun living on the British 
(Paldstani) side of the Durand Line developed after the 
independence of Pakistan in 1947.

Shah Mahmud, prime minister from 1946 to 1953, sanc- 
tioned free elections and a relatively free press, and the so- 
called Liberal Parliament functioned from 1949 to 1952. 
Conservatives in govemment, however, encouraged by re­
ligious leaders, supported the seizure of power in 1953 by 
Lieutenant General Mohammad Daud Khan.
Prime Minister Daud Khan (1953-63) took a stronger 

line on Pashtunistan, and, to the surprise of many, tumed 
to the Soviet Union for economic and military assistance. 
The Soviets ultimately became Afghanistan’s major aid- 
and-trade partner. The Afghans refused to take sides in 
the Cold War, and Afghanistan became an “economic 
Korea,” testing the Western (particularly U.S.) will and 
capability to compete with the Soviet bloc in a nonaligned 
country. Daud Khan successfuily introduced several fär- 
reaching educational and social reforms, such as the vol- 
untary removal of the veil from women and the abolition 
of purdah (the practice of secluding women from public 
view), which theoretically increased the labour force by 
about 50 percent. The regime remained politically repres­
sive, however, and tolerated no direct Opposition.

The Pashtunistan issue precipitated Daud Khan’s down- 
fall. In retaliation for Afghan agitation, Pakistan closed 
the border with Afghanistan in August 1961. A Prolon­
gation of the closure led to Afghan dependence on the 
Soviet Union for trade and in-transit facilities. To reverse 
the trend, Daud Khan resigned in March 1963, and the 
border was reopened in May. The Pashtunistan problem 
still existed, however.
Zahir Shah and his advisers instituted an experiment in 

constitutional monarchy. In 1964 the National Assembly 
approved a new constitution, under which the House of 
the People was to have 216 elected members, and the 
House of the Eiders was to have 84 members, one-third 
elected by the people, one-third appointed by the king, and 
one-third elected indirectly by new provincial assemblies.

Elections for both houses of the legislature were held in 
1965 and 1969. Several unofficial parties ran candidates 
with beliefs ranging from fundamentalist Isläm to the ex­
treme left. National politics became increasingly polarized, 
a Situation reflected in the appointment by the King of 
five successive prime ministers between September 1965 
and December 1972. The King refused to promulgate the 
Political Parties Act, the Provincial Councils Act, and the 
Municipal Councils Act, thereby effectively blocking the 
institutionalization of the political processes guaranteed in 
the constitution. Struggles for power developed between 
the legislative and the executive branches, and an indepen­
dent Supreme Court, as called for in the 1964 constitution, 
was never appointed.

Mohammad Daud Khan, the former prime minister and 
a brother-in-law and first cousin of Zahir Shah, sensed 
the Stagnation of the constitutional processes and seized
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power on July 17, 1973, in a virtually bloodless coup. 
Leftist military officers and civil servants of the Banner 
(Parcham) Party assisted in the overthrow. Daud Khan 
abolished the constitution of 1964 and established the 
Republic of Afghanistan, with himself as chairman of the 
Central Committee of the Republic and prime minister.

AFGHANISTAN SINCE 1973
The Republic of Afghanistan (1973-78). During Daud 

Khan’s second tenure as prime minister, he attempted to 
introducé socioeconomic reforms, to write a new consti­
tution, and to effect a gradual movement away from the 
socialist ideals his regime initially espoused. Afghanistan 
broadened and intensified its relationships with other Mus­
lim countries, trying to move away from its dependency 
on the Soviet Union and the United States. In addition, 
Daud Khan and Zulfikar Ali Bhutto, the prime minister 
of Pakistan, reached tentative agreement on a solution to 
the Pashtunistan problem.

Daud Khan received approval in 1977 of his new con­
stitution from the National Assembly, which wrote in 
several new articles and amended others. In March 1977 
Daud Khan, then president of Afghanistan, appointed a 
new Cabinet composed of sycophants, friends, sons of 
friends, and even collateral members of the royal family. 
The two major leftist organizations, the People’s (Khalq) 
and Banner parties, then reunited against Daud Khan 
after a 10-year Separation. There followed a series of po­
litical assassinations, massive antigovemment demonstra- 
tions, and arrests of major leftist leaders. Before his arrest 
Hafizullah Amin, a U.S.-educated People’s Party leader, 
contacted party members in the armed forces and devised 
a makeshift but successful coup. Daud Khan and most of 
his family were killed, and the Democratie Republic of 
Afghanistan was bom on April 27, 1978.
The Afghan Civil War. Nur Mohammad Taraki was 

elected president of the Revolutionär Council, prime 
minister of the country, and secretary general of the com- 
bined People’s Democratie Party of Afghanistan (PDPA). 
Babrak Karmal, a Banner leader, and Hafizullah Amin 
were elected deputy prime ministers. The leaders of the 
new govemment insisted that they were not controlled 
by the Soviet Union and proclaimed their policies to be 
based on Afghan nationalism, Islämic principles, socioeco­
nomic justice, nonalignment in foreign affairs, and respect 
for all agreements and treaties signed by previous Afghan 
govemments.

Unity between the People’s and Banner factions rapidly 
faded as the People’s Party emerged dominant, particularly 
because their major base of power was in the military. Kar­
mal and other selected Banner leaders were sent abroad 
as ambassadors, and there were systematic purges of any 
Banner members or others who might oppose the regime. 
The Taraki regime announced its reform programs, in­

cluding the elimination of usury, equal rights for women, 
land reforms, and administrative decrees in classic Marxist- 
Leninist rhetoric. The people in the countryside, famil­
iär with Marxist broadcasts from Soviet Central Asia, 
assumed that the People’s Party was Communist and 
pro-Soviet. The reform program—which threatened to 
undermine basic Afghan cultural pattems—and political 
repression antagonized large segments of the population, 
but major violent responses did not occur until the up- 
rising in Nürestän late in the summer of 1978. Other 
revolts, largely uncoordinated, spread throughout all of 
Afghanistan’s provinces, and periodic explosions rocked 
Kabul and other major cities. On Feb. 14, 1979, U.S. 
Ambassador Adolph Dubs was killed, and the elimination 
of U.S. assistance to Afghanistan was guaranteed. 
Hafizullah Amin became prime minister on March 28, 

1979, although Taraki retained his posts as president of 
the Revolutionary Council and secretary general of the 
PDPA. The expanding revolts in the countryside, however, 
continued, and the Afghan Army collapsed. The Amin 
regime asked for and received more Soviet military aid.
Taraki was killed in a confrontation between Taraki and 

Amin supporters on Sept. 14, 1979. Amin then tried to 
broaden his internal base of support and to again interest 
Pakistan and the United States in Afghan security. Despite

his efforts, on the night of Dec. 24, 1979, the Soviets 
began their invasion of Afghanistan, and Amin and many 
of his followers were killed on December 27.

(L.Du./N.H.D.)
Babrak Karmal retumed to Afghanistan from the Soviet 

Union and became prime minister, president of the Rev­
olutionary Council, and secretary general of the PDPA. 
Opposition to the Soviets and Karmal spread rapidly, 
urban demonstrations and violence increased, and re- 
sistance escalated in all regions. By early 1980, several 
regional groups, collectively known as mujahideen (from 
the Persian word meaning “warriors”), had united inside 
Afghanistan, or across the border in Peshäwar, to resist 
the Soviet invaders and the Soviet-backed Afghan Army. 
Friction among the Banner and People’s members height- 
ened in 1980 when Karmal removed Assadullah Sarwari, 
a member of the People’s Party, from his Position as first 
deputy prime minister and replaced him with a Banner 
leader, Sultan Ali Keshtmand. Banner Party dominance 
was broadened again in June 1981 when Karmal, retain- 
ing his other offices, resigned as prime minister and was 
succeeded by Keshtmand.

On May 4, 1986, Mohammad Najibullah, former head 
of the secret police, replaced Karmal as secretary general 
of the PDPA, and in November 1986 Karmal was relieved 
of all his govemment and party posts. Friction among the 
Banner and People’s parties continued. A national recon- 
ciliation campaign approved by the Politbüro in Septem­
ber 1986, which included a unilateral six-month cease- 
fire to begin on Jan. 15, 1987, met with little response 
inside Afghanistan and was rejected by resistance leaders 
in Pakistan.

In November 1987 a new constitution changed the name 
of the country back to the Republic of Afghanistan and 
allowed other political parties to participate in the govem­
ment. Najibullah was elected to the newly strengthened 
post of president. Despite renewals of the official cease-fire, 
Afghan resistance to the Soviet presence continued, and 
the effects of the war were feit in neighbouring countries: 
Afghan refugees in Pakistan and Iran numbered in the 
millions. Morale in the Afghan military was low. Men 
were drafted only to desert at the earliest opportunity, 
and the Afghan military dropped from its 1978 strength 
of 105,000 to about 20,000-30,000 by 1987. The Soviets 
attempted new tactics, but the resistance always devised 
countertactics. For example, the use of the Spetsnaz (spe­
cial forces) was met by counter-ambushes.

The only weapons Systems that solidly continued to be- 
devil the resistance were combat helicopter gunships and 
jet bombers. Toward the end of 1986, however, the resis­
tance fighters began to receive more and better weapons 
from the outside world—particularly from the United 
States, the United Kingdom, and China—via Pakistan, the 
most important of these being shoulder-fired ground-to- 
air missiles. The Soviet and Afghan air forces then began 
to suffer considerable casualties.

Pressure from the Pakistanis, from outside supporters, 
and from the guerrilla commanders had forced the seven 
major resistance groups based in Peshäwar to form an 
alliance in May 1985. Inside Afghanistan, neighbouring 
ethnolinguistically oriented resistance groups united for 
military and political purposes within their various re­
gions. Internal struggles for leadership also occurred in 
certain areas where the Soviets had little influence, such as 
Hazärajät and Nürestän. Although no national liberation 
front existed, the resistance groups began to feel that they 
were part of an overall effort to liberate Afghanistan.

During the 1980s talks between the foreign ministers 
of Afghanistan and Pakistan were held in Geneva under 
the auspices of the United Nations, the primary stum- 
bling blocks being the timetable for the withdrawal of 
Soviet troops and the cessation of arms supplies to the 
mujahideen. Peace accords were finally signed in April 
1988. General Secretary Mikhail Gorbachev subsequently 
carried out an earlier promise to begin withdrawing Soviet 
troops in May of that year; troops began pulling out as 
scheduled, and the last Soviet soldier left Afghanistan on 
Feb. 15, 1989. The civil war continued, however, despite 
predictions of an early collapse of the Najibullah govem-
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ment upon the withdrawal of the Soviets. The mujahideen 
formed an interim govemment in Pakistan and steadfastly 
resisted efforts of reconciliation by Najibullah. Outside 
forces continued to supply arms to both sides.

For later developments in the history of Afghanistan, see 
the Britannica Book o f the Year section in the britannica  
WORLD DATA ANNUAL. (L.Du./N.H.D./Ed.)
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Africa

Africa is the second largest continent, being smaller 
only than Asia and covering about one-fifth of the 
total land surface of the world. The continent is 

bounded on the west by the Atlantic Ocean, on the north 
by the Mediterranean Sea, on the east by the Red Sea 
and the Indian Ocean, and on the south by the mingling 
waters of the Atlantic and Indian oceans.

Africa’s total land area is approximately 11,667,000 
square miles (30,217,000 square kilometres), and the con­
tinent measures about 5,000 miles (8,000 kilometres) from 
north to south and about 4,600 miles from east to west. 
Its northem extremity is Al-Ghirän Point, near Al-Abyad 
Point (Cape Blanc), Tun.; its southem extremity is Cape 
Agulhas, S.Afi; its farthest point east is Xaafuun (Hafun) 
Point, near Cape Gwardafuy (Guardafui), Somalia; and its 
western extremity is Almadi Point (Pointe des Almadies), 
on Cape Verde (Cap Vert), Senegal. In the northeast, 
Africa was joined to Asia by the Sinai Peninsula until the 
constmction of the Suez Canal. Paradoxically, the coast- 
line of Africa— 18,950 miles in length—is shorter than 
that of Europe, because there are few inlets and few large 
bays or gulfs.

Off the coasts of Africa a number of islands are associ- 
ated with the continent, of which Madagascar, one of the 
largest islands in the world, is the most significant. Other 
smaller islands include the Seychelles, Socotra, and other 
islands to the east; the Comoros, Mauritius, Réunion, and 
other islands to the southeast; Ascension, St. Helena, and 
Tristan da Cunha to the Southwest; Cape Verde, the Bi- 
jagós Islands, Bioko, and Sao Tomé and Principe to the 
west; and the Azores and the Madeira and Canary islands 
to the northwest.

The continent is cut almost equally in two by the equa­
tor, so that most of Africa lies within the tropical region, 
bounded on the north by the tropic of Cancer and on the 
south by the tropic of Capricom. Because of the bulge 
formed by western Africa, the greater part of Africa’s terri­
tory lies north of the equator. Africa is crossed from north 
to south by the prime meridian (0° longitude), which 
passes a short distance to the east of Accra, Ghana.

In antiquity, the Greeks are said to have called the con­
tinent Libya and the Romans to have called it Africa, 
perhaps from the Latin aprica (“sunny”), or the Greek 
aphrike (“without cold”). The name Africa, however, was 
chiefly applied to the northem coast of the continent, 
which was, in effect, regarded as a southem extension of 
Europe. The Romans, who for a time mied the North 
African coast, are also said to have called the area south 
of their settlements Afriga, or the Land of the Afrigs—the 
name of a Berber community south of Carthage.

The whole of Africa can be considered as a vast plateau 
rising steeply from narrow Coastal strips and consisting of 
ancient crystalline rocks. The plateau’s surface is higher 
in the southeast and tilts downward toward the northeast. 
In general, the plateau may be divided into a southeastem 
portion and a northwestem portion. The northwestem 
part, which includes the Sahara (desert) and that part of 
North Africa known as the Maghrib, has two mountain­

ous regions—the Atlas Mountains in northwestem Africa, 
which are believed to be part of a system that extends into 
southem Europe, and the Ahaggar (Hoggar) Mountains in 
the Sahara. The southeastem part of the plateau includes 
the Ethiopian Plateau, the East African Plateau, and—in 
eastem South Africa, where the plateau edge falls down­
ward in a scarp—the Drakensberg range. One of the most 
remarkable features in the geologie structure of Africa is 
the East African Rift System, which Hes between 30° and 
40° E. The rift itself begins northeast of the continent’s 
limits and extends southward from the Ethiopian Red Sea 
coast to the Zambezi River basin.

Africa contains an enormous wealth of mineral resources, 
including some of the world’s largest reserves of fossil fuels, 
metallic ores, and gems and precious metals. This richness 
is matched by a great diversity of biological resources that 
includes the intensely lush equatorial rain forests of cen­
tral Africa and the world-famous populations of wildlife 
of the eastem and southem portions of the continent. Al­
though agriculture (primarily subsistence) still dominates 
the economies of most African countries, the exploitation 
of these resources has become the most significant eco­
nomie activity in Africa in the 20th Century.

Climatic and other factors have exerted considerable in­
fluence on the pattems of human settlement in Africa. 
While some areas appear to have been inhabited more 
or less continuously since the dawn of humanity, enor­
mous regions—notably the desert areas of northem and 
southwestem Africa—have been largely unoccupied for 
prolonged periods of time. Thus, although Africa is the 
second largest continent, it contains only about 10 per­
cent of the world’s population and can be said to be 
underpopulated. The greater part of the continent has 
long been inhabited by black peoples, but in historie times 
there have also occurred major immigrations from both 
Asia and Europe. Of all foreign settlements in Africa, that 
of the Arabs has made the greatest impact. The Islämic 
religion, which the Arabs carried with them, spread from 
North Africa into many areas south of the Sahara, so that 
many western African peoples are now largely Islämized.

(D.S.H.W.N./Ed.)
This article treats the physical and human geography of 

Africa, followed by discussion of geographic features of 
special interest. For discussion of individual countries of 
the continent, see the articles e g y pt ; so u th  a fr ic a ; and 
s u d a n , t h e . Other African countries are treated in arti­
cles on regions under the titles c en tr a l  a fr ic a , ea stern
AFRICA, INDIAN OCEAN ISLANDS, NORTH AFRICA, SOUTH­
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AND ARCHITECTURE, ANCIENT*, ISLAM, MUHAMMAD AND 
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PHYSICAL AND HUMAN GEOGRAPHY
Geologie history

The African continent consists of an ancient Precambrian 
The Pre- shield (formed between 3.8 billion and 570 million years 
cambrian ago) that has since been folded, metamorphosed (altered
shield in composition or structure by heat and pressure), and

granitized. As a result of later erosion, Precambrian rock 
outcrops appear on about three-fifths of the surface.
An examination of the shield leads to three preliminary 

observations. First, geologically the continent of Africa 
includes the Arabian Peninsula, which was closely linked 
to it until the appearance of the Red Sea Trough. Second, 
northwestem North Africa belongs to the Mediterranean 
and Alpine area; it emerged and became joined to Africa 
only quite recently in geologie time. Third, the Precam­
brian shield shows numerous tracés of life. These are 
found, for example, in the microorganisms of the Fig Tree 
System of rocks in South Africa, which are 3.2 billion 
years old; in the Bulawayo series, which are 2.7 bil­
lion years old; in the Ivory Coast series, which are 2.5 
billion years old; in the Gabon series, which are 1.7 bil­
lion years old; and in all of Africa in formations that are 
between 600 million and 1 billion years old.

Geologie analysis is simpler after the end of the Precam­
brian because of the existence of this shield. There are no 
tracés of geosynclines (large linear troughs, in which Sed­
iments accumulated over geologie time cause the trough 
itself to sag deeper) or of orogenic (mountain-building) 
processes comparable to those of other continents. On the 
western rim of the continent, however, there are eroded 
tracés of ancient mountains that have been called the Mau- 
ritanides; these thrust from the west toward the east. If, 
however, they were associated with a geosynclinal trough, 
this was situated farther west in the Atlantic Ocean.

The relative geologie stability that characterized the con­
tinent did not, however, hold tme in the north. The Tethys 
Sea, a sea ancestral to the Mediterranean, ran along the 
northem edge of the Sahara, and a geosynclinal depression 
covered the region; from this depression the Alpine chain 
of the Teil Atlas and Saharan Atlas mountains later arose 
during the Tertiary Period (66.4 to 1.6 million years ago).

Seas of the Paleozoic Era (from 570 to 245 million years 
ago) covered northwestem Africa, extending first from the 
Mediterranean to the Gulf of Guinea and then to southem 
Africa. At the end of the era, during the Permian Period 
(286 to 245 million years ago), the Permian Sea advanced 
as far as the Mozambique Channel.

The Mesozoic Era (245 to 66.4 million years ago) is rep- 
resented by marine deposits of the Jurassic Period (208 to 
144 million years ago) in the Western Sahara and Senegal 
and on the Indian Ocean coast. Marine deposits of the 
Early Cretaceous Epoch (144 to 97.5 million years ago) 
occur on all African coasts, while deposits of the Late 
Cretaceous Epoch (97.5 to 66.4 million years ago) are lo­
cated in the Sahara and on the coasts of the Atlantic and 
Indian oceans. During the Tertiary Period, North Africa 
emerged, and the rift valley of the Red Sea subsided, iso- 
lating Arabia from the continent.
A quick glance at any geologie map of Africa reveals first 

the distinctive effects of the great rifts, running northwest 
to southeast and northeast to Southwest, and second the 
volcanic activity that took place both in the Tertiary and 
in the Quatemary Period (up to 1.6 million years ago).

STRATIGRAPHY AND STRUCTURE
The Precambrian. The Precambrian landmass in Africa 

consists of four groups of interconnected cratons (immo­
bile parts of the Earth, usually of large size). These are 
the West African Craton, which became stable about two The 
billion years ago and which today comprises the States of African 
Mauritania, Mali, Guinea, Liberia, Cote dTvoire (Ivory cratons 
Coast), Ghana, and the western Ahaggar Mountains of 
southem Algeria; the Arabo-Nubian Shield, which includes 
the eastem Ahaggar Mountains of Algeria, the Tibesti 
Mountains (extending into Chad, Niger, and Libya), Egypt, 
and the Arabian Peninsula; the Congolese and Kalahari 
cratons; and Madagascar, the eastward extension of which 
is unknown, as it subsided into the Indian Ocean during 
the Late Cretaceous.

The final period of the Archean (early) Eon (which 
came to an end approximately 2.5 billion years ago) was 
marked by important orogenic processes, tracés of which 
are clearly defined in the West Nile System on the borders 
of Zaire and The Sudan, and in the Swaziland System of 
southem Africa. Still later mountain building at the end of 
this era is visible in West Africa (in Liberia), in East Africa 
(in the Bulawayan, Dodomian, and Sebakwian Systems, 
found in Tanzania, Kenya, and Uganda respectively), and 
in Madagascar (in the Androyan System). It was during 
this period that the first discoverable tracés of life are to 
be found in the fossilized unicellular algae of the Fig Tree 
Series in Swaziland and in the Orange Free State, S.Af.
The Early Proterozoic Era (about 2.5 to 1.6 billion years 

ago) was characterized by orogenic activity that was man-
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ifested in such series as the Amsaga and Ghallaman of 
Mauritania, the Kambui of Sierra Leone, the Zadinian of 
the Congo basin, the Dibayan of Namibia, the Kaviron- 
dian of East Africa, the Great Dyke of Zimbabwe, the 
Transvaal System of South Africa, and the Vohibory of 
Madagascar. The era ended with a new mountain-build- 
ing episode, the widespread Continental effects of which 
may be seen in such formations as the Berberids of the

Anti-Atlas Mountains in North Africa, the West African 
Birrimian Formation, the Buganda-Kibali-Toro Forma­
tion of East Africa, and the Witwatersrand, Bushveld, and 
Limpopo formations in Southern Africa.

The Middle Proterozoic, which lasted from about 1.6 
billion to 900 million years ago, may be divided into two 
orogenic cycles. The first of these cycles is marked by 
the uplifting of the Anti-Atlas Mountains of Morocco and
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of such formations as the Tarkwaian (Ghana), Francevil- 
lian (Gabon), and Mayumbian (Congo). The second cycle 
consisted of the rise of the westem Kibarian mountain 
chain (Zaire), the Irumian chain in central Africa, and the 
Waterberg and Matsap chains of South Africa.

The Late Proterozoic, which lasted from about 900 
to 570 million years ago, is represented throughout the 
continent by several thousand feet of sandstone, schist 
(medium- or coarse-grained metamorphic rock containing 
micaceous materials), and dolomite limestone (limestone 
rieh in magnesium carbonate) with stromatoliths (fos- 
silized calcareous algae). Among these are such formations 
as the Adoundounian Series of Morocco, the Adrar Series 
of Mauritania and Mali, the Westem Congo System, the 
Katangan Series of Zaire and Zambia, and the Damara- 
Otavi System of South Africa. The end of the Precam­
brian, at which time the Lufilian and Katangan orogenies 
occurred in central Africa, is separated from the start of 
the Cambrian Period by a glacial period.

The Paleozoic Era. The Paleozoic Era, which comprises 
the Cambrian, Ordovician, Silurian, Devonian, Carbonif- 
erous, and the Permian periods, includes two Princi­
pal mountain-building episodes—the Caledonian and the 
Hercynian. During this era the continent of Africa may 
be said to have taken shape—the cratons fused and the 
landmass emerged. A glacial period during this era was 
marked by deposition tillites (Consolidated sedimentary 
rock formed by lithification of glacial tili), which may be 
seen in southem Morocco and throughout westem Africa 
and subequatorial Africa as far as Namibia. The tillite is 
considered as marking the break between the end of the 
Precambrian and the beginning of the Cambrian Period 
(which lasted from 570 to 505 million years ago).

Marine fossils of the Cambrian are found in southem 
Morocco, Westem Sahara, Mauritania, and Namibia. In 
Egypt and Arabia their presence has been revealed by 
drilling. Elsewhere they remain unknown.

During the Ordovician Period (505 to 438 million years 
ago) fossiliferous marine sandstone completely covered 
North and West Africa. The table sandstones of south­
em Africa constitute its only other trace. This period is, 
in addition, remarkable for the tectonics (forces or con- 
ditions causing movements of the Earth’s emst) of the 
Caledonian mountain-building episode. Although no great 
folds resembling those of Europe and North America 
formed, the episode was marked by at least two important 
epeirogenic (continent-forming) movements, which raised 
the Continental table of the central and westem Sahara by 
approximately 5,000 feet (1,500 metres). Each emergence 
resulted in the creation of valleys that became flooded 
when the continent subsided. It is known that toward the 
end of the period the Sahara became glaciated, and tillites 
and sandstones filled the valleys.

Although no major folding took place, except in local 
instances, granites were rejuvenated. Many authentic Pre­
cambrian granites show ages that are between 45 and 550 
milhon years. These are not new granites, for nowhere 
do they pierce the covering of Cambrian or Ordovician 
Sediments. They constitute a phenomenon that is found 
from the central Sahara to southem Africa.
A complete change of Sedimentation characterized the 

Silurian Period (438 to 408 million years ago); this is 
indicated by the deposits of graptolitic shales (containing 
fossils of colonies of extinct animals of uncertain zoologi- 
cal affinity) in Arabia and in northwestem Africa.

Marine fossils of the Devonian (408 to 360 million years 
ago) are found in North Africa and in the Sahara. Tracés 
also remain in parts of Guinea, Ghana, and Arabia, as 
well as in Gabon; they also occur in the Bokkeveld Se­
ries of South Africa. Fossils of Vegetation that includes 
Archaeosigillaria (ancient club mosses) may be traced in 
formations of the earlier Devonian in the Sahara and in 
southem Africa (Witteberg Series).

The Carboniferous Period lasted from about 360 to 286 
million years ago. Evidence of marine life that existed in 
the earlier part of this period comes from fossils found 
in North Africa, in the central and westem Sahara, and 
in Egypt. During the middle and later parts of this pe­
riod, the Hercynian mountain-building episodes occurred.

The Mauritanide mountain chain appeared, running from 
north to south along the edge of northwestem Africa from 
Morocco to Guinea. Ancient Sediments were metamor- 
phosed and pushed from west to east, locally covering the 
tabular Paleozoic formations. Elsewhere, great swellings or 
subsidences took place, continuing until the Late Triassic 
Epoch (230 to 208 million years ago). These structures 
were synclinal (folded with the strata dipping inward to­
ward a central axis) in form in the Tindouf area of westem 
Algeria, dorsal (forming a mountainous spine) at Reguibat 
in eastem Westem Sahara, basinal (forming a basin) at 
Taoudeni in Mali, dorsal at Kinshasa in Zaire, and syncli­
nal in Ghana.
The Late Carboniferous Epoch (320 to 286 million 

years ago) is represented throughout the Sahara by layer 
upon layer of fossilized Vegetation, and sometimes—as in 
Morocco and Algeria—by seams of coal. Different phe- 
nomena may be observed, however, in the region of sube­
quatorial Africa, including the important Dwyka Tillite, 
which covers South Africa, Madagascar, an extensive por­
tion of the Congo basin, and Gabon. At several places 
in South Africa, these Dwyka strata are covered by thin 
marine layers that serve to demarcate the transition from 
the Carboniferous to the Permian periods and that form 
the beginning of the great Karoo System.

Marine fossils of the Permian Period are visible in south­
em Tunisia (in the Mount at-Tabaqah region), in Egypt 
(at the Abü Daraj Reef), in the Arabian Peninsula (South­
west of Riyadh), on the coasts of Tanzania, and in the 
Mozambique Channel.
Everywhere eise, the tracés of the Permian are of Conti­

nental rather than marine origin and are included in the 
Karoo System in South Africa. There, the Early Permian 
strata are known as the Ecca Series and are divided into 
three groups—the Lower Ecca, containing almost 1,000 
feet of clay-bearing schists; the Middle Ecca, containing 
1,650 feet of sandstone, seams of coal, and fossilized Veg­
etation; and the Upper Ecca, containing 660 feet of clay- 
bearing schists.

The Late Permian is represented by the lower nart of 
the Beaufort Series (which was also formed during the 
Early Triassic Period), which is almost 10,000 feet thick 
and which is famous for its amphibian and reptile fossils, 
a similar series of which are also found in the southem 
Soviet Union. Other Permian formations, not as rieh in 
coal, are found in Zaire, Tanzania, Kenya, Uganda, Zam­
bia, Zimbabwe, Mozambique, and Madagascar.

The absence of primary marine formations throughout 
southem Africa should be emphasized; it is not known 
whether this absence is due to a hiatus in deposition 
or to erosion.
The Mesozoic Era. Consisting of three periods—the 

Triassic, Jurassic, and Cretaceous—the Mesozoic Era is 
remarkable for the overflowing of ancient seas and for the 
emergence of massive land formations containing interest- 
ing fossil remains.
Marine formations. During the Triassic Period ancient The 

seas left deposits in North Africa, the southem Sahara, Triassic 
Egypt, Arabia, and parts of Tanzania and northem Mada- Period 
gascar. Jurassic deposits extended to the Atlantic basins 
of Rio de Oro and Senegal. In the middle of the Jurassic 
Period a great transgression of the Indian Ocean extended 
over Somalia and Ethiopia as far as Eritrea. In the Cre­
taceous Period this was followed by a series of transgres- 
sions, including one on the coast of equatorial Africa at 
the time the present Atlantic and Indian Ocean coasts 
took shape; one that totally invaded the Sahara and Egypt 
as far as The Sudan; and one that covered the same places 
once more, as well as westem Arabia and the east coast of 
Madagascar.

Continental formations. In northem equatorial Africa, 
including Arabia, the Continental formations took the 
shape of an interlocked landmass. During the Triassic 
Period the Saharan Zarzaïtine Series, containing dinosaur 
and reptilian fossil remains, was laid down. During the 
Jurassic Period the Saharan Taouratine Series, contain­
ing fossils of Vegetation and great reptilian fossils, was 
formed. In the Upper Karoo System of subequatorial 
Africa, formed during the Early Triassic, the Beaufort
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Series contains fossils of fish, amphibians, and reptiles. 
The final stages of the Triassic and Early Jurassic periods 
were characterized by the folding of the Cape mountain 
chain, by the rise of the Karoo basin, by fracturing, and 
by widespread upwelling of basaltic lavas through fissures, 
creating formations from 3,000 to 6,000 feet thick, such 
as the Drakensberg range in South Africa.

During the Jurassic and the Cretaceous periods layers 
similar to those of the interlocked landmasses of the north 
were formed; they contained fossil Vegetation, dinosaurs, 
and reptiles. During the Cretaceous certain eruptions of a 
particular type occurred, resulting in the creation of the 
Kimberlite diamond pipes (such a pipe being a cylindrical 
rock body, usually approximately vertical).

The Tertiary Period. The Tertiary Period of the Ceno- 
zoic Era (the Cenozoic has lasted from 66.4 million years 
ago to the present) was remarkable for its great tectonic 
movements; these resulted in the Alpine mountain-build­
ing episode, during which the North African mountains 
were uplifted. It was also remarkable for the creation of 
the Red Sea Rift Valley and for the volcanism and rifting 
that took place during its later stages.
Marine formations. The Paleocene Epoch (66.4 to 57.8

million years ago) is important for its animal fossils, which 
include nummulites (a large kind of foraminifera, which 
are unicellular animals of macroscopic size), nautiloids 
(shelled cephalopods, which are mollusks with tentacles 
attached to their heads), and echinoids (sea urchins); all of 
these are found in North and West Africa and in the Sa­
hara. With the exception of the Sahara, nummulites of the 
Eocene Epoch (57.8 to 36.6 milhon years ago) are found 
in the same places, as well as on the African coasts of the 
Indian Ocean, as also are lepidocyclines (foraminiferas) of 
the Oligocene Epoch (36.6 to 23.7 million years ago) and 
the Miocene Epoch (23.7 to 5.3 million years ago).

Continental formations. Several levels may sometimes 
be distinguished in the Continental formations of the Ter­
tiary Period. They include lower Eocene levels containing 
Pseudoceratodes (gastropod genus) and Dyrosaurus (type 
of reptile), as well as Late Eocene and Oligocene lev­
els containing silicated woods and fossilized fish, turtles, 
crocodiles, snakes, and mammals. In Egypt the Oligocene 
deposits found in the al-Fayyüm area contain mammals, 
birds, turtles, and crocodiles. The levels of the Early 
Miocene, which are found on the banks of Lakes Rudolf 
(Turkana) and Victoria in East Africa, contain mastodon
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(a large, elephant-like mammal) and Proconsul africanus work of northeast to Southwest and northwest to southeast
(a large, extinct ape of the superfamily Hominoidea). Cen- faults. Volcanic eruptions and basaltic upwellings accom-
tral Asian hipparions (three-toed ancestors of the horse), panied fracturing in the Ahaggar Mountains of southem
which simultaneously entered Africa and Europe during Algeria, in the Tibesti area of Libya and Chad, in Ethiopia,
the Late Miocene Epoch, also left their fossilized remains throughout East Africa, and in Cameroon, as well as in the
in this region, as did the Kenyapithecus of Kenya (another islands of Bioko (formerly Femando Po) and Sao Tomé
hominoid primate) at about the same time. and Principe in the Gulf of Guinea.

Tectonic movements. The first great foldings of the Teil The Quatemary Period. The Quatemary Period is di- 
Atlas took place in the Oligocene Epoch. In the Miocene, vided into the Pleistocene Epoch (1,600,000 to 10,000
North African flyschs (thick and extensive deposits, largely years ago) and the Holocene, or Recent, Epoch (from
of sandstone) formed layers that, from the Er-Rif to north- 10,000 years ago to the present). It represented a phase
ern Tunisia, pushed from the north toward the south. of continuing volcanic activity that caused the basement
The movements of the Tellian layers continued into the rocks of the Ahaggar and Tibesti mountains of the central
Late Miocene Epoch and the Pliocene Epoch (5.3 to 1.6 Sahara to rise. The activity manifested itself in eruptions
million years ago). and in the deepening of the Saharan valleys—sometimes

The High Plains area, farther south, which as a whole to a depth of about 660 feet—as well as in the welling up
underwent few tectonic movements, was bounded on the of basalt. Although the marine deposits of the Quatemary
south by the northem Atlas, which intervened between Period as a whole are of no particular interest, Continental
it and the Saharan Atlas. Continental movements lifted deposits of this period in Africa bear witness to a human
the Aurès Massif (mountain mass) to a height of about chronology and to human activities that parallel those
3,300 feet during the middle of the Miocene; the Aurès is developments in Europe during the same period.
bounded on the south by the northem Sahara stmctural During the cold humid periods called pluvials, which 
line, which extends from Agadir in Morocco in the west correspond to the glacial phases of the Northem Hemi-
to the Gulf of Gabes in Tunisia in the east, dividing the sphere, the glaciers that covered the high mountains of
African Shield from the folded Mediterranean or Alpine East Africa were from 3,000 to 5,000 feet thicker than
zone. those remaining in the summit zones today. Elsewhere,
Formation o f the Red Sea. Tectonic movements in the the desert zones of the Sahara and the Kalahari were al-

region of the Arabo-Nubian Shield that took place at the temately subjected first to humid and then to dry and arid
end of the Oligocene and the beginning of the Miocene phases that expanded the desert surface at the expense of
epochs almost separated Arabia from Africa. A trough adjacent forested zones.
sank down, and the Mediterranean Sea swept into the rift The oldest levels at which hominids (humanlike primates) 
valley, forming a gulf that extended to Yemen. The gulf are to be found, known as the Villafranchian-Kagerian Se- 
was only prevented from joining the Indian Ocean by an ries and recognized in Ethiopia and Kenya, date to about 
isthmus Stretching from Djibouti to Aden. four million years ago and are characterized by ancient
At the end of the Miocene Epoch the Isthmus of Suez was forms of animal life, including in particular some ancient

formed, and the gulf became a saline lake at the bottom hominids. These hominids, called Australopithecines, may
of which thick evaporites (sediments formed as a result be classified roughly into two groups, termed “gracile” Primitive
of evaporation) were laid down. The isthmus permitted and “robust.” Both groups left tracés of stone and bone hominids
Asian animal life to pass into Africa during part of the implements.
Pliocene Epoch. The sinking of the Djibouti-Aden isth- The Kagerian-Kamasian Interpluvial levels, which date 
mus, also during the Pliocene, allowed the Indian Ocean to about 500,000 years ago, contain the fossils of Homo 
to flow into the Red Sea as far as the Isthmus of Suez. erectus (thought to be the ancestor of modern humans)

Volcanism and rifting. Tectonic movements in the that are found at such sites as Olduvai Gorge (Tanzania)
Miocene and Pliocene scored the continent with a net- and Ternifine (Algeria). The Kamasian, or Second, Plu-

Photo Almasy

Simen Mountains, rising above the Ethiopian Plateau in northwestern Ethiopia.
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vial of the Middle Pleistocene (900,000 to 130,000 years 
ago) corresponds to the Mindel in Europe and contains 
the remains of Dinotherium (which has been described as 
a large mammal with tusks on its lower jaw). A dry but 
not a desert climate is implied by the Kamasian-Kanj eran 
Interpluvial levels at Olduvai Gorge. The Kanjeran, or 
Third, Pluvial, which occurred during the Middle Pleis­
tocene and corresponds to the Riss Pluvial in Europe, 
bears tracés of such animals as the elephant, giraffe, and 
hippopotamus.
An arid phase, which greatly reduced the area of forest, 

is revealed in the Kanjeran-Gamblian Interpluvial levels, 
which were laid down between about 60,000 and 55,000 
years ago. This period corresponds to an important tec­
tonic phase marked by undulations in North Africa and 
activity along all the faults, in particular those in East 
Africa; it was at this time that East Africa assumed its 
present topographical aspect.

During the Gamblian, or Fourth, Pluvial, which occurred 
from approximately 30,000 to 15,000 years ago, three 
distinct humid phases were separated by drier intervals. 
During these phases the dimensions of Lake Chad and of 
the glaciers of Mounts Kenya and Kilimanjaro diminished 
rapidly. The postpluvial phase that followed this period, 
equivalent to the postglacial phase of the Northem Hemi- 
sphere, was marked by a succession of altemately dry and 
humid stages, in which tracés of Mesolithic (a transitional 
period of the Stone Age) and Neolithic (New Stone Age) 
civilizations are apparent, and by the desertization of 
both the Sahara and the Kalahari, a process which began 
about 3000 bc .

PRESENT GEOLOGIC STRUCTURES AND RELIEF
The continent of Africa represents a magnificent exam- 
ple of the relation of geologie structure to relief. In the 
north the chains of the Atlas Mountains, extending from 
Southwest to northeast, evoke the orogenesis of the Alpine 
episode and are separated from the Sahara basement rock 
by the great interrupted line of the southem Atlas ranges. 
The physiography of Egypt, by contrast, exposes the 
magnitude of the Cretaceous and Tertiary marine trans- 
gressions. Between the southem Atlas and the Ahaggar 
mountains the lower Sahara basin contains a wide, water- 
bearing fossiliferous substratum and is partly covered by 
the great sand dunes of the Eastem and Western Ergs. 
Encircling the Ahaggar Mountains, the Tassili-n-Ajjer 
plateaus are edged by cliffs that bound accumulations of 
Paleozoic deposits.

The West The West African landmass includes the Taoudeni syn-
African cline, the average diameter of which is more than 620
landmass miles. The syncline is situated between the Ahaggar Moun­

tains in the east and the Mauritania-Sénégal basin in 
the west and between western Algeria in the north and 
Kinshasa in the south. The east-to-west crystalline dorsal 
formations running from Cameroon through the Ubangi 
(Oubangui) River basin to The Sudan completely separate 
northem from subequatorial Africa. Karoo and Continen­
tal deposits fill the Congo basin, which is surrounded by 
Precambrian rock formations dating from all periods of 
that era.

In southem Africa the Kalahari basin and the plateaus 
of the Karoo System have been formed upon 23,000 feet 
of undifferentiated Carboniferous, Permian, and Triassic 
Continental deposits.
East Africa is isolated from the rest of the continent 

by huge tectonic rift valleys that have been volcanized 
(subjected to volcanic heat) and that extended from Syria 
southward through the Red Sea and the East African Rift 
Valley lakes to Mozambique. The Mozambique Channel, 
which dates from the Permian Period, bounds Madagascar 
on the west, while on Madagascar’s eastem periphery a 
great fault dates from the Early Cretaceous.
Along the coasts of Africa a number of basins disappear 

beneath the sea—in the west off Western Sahara; Senegal; 
Cote dTvoire and Ghana; Benin, Nigeria, and Cameroon; 
Gabon; the Congo; and Angola; and in the east off 
Mozambique; Tanzania; and Somalia.

Africa’s geologie structure as a whole may thus be said 
to express its geomorphology. (R.L.C.F.)

The land
RELIEF
The physiography of Africa is essentially a reflection of 
the geologie history and geology that is described in the 
previous section. The continent, largely composed of a 
vast rigid block of ancient rocks, has geologically young 
mountains at its extremities in the highlands of the Atlas 
Mountains in the northwest and the Cape ranges in the 
south. Between these mountainous areas is a series of 
plateau surfaces, with huge areas that are level or slightly 
undulating, above which stand occasional harder and more 
resistant rock masses. Surrounding these surfaces is a zone 
of plateau slopes below which are narrow Coastal beits 
widening along the Mediterranean coast, the coastlands 
of Tanzania and Mozambique, a narrow belt between the 
Niger and Kunene rivers, and an area northward of the 
Gambia and Sénégal rivers.

Kilimanjaro (19,340 feet [5,895 metres]) is the highest Highest 
point on the continent; the lowest is Lake Assal (502 feet and lowest 
[153 metres] below sea level) in Djibouti. In proportion to points 
its size, Africa has fewer high mountains and fewer lowland 
plains than any other continent. The limited areas above
8.000 feet are either volcanic peaks or resistant massifs.
All the land below 500 feet occurs within 500 miles of the 
coast, except for two small basins in the Sahara.

The higher areas of the south and east are in marked 
contrast to the considerably lower elevation of the western 
and northem parts of the continent. South of a line drawn 
from near the mouth of the Congo (Zaire) River to the 
Gulf of Aden, most of the land lies 1,000 feet or more 
above sea level, and much of it exceeds 3,000 and even
4.000 feet. North of the line there is relatively little land 
above 3,000 feet, most of the area being between 500 and
1.000 feet above sea level; there are also broad Coastal 
lowlands, except in the region of the Atlas Mountains and, 
in the east, beyond the Nile.

The highest extensive areas are to be found in Ethiopia, 
parts of which exceed 15,000 feet. Southward the East 
African Plateau is highest in Kenya, where it is often 8,000 
feet or more above sea level; there are occasional volcanic 
peaks that are much higher, such as Kilimanjaro, Mount 
Kenya (17,058 feet), Mem (14,978 feet), and Elgon (14,- 
178 feet). The Ruwenzori (Rwenzori) Range—sometimes 
called the Mountains of the Moon—which reaches its 
highest elevation at Margherita Peak (16,763 feet) on the 
borders of Zaire and Uganda, is not volcanic in origin.
From East Africa the plateau extends southward, often 
with a well-defined, though not continuous, escarpment 
particularly noticeable in the Drakensberg of southem 
Africa, where Ntlenyana, or Ntshonyana, is 11,425 feet 
and Mont aux Sources is 10,822 feet. There, the plateau 
edges are especially marked, because the rock formations 
are hard and horizontal, whereas in Ethiopia they are con- 
spieuous because of faulting. Where the rocks are softer 
and less resistant, the escarpment is not so pronounced 
and so forms less of a barrier to climatic influences and to 
human movement.

To the north and west of the plateau area of the 
southem parts of the continent there is a general de- 
scent to the lower areas of the basins of the Congo,
Niger, and Nile rivers. The only large areas that ex- 
tend above 3,000 feet are in the folded ranges of the 
Atlas Mountains and in the central Sahara, where resis­
tant granites form the massifs of Ahaggar and Tibesti.
The interior uplands of West Africa and of Cameroon 
consist of ancient crystalline rocks, reaching considerable 
heights only in the Fouta Djallon plateau in Guinea, in 
the Guinea Highlands, which also extend over the borders 
of Sierra Leone and Liberia, in the Jos Plateau in Nigeria, 
in the Adamawa region of Nigeria and Cameroon, and in 
the Cameroon Highlands. There are extensive low-lying 
areas near the coast and in the basins of the Sénégal,
Gambia, Volta, and Niger-Benue rivers. The high areas 
of Darfur in The Sudan (more than 10,000 feet) and of 
Mount Cameroon (13,435 feet) are volcanic in origin and 
are evidence of the same tensions that have resulted in 
rifting and volcanism in East Africa.

The East African Rift System constitutes the most striking
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and distinctive relief feature of the continent. Associated 
with its formation was the volcanic activity responsible for 
most of the higher peaks of East Africa, including Kili­
manjaro, which is always snowcapped despite its neamess 
to the equator. Seismic and volcanic disturbances are still 
recorded in the westem portions of the rift valley System. 
In the Virunga Mountains, northeast of Lake Kivu, there 
are periodic outbursts (about every 10 or 12 years) that 
have created a series of lava flows. One of these volcanoes 
dammed the rift valley and converted a large area, for- 
merly drained by a tributary of the Nile, into Lake Kivu.

The rift valley extends for about 4,000 miles, its course 
being clearly marked out by many of the lakes of East 
Africa as well as by the adjacent volcanic peaks. From 
the Gulf of Aqaba it can be traced southward along the 
Red Sea and into the Ethiopian Plateau to Lakes Rudolf, 
Naivasha, and Magadi in Kenya. Farther south, through 
Tanzania, the line of the rift is not quite so obvious. The 
walls that constitute the eastem rim have been more easily 
eroded, while the lakes of this area are generally smaller and 
not in line, and some of them are only waterless salt beds. 
The largest of these lakes are Natron and Manyara, with 
Eyasi in a side branch of the main rift. The edges are obvi­
ous enough to the south in Malawi, where a huge crusted 
block collapsed along the parallel faults that constitute the 
steeply rising slopes of Lake Nyasa (Malawi). The lake is 
360 miles long but never more than 50 miles wide; it has 
a maximum depth of 2,310 feet. The rift then follows the 
line of the Shire Valley to reach the Indian Ocean near 
Beira, Mozambique.

The westem branch, or Westem Rift Valley, extends 
from the northem end of Lake Nyasa in a great arc, taking

in Lakes Rukwa, Tanganyika (after Lake Baikal in Siberia 
the deepest lake in the world), Kivu, Edward, and Albert. 
Subsidiary branches of this valley include the basins in 
which lie Lakes Mweru and Upemba.

Most of the lakes that occur along the course of the rift 
valley lie well below the general level of the plateau, rang­
ing from about 1,300 to 3,000 feet above sea level. They 
are generally very deep and bear a striking resemblance 
to fjords; some have floors that are below sea level, even 
though their surfaces are hundreds of feet above sea level.

In complete contrast is Lake Victoria, the largest of all 
African lakes, which occupies a shallow depression on 
a plateau 3,720 feet above sea level between the major 
branches of the rift valley. Its greatest depth is only 270 
feet, but, with an area of 26,828 square miles, it is the 
third largest of the world’s lakes, after the Caspian Sea 
and Lake Superior.

Detailed discussion of the Atlas Mountains, East African 
mountains, Ituri Forest, Kalahari, Namib, Sahara, and 
Veld can be found in African geographic features o f special 
interest at the end of this article. (Ro.W.St.)

DRAINAGE
The uplifting and warping of the surface of the African 
continent that occurred during the Pliocene and Pleis- 
tocene epochs produced a number of structural basins; 
these are now either individually occupied by, or are 
linked up with, drainage Systems. With the exception of 
the Chad basin, all the major drainage basins have outlets 
to the sea. In addition, minor drainage basins, similar to 
that of Lake Chad, are situated in the East African Rift 
Valley. Some, again like Lake Chad, constitute the focus
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of centripetal drainage (drainage directed toward the cen- 
tre), while others are linked to river Systems. Although 
the East African lakes are climatically and economically 
important, relatively little is known of their hydrological 
characteristics.

Climate, geology, and the history of tectonic activity 
have imparted certain common characteristics to African 
rivers. Spatial variations in the incidence and amount of 
rainfall are reflected in their hydrological regimes. In areas 
that have one rainfall season, for example, and have pro- 
nounced drought throughout the rest of the year, the rivers 
flood in the rainy season and shrink in the dry season.
Whatever their hydrological regimes, all the important 

African rivers are interrupted by rapids, cataracts, and 
waterfalls. This is explained by several factors, the most 
important of which is the past tectonic activity, or regional 
land movements, that caused ridges to be formed across 
the courses of the major rivers. Waterfalls are often found 
where the rivers are still engaged in cutting downward as 
they flow across these ridges; Cabora-Bassa (falls) on the 
Zambezi and the Augrabies Falls on the Orange River are 
examples. Another factor that contributes to the creation 
of rapids or falls is the incidence of rock strata that have 
proved resistant to the erosive effect of the rivers’ flow. 
(Tropical rivers do not generally carry large quantities of 
stone or rock; instead, they have a tendency to carry loads 
of fine silt, produced by Chemical weathering.)
Although the Nile, the Zambezi, and the Niger rivers 

have large deltas, their size does not compare with, for 
example, the enormous delta region of the Ganges and 
Brahmaputra rivers. In Africa the generally poor develop­
ment of deltas is mainly because of the restricted extent 
of the Coastal plain, together with the relatively narrow 
Continental shelf, which provides neither sufficiënt room 
nor shallow enough water for the deposition of delta- 
forming material. The great speed with which most of 
the rivers flow into the sea is another factor inhibiting 
delta formation.

Major The major drainage basins of Africa are those of the Nile,
drainage the Niger, the Congo, the Zambezi, and the Orange rivers 
basins and of Lake Chad.

The Nile basin. There are two theories conceming the 
development of the Nile, which, it appears, originally con- 
sisted of two sections. The first theory is that the lower 
Nile had its source at about latitude 20° N, whence it 
flowed directly into the sea, while the upper Nile, issuing 
from Lake Victoria, flowed into an inland lake that cov- 
ered the As-Sudd region in what is now The Sudan. The 
lake became filled with water, which then spilled over at 
its northem end and flowed into what is now the upper 
Nile. According to the second theory, the upper section 
originally flowed into a vast lake between Mount as Silsi- 
lah (near Luxor, Egypt) and what is now Aswan; this was 
tapped by the lower section of the Nile after the so-called 
Sebile erosion (which takes its name from the fact that the 
breakthrough by the lower Nile was identified at Sebile).

The Nile, which is about 4,132 miles long, is the longest 
river in the world. From Lake Victoria it flows, as the 
Victoria Nile, into Lake Albert, from which it emerges as 
the Albert Nile. Further north it is known as the Al-Jabal 
River. Thereafter, having received several tributaries, it 
becomes the White Nile, and finally the Nile, emptying 
at last into the Mediterranean Sea. Its major left-bank 
tributary is the Al-Ghazäl, and the largest right-bank tribu­
taries are the Sobat, Blue Nile, and Atbara. Because of the 
numerous rapids and waterfalls, the Nile descends fairly 
rapidly from source to mouth, as do its major right-bank 
tributaries. This is especially tme of the Blue Nile, which, 
after issuing from Lake Tana on the Ethiopian Plateau at 
a height of approximately 6,000 feet, flows for most of its 
length through a steep gorge. Swamps also interrupt the 
river’s course. Of these, the largest is the As-Sudd, a vast 
area of floating swamp reeds, mostly papyrus.

The river’s regime is now controlled by a series of dams 
situated on the Nile itself or on one of its various trib­
utaries; of these, the largest is the Aswan High Dam on 
the main Nile.
The Niger basin. The Niger basin is the largest river 

basin of westem Africa. The Niger River, which rises in

the mountains of Guinea, enters the sea through its delta 
in southem Nigeria; it is about 2,600 miles in length.
Rapids interrupt its course at several points, although 
some of these (such as below Bamako, Mali) have been 
submerged in waters impounded by dams.

The Niger receives its largest tributary, the Benue, which 
flows in from its left bank, in Nigeria. The valleys of both 
the Niger downstream from Taoussa and of the Benue 
appear to be faulted troughs dating from the Early Cre­
taceous Period. Originally, the middle Niger was separate 
from the upper Niger, which flowed into an inland lake, 
the remnants of which now form the inland Niger delta.
The middle Niger flowed southeastward to the sea; its val­
ley eroded toward its headwaters, eventually tapping the 
inland lake and linking the middle with the upper Niger.

The Congo basin. With a total area of about 1,335,000 
square miles, the Congo basin consists of a vast shallow 
depression that rises by a series of giant steps to an almost 
circular rim of highlands through which the river has cut 
a narrow exit into the Atlantic Ocean. The present exit 
is geologically relatively recent, the previous exit being to 
the north of the present one.

The Congo River is some 2,900 miles in length. lts 
many waterfalls and rapids cause its valley, like that of 
the Nile, to lose elevation quickly. The river’s course is 
often constricted by gorges. The best-known are the Boy- Boyoma 
oma (Stanley) Falls at Kisangani, where the river swings (Stanley) 
through an are to flow westward; in fact, the Boyoma Falls Falls 
are no more than a series of unevenly spaced rapids at no 
great height, extending along a 60-mile stretch of the river. 
Downstream from Kisangani, the Congo is joined first by 
the Ubangi from the right and then by the Kasai—which 
rivals the Ubangi in the size of its drainage basin—from 
the left. Below its confluence with the Kasai, the main 
river cuts through the Cristal Mountains in a deep gorge, 
which at one point expands into Malebo (Stanley) Pool, 
a shallow lake measuring 22 miles in length and 14 miles 
in width. The Congo enters the sea through a swampy 
estuary that is about 6 miles wide at its mouth.

The Zambezi basin. The Zambezi River is about 2,200 
miles in length; it occupies a basin with an approximate 
area of 463,000 square miles. Originally, there were two 
rivers, corresponding to the upper and lower courses of the 
present river; the valley of the lower section eroded toward 
the headwaters until it captured the waters of the upper 
section. Although there are Stretches of the river where the 
gradiënt is very gentle—a drop of only about three inches to 
the mile—the valley as a whole has a fairly steep gradiënt.
There are numerous waterfalls, the most spectacular of 
which is the Victoria Falls. After these falls, the river 
winds through a number of deep gorges cut out of basalt 
and, after flowing through a broad valley, enters Kariba 
Gorge, which is more than 16 miles in length and is cut 
through paragneiss (a gneiss, or coarse-grained rock, in 
which bands rieh in granulär minerals altemate with bands 
containing schistose minerals, formed out of sedimentary 
rock). The Kafue and the Luangwa, the two main tribu­
taries, which both flow through gorges, join the Zambezi 
on its left bank downstream from Kariba. At the mouth 
of the main river is a delta about 37 miles wide.
The Orange basin. The Orange River is the longest in 

South Africa. Flowing across almost the entire width of 
the country, it makes its way from the highlands in the 
east through the Kalahari depression in the west to empty 
into the South Atlantic Ocean. Its major tributary, the 
Vaal River, is one of its northem headwaters; the two 
rivers together have a combined length of about 1,300 
miles. Together with other major rivers on the continent, 
the Orange-Vaal river system shares the characteristic of 
flowing over steep gradients for numerous Stretches of its 
course. The largest drop (about 400 feet) occurs at the 
Augrabies Falls.

The Chad basin. The Chad basin constitutes the largest 
inland drainage area in Africa. Lake Chad, a large sheet 
of fresh water with a mean depth between 3.5 and 4 feet, 
lies at the centre of the basin but not in its lowest part.
Lake Chad is fed by three major streams, the Komadugu 
Yobe, Logone, and Chari, but these are in danger of hav­
ing their waters captured by the drainage Systems of rivers
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that flow in opposite directions. Lake Chad itself, with an 
area of only some 5,000 square miles, was formerly much 
more extensive.
Detailed discussion of Lake Chad, the Congo River, the 

East African lakes, the Niger River, the Nile River, the 
Orange River, the Sénégal River, the Suez Canal, and the 
Zambezi River can be found in African geographic fea­
tures o f special interest at the end of this article.

SOILS
Soil types. In general, soil types on the African con­

tinent may be divided into five or six broad categories. 
There are desert soils; chestnut-brown soils, which border 
the deserts; and chemozem-like soils (dark black soils rich 
in humus and carbonates), which are found immediately 
south of the chestnut soils from The Sudan westward to 
just beyond the Niger Bend (the bend in the middle course 
of the Niger River), and pockets of which are also found 
in East Africa, Zambia, Zimbabwe, and South Africa. 
In addition, there are black soils (often grouped with cher- 
nozems and found on the Accra Plains of Ghana); red 
tropical soils and latentes (leached red iron-bearing soils), 
which occur in the tropical wet-and-dry and equatorial 
climatic zones; and Mediterranean soils, found in the At­
las Mountains of North Africa and the Cape region of 
South Africa.
The most important factors that affect soil formation 

are climate, parent material, relief, drainage, Vegetation 
cover, and the passage of time. Where the land has been 
generally stable and fairly flat for prolonged periods, as in 
Africa, the climate becomes the major determinant of the 
soil groups. The different rocks are deeply weathered and

are broken down into their common component elements 
to produce broadly similar soils under the same climatic 
conditions. Given sufficiënt time under a tropical climate, 
the differences in humus content o f the great soil groups, 
which are introduced by Vegetation types, are minimized. 
But within these groups there will naturally be differences 
in soil types as a function of local differences in physical 
factors.
Desert soils. These soils are characterized by the general 

lack of organic content; by the types of rock reflected in 
them, the Chemical weathering of which has been inhib- 
ited by the lack of water; and by the crusts or concretions 
of soluble salts on or just below their surface. While these 
crusts are in general thought to have been formed as a 
result of evaporation, it is nevertheless possible that they 
may have been formed under a wetter climate during the 
Pleistocene Epoch.

Chestnut-brown soils. In the semiarid areas bordering 
the desert, increased rainfall makes grass Vegetation more 
plentiful, results in rocks becoming more weathered than 
in the desert, and produces better developed soils with 
a higher humus content. It is the hum us content that, 
according to the am ount present, gives the chestnut soils 
their characteristic light or dark brown colour. Chestnut 
soils also differ from desert soils because they receive 
enough water to wash out some of the salt accumulations 
either on the surface or immediately below it.

Chemozem-like and black soils. An unfailing charac­
teristic of the chemozem is the presence of a subsurface 
zone of calcium carbonate, sometimes accompanied by 
calcium sulfate, which is left behind after all the soluble 
salts have been washed out. Grouped with them are the
After S.J. Schokalskaja, reproduced by permission of UNESCO

Soils of Africa.
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black soils, which should, perhaps, be differently classified, 
for their black colour is not necessarily due to high humus 
content but rather to the presence of certain minerals, as 
in the black soils of the Accra Plains, in Ghana.
Red tropical soils and latentes. The majority of tropi­

cal soils have shades of colour varying from yellow and 
brown to red. The reddish colour reflects the presence of 
iron oxides that form as a result of Chemical weathering. 
At one time all tropical red earths or soils were indiscrim- 
inately referred to as latentes, but it is now clear that the 
term latente should be confined to those tropical soils with 
large concentrations of iron and aluminum sesquioxides 
(insoluble compounds) that have formed a hard pan at 

Lateriza- or just below the surface. At the most advanced state of 
tion of laterization, bauxite, from which aluminum is extracted, 
soils is formed. Most tropical soils are in varying stages of

laterization, which is to say they are at various stages 
of accumulating insoluble compounds as the soluble d e­
ments are leached out. The compounds accumulate more 
readily in areas with a pronounced dry season and where 
the water table is not too far below the surface. If the top 
horizons (layers) of the soils should erode, the subsurface 
concentrations of sesquioxides are then exposed to the at- 
mosphere, whereupon they crystallize irreversibly to form 
true latente concretions.
Mediterranean soils. Mediterranean soils are generally 

deficiënt in humus, not so much because of sparse Veg­
etation cover as because of the slowness of the Chemical 
processes that convert the vegetable matter to humus. Low 
rainfall, occurring when temperatures are lowest, retards 
Chemical weathering. The uneven surface relief of the re- 
gions where these soils occur also makes it difficult for 
mature soils to develop, since the land, except in the val- 
ley bottoms, is not sufficiently flat over wide enough areas 
to allow the soil-forming (parent) materials to remain in 
place and thus to be thoroughly weathered.

Soil problems. Soil is the foundation of Africa’s eco­
nomic life, and as such its detailed study is most important. 
Failure to appreciate the physical and Chemical properties 
of the soils has led to disastrous results for several projects 
for agricultural improvement.
In studying the soils of Africa, it is essential not to 

lose sight of the importance of such social factors as the 
ability or inability of mostly uneducated farmers to judge 
the quality of the soil. Thus, schemes for transforming 
traditional Systems of farming that are based on soil Classi­
fication but that do not take into account local perception 
may have little chance of success.

For desert soils to be productive they must be ir- 
rigated, as they are on the desert margins of North 
Africa; their excessive salinity or alkalinity must also be 
reduced. Compared to desert soils, the chestnut-brown 
soils are easier to work and are more productive un­
der irrigation. Black soils tend to have a markedly 
crumbly structure and are sometimes difficult to plow. 
In the wet season, the black soils of the Accra Plains swell 
and become slippery, while in the dry season they shrink 
once more and crack to such an extent that they are 
said to plow themselves. Red tropical soils need careful 
handling. Despite their luxuriant Vegetation cover, high 
temperatures coupled with humidity promote the rapid 
decay of organic matter and keep the humus content low. 
Erosion is a constant threat if the soils are exposed to the 
elements for any length of time; the soils remain cultivable 
only if the sesquioxides remain below the surface.
In the Atlas and Cape regions, there is a clearer relation- 

ship between soil characteristics and parent material than 
in the humid tropical areas. Over expanses of limestone, 
for example, the soils contain large amounts of calcium 
compounds, some of which must be washed away or neu- 
tralized before the soils can become fully productive.

CLIMATE
Factors influencing the African climate. A number of 

factors influence the climate of the African continent. 
First, most of the continent—which extends from lat­
itude 35° S to about latitude 37° N—lies within the 
tropics. Second, the near bisection of the continent by 
the equator results in a largely symmetrical arrange­

ment of climatic zones on either side. This symme- 
try is, however, imperfect because of a third factor— 
the great east-west extent of the continent north of the 
equator, in contrast to its narrow width to the south. 
In consequence, the influence of the sea extends farther 
inland in Southern Africa. Moreover, a quasi-permanent 
subtropical high-pressure cell (the Saharan anticyclone) 
develops in the heart of northem Africa, while in southem 
Africa the beit of high pressure on land weakens during the 
time of high sun (the season when the Sun is overhead— 
in December and January in the south). A fourth factor 
consists of the cool ocean currents, which chili the winds 
that blow over them and thereby influence the climate of 
the neighbouring shores. Fifth, because of the extensive 
plateau surfaces of the continent and the absence of high 
and long mountain ranges comparable to, for example, 
the Andes in South America or the Himalayas in Asia, 
climatic zones in Africa tend to shade into one another, 
rather than to change abruptly from place to place. Finally, 
the high mountains have climatic zones of their own that 
vary with altitude.

While these factors help to account for the broad climatic 
pattems of the African continent, there are, nevertheless, 
numerous local variations to be found from place to place 
within the same climatic zone. Urban areas, for example, 
have climates that often differ in many respects from those 
of the surrounding countryside. Typically experiencing 
higher average temperatures, urban areas also frequently 
have less wind and lower relative humidity; there is too 
little relevant data from Africa, however, to permit a de­
tailed study of urban climates.

Average annual precipitation for Africa.

The most important differentiating climatic element is 
rainfall; this, together with several other climatic elements, 
depends upon the characteristics of the dominating air The air 
mass. The air masses of relevance to the African climate masses 
may be broadly classified as maritime tropical, maritime 
equatorial, Continental tropical, maritime polar, and Con­
tinental polar. Of these, the least important are the Con­
tinental polar air masses, which may occasionally bring 
intense cold to northem Egypt in December and January, 
and the maritime polar air masses, which are associated 
with rain-bearing depressions over the northem and south­
em extremities of the continent during the winter. With 
the exception of these, the continent is affected both by a
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Continental tropical air mass to the north and by maritime 
tropical and maritime equatorial air masses to the south.

These northem and Southern air masses meet at the 
intertropical convergence zone (ITCZ). The hot, dry Con­
tinental tropical air mass, which is present in the upper 
levels of the atmosphere, descends to the ground only 
at the convergence zone. Less hot than the Continental 
tropical are the maritime tropical and maritime equatorial 
air masses, which originate from the Indian and South 
Atlantic oceans, respectively; they differ only in that the 
maritime equatorial air mass is unstable and brings rain, 
while the maritime tropical air mass, when fully devel- 
oped, is stable and does not normally bring rain unless it 
is forced to rise by a high mountain.

In July the ITCZ—following the sun—moves northward 
toward the area of low pressure over the Sahara; there, 
the maritime and Continental tropical air masses converge, 
with the maritime air masses swinging inland from the sea. 
There is no rainfall on the northem side of the conver­
gence zone, since the region is completely under the dry 
Continental tropical air mass originating over the Sahara. 
At the ITCZ itself, however, precipitation is prolonged 
and intense as air converges between the maritime and 
Continental air masses and is forced aloft. Immediately 
south of the convergence zone, rainfall is heavy because of 
the unstable nature of maritime tropical air over a heated 
land surface. South of the equator, at yet greater distance 
from the convergence zone, the maritime air masses are 
less heated, thick, and stable, and they bring hardly any 
rainfall, except over some of the East African highlands. 
Only the southem tip of South Africa receives rainfall at 
this time, from winter cyclones.

Düring the period of low sun in the Northem Hemisphere 
(from December to January, when the sun has moved 
to its Southern limit), the Situation described above is re- 
versed. The convergence zone moves southward, dipping 
into Southern Africa. At this season the whole of northem 
Africa (except the Atlas Mountains) is under the dry Con­
tinental tropical air mass, while southem Africa receives 
rainfall except in the Cape region and on the Southwest 
coast, where the maritime air mass remains stable offshore 
over the cool Benguela Current.

The eight Climatic regions. When considered in detail, the move- 
climatic ment of air masses and their effects provide the basis for a 
regions division of the continent into eight climatic regions. These 

are the hot desert, semiarid, tropical wet-and-dry, equa­

torial (tropical wet), Mediterranean, humid subtropical 
marine, warm temperate upland, and mountain regions.
The hot desert region consists of the Sahara and Kala­

hari deserts, which are always under the influence of dry 
Continental tropical air masses, and the northem Kenya- 
Somali desert, the aridity of which is principally caused by 
the stable nature of the maritime air masses that pass over 
it throughout the year. The stability of these maritime air 
masses is induced by their passing over the cool body of 
water offshore. In addition to aridity, the desert climate 
is characterized by high mean monthly temperatures; the 
diurnal (daily) temperature range is, however, greater than 
the annual range of the mean monthly temperature.

Semiarid climatic regions fringe the desert areas and in- 
clude the greater part of the land south of the Zambezi 
River. They differ from tme desert regions in being just 
within reach of the ITCZ in the course of its seasonal 
movement and therefore receiving more rainfall. Temper­
atures are about the same as those in the desert regions.

The tropical wet-and-dry region is often called the sa- 
vanna climatic region; this implies, incorrectly, that all 
areas with savanna Vegetation have this type of climate. 
This region covers a little less than half of the total surface 
area of the continent, extending toward the equator from 
the semiarid areas. The great distinguishing feature of this 
climatic region is the seasonal character of its rainfall. 
During the period of high sun the maritime air masses 
produce up to six months of rainfall—the length of the 
rainy season depending on neamess to the equator. The 
rest of the year is dry. In a few places—for example, 
on the coast of Mauritania and Senegal—there is also a 
little rainfall in the period of low sun. As in the desert 
and semiarid climatic zones, mean monthly temperatures 
show less Variation than daily temperatures. In western 
Africa the period of low sun corresponds to the harmattan 
season. The harmattan is a warm, dry northeasterly or 
easterly wind that blows out of the southem Sahara and is 
frequently laden with large quantities of sand and dust.
Regions with the equatorial, or tropical wet, type of cli­

mate, or variants thereof, are the wettest in Africa. There 
are two peak periods of rainfall corresponding to the 
double passage of the ITCZ. Because areas with an equa­
torial climate are constantly covered by warm maritime 
air masses, variations in their monthly and daily temper­
atures are less pronounced than in the tropical wet-and- 
dry regions.

Average temperatures for January (left) and Ju ly (rlght) in °C for Africa.
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Marked variations in the rhythm of equatorial climate 
sometimes occur; for example, the rainfall may be mon- 
soonal and the second rainy season may be all but nonex­
istent. But the most notable anomaly can be observed on 
the West African coast from around Cape Three Points, 
Ghana, eastward to Benin, where, although the bimodal 
rainfall regime prevails, the total annual precipitation is 
less than 40 inches (1,000 millimetres). Among the many 
explanations that have been suggested are that the pres­
ence of a cold body of water offshore chills the lower 
layers of the maritime air mass and makes it stable; that 
the body of cold air that forms offshore diverts the incom- 
ing airstreams to the west and east of the anomalously 
dry area; that there is a strong tendency for the winds to 
blow parallel to the shore during the rainy seasons; that 
the absence of highlands deprives the region of orographic 
(mountain) rainfall; that fluctuations in the offshore, mois- 
ture-bearing winds occur during the rainy season and 
reduce rainfall; and that local meteorological peculiarities 
of thunderstorms contribute to the reduction in rainfall.

In the northem and southem extremities of the continent 
there is a dry summer subtropical, or Mediterranean, type 
of climate. Rain falls only in winter (December-January 
in North Africa, June-July in southem Africa), although 
in some localities it may fall in autumn (September in 
North Africa, April in southem Africa). Mean monthly 
temperatures are lower than in tropical climates, dropping 
to about 50° F (10° C) in winter, while summer (June- 
July in North Africa, and December-January in southem

Africa) temperatures may sometimes exceed those of trop­
ical climates. Clear blue skies are characteristic.

The humid subtropical marine climate is restricted to the 
southeast coast of Africa. This region is characterized by 
rainfall throughout the year, but it is heaviest in summer. 
In South Africa, south of Natal, the winter rainfall is 
more pronounced, and the temperatures are a little lower 
than in the north. Thus, at Port Elizabeth there are six 
months when temperatures are below 62° F (17° C), while 
at Durban mean monthly temperatures do not fall below 
64° F (18° C).

The warm temperate upland climatic region is found 
on the Highveld of southem Africa. Its rainfall regime is 
similar to that of the tropical wet-and-dry climate, but 
temperatures are greatly modified by the altitude; frost, 
for example, occasionally occurs in Lesotho. Toward the 
coast the climate shows maritime characteristics, and there 
is a tendency toward winter rainfall.

The mountain climatic region includes the high moun­
tain areas of Ethiopia and the lake region of East Africa. 
In some respects the climate is similar to the warm, tem­
perate upland climate, except that temperatures are even 
lower and snow occurs on the tops of the highest peaks, 
such as Kilimanjaro. The rainfall regime is similar to that 
of the adjacent lowland areas. (K.B.D.)

PLANT LIFE
African Vegetation develops in direct response to the in- 
teracting effects of rainfall, temperature, topography, and

Vegetation zones of Africa.
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type of soil; it is further modified by the incidence of fire, 
human agriculture, and grazing and browsing by livestock. 
Of the total land area of the continent, forests cover about 
one-fifth; woodlands, bushlands, grasslands, and thickets 
about two-fifths; and deserts and their extended margins 
the remaining two-fifths.

Ecological relationships. Until about two million years 
ago Africa’s Vegetation had always been controlled by the 
interactions of climate; geology, soil, and groundwater 
conditions (edaphic factors); and the activities of animals 
(biological factors). The addition of humans to the latter 
group, however, has increasingly rendered unreal the con­
cept of a fully developed “natural” Vegetation— i.e., one 
approximating the ideal of a vegetational climax. Nev- 
ertheless, in broad terms, climate remains the dominant 
control over Vegetation. Zonal beits of precipitation, re- 
flecting latitude and contrasting exposure to the Atlantic 
and Indian oceans and their currents, give some reality 
to related beits of Vegetation. Early attempts at mapping 
and classifying Africa’s Vegetation stressed this relation- 
ship: sometimes the names of plant zones were derived 
directly from climates. In this discussion the idea of zones 
is retained only in a broad descriptive sense.

As more has become known o f the many thousands of 
African plant species and their complex ecology, nam- 

Qassifying ing, Classification, and mapping have also become more 
African particular, stressing what was actually present rather than
flora postulating about climatic potential. In addition, over time

more floral regions of varying shape and size have been 
recognized. Many schemes have arisen successively, all of 
which have had to take views on two im portant aspects: 
the general scale of treatm ent to be adopted, and the de- 
gree to which hum an modification is to be comprehended 
or discounted.
Once, as with the scientific treatment of African soils, a 

much greater uniformity was attributed to the Vegetation 
than would have been generally acceptable in the same 
period for treatments of the lands of western Europe or the 
United States. Quite the opposite assumption is now fre- 
quently advanced. An intimate mosaic of many species— 
in complex associations and related to locaiized soils, 
slopes, and drainage—has been detailed in many studies 
of the African tropics. In a few square miles there may 
be a visible succession from swamp with papyrus, through 
swampy grassland and broad-leaved woodland and grass 
to a patch of forest on richer hillside soil, and finally to 
succulents on a nearly naked rock summit.

The span of human occupation in Africa is believed 
to exceed that of any other continent. All the resultant 
activities have tended, on balance, to reduce tree cover 
and increase grassland; but there has been considerable 
dispute among scholars conceming the natural versus 
human-caused development of most African grasslands 
at the regional level. Correspondingly, classifications have 
differed greatly in their principles for naming, grouping, 
and describing formations: some have chosen terms such 
as forest, woodland, thornbush, thicket, and shrub for 
much of the same broad tracts that others have grouped 
as wooded savanna, savanna, and steppe. This is best seen 
in the nomenclature adopted by two of the most compre- 
hensive and authoritative maps of Africa’s Vegetation that 
have been published: R.W.J. Keay’s annotated Vegetation 
Map o f Africa South o f the Tropic o f Cancer (1959) and 
its more widely based successor, The Vegetation Map o f 
Africa (1983), compiled by Frank White. In the Keay map 
the terms “savanna” and “steppe” were adopted as precise 
definitions of formations, based on the herb layer and the 
coverage of woody Vegetation; the White map, however, 
discarded these two categories as specific classifications. 
Yet any rapid demise of savanna in its populär and more 
general sense (i.e., as dry tropical grassland or mixed 
woods and grassland) is doubtful.

The vegetational map of Africa and general Vegetation 
groupings used in this article mainly follow the White 
m ap and its extensive annotations, although some 100 
specific types of Vegetation identified on the source map 
have been compressed into 14 broader classifications.

Vegetational zones. Lowland rain forest. African low- 
land rain forests occur along the Guinea Coast of West

Africa and in the Congo basin. The full development of 
this tropical formation requires continuously warm con­
ditions and an annual rainfall exceeding 50 to 60 inches 
(1,270 to 1,520 millimetres) distributed fairly evenly over 
the year. The vertical limit is about 3,500 to 4,000 feet.
This multistoried, highly diverse, extensive, and poten- 
tially self-perpetuating assemblage has been described by 
some as the source of virtually all tropical floristic di- 
versity. No other part of the world sustains a greater 
biomass (total weight of organic matter in a given surface 
area) than lowland tropical rain forests. Even though the 
speciation (proliferation of distinct types of plant) within 
the African rain forests is notably poorer than that of its 
counterparts in Southeast Asia and the Amazon basin of 
South America, these forests sustain a huge multiplicity 
of life forms, occupying different strata (generalized levels 
of plant height) and niches (separate, small-scale habitats). 
Characteristically, tropical rain forest is composed of a 
ground story, from 6 to 10 feet tall, of shrubs, fems, and Structure 
mosses; a middle story of trees and palms 20 to 60 feet of the 
in height; and a dominant top canopy consisting of trees forest 
up to 150 feet high with straight unbranched trunks, but- 
tressed roots, and spreading crowns of perennial leafage.
The large branches of these crowns provide niches for 
epiphytes, including orchids, fems, and mosses. Lianas tie 
trees to one another, parasitic species cling to tmnks and 
branches, and strangler figs (Ficus pretoriae) put down 
aerial taproots. Nevertheless, these are not “impenetrable” 
jungles. It has been suggested that some early European 
travelers and pioneer botanists may have exaggerated the 
difficulties of human penetration because they joumeyed 
along atypical waterways and along tracks where distur- 
bance of the original Vegetation had thickened the regen- 
erating ground layer.
In true rain forests, grasses are adventitious (occurring 

in consequence of fortuitous intrusions). Elephant grass 
(Pennisetum purpureum) can grow abundantly in areas 
where the Vegetation has been disturbed, providing good 
fodder for grazing animals when young but quickly be- 
coming rank, coarse, and a refuge for insects. Cogon grass 
(Imperata cyiindricä) is a troublesome grass on depleted 
and fire-seared ground.
Eastern African forest and bush. Lowland forests and 

evergreen bushland form a long belt of land some 
125 miles broad along the Indian Ocean. From various 
causes—notably the monsoonal climate, freely draining 
soils, and long historical impact of humans—these forests 
are much more limited in their structure (physical form), 
speciation, and robustness. On more favoured terrain— 
such as estuarine fringes, the seaward flanks of the is- 
lands of Zanzibar and Pemba, and hill masses athwart 
the rain-bearing southeast monsoon—forest and a close 
broad-leaved woodland are still dominant. Where land is 
in a rain shadow, in areas of unfavourable geology (e.g., 
raised coral reefs), and near cities and small ports, thomy 
bush, succulent shrubs, and scrawny grassland prevail. 
Nevertheless, the region now sustains a number of eco- 
nomically important domesticated trees—both indigenous 
and exotic—such as the coconut palm, cashew, mango, 
and (especially on Zanzibar and Pemba) dove.
Mangrove swamp. Mangroves include a variety of 

species of broad-leaved, shrubby trees (10-40 feet high) 
that fringe muddy creeks and tidal estuaries. They require 
warm, saline water—hence their distribution along tropi­
cal coastlines. Offen they form nearly impenetrable stands, 
for which the easiest access is by sea. The trunks and roots 
are termite-resistant, and they have long been favoured as 
a building material and for making charcoal.
Broad-leaved woodland and grassland. This Classifica­

tion constitutes one of the most extensive composite cat- 
egories now recognized and includes much of the land 
formerly labeled as savanna. Two broad bands extend 
across the continent, one from about 7° to 12° N latitude 
and the other from about 8° to 22° S latitude. Structure 
and floristic composition vary greatly with the increase of 
latitude, both in the north and the south. Annual rainfall 
averages 35 to 45 inches, with marked seasonality of oc- 
currence and considerable fluctuations from year to year, 
both in total rainfall and in the onset of rainy periods.
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Baobab trees growing in the wooded-grassland area of Senegal in West Africa.
K. Scholz— Shostal/EB Inc.

The woodlands of western Africa strikingly resemble those 
south of the equator. In both areas, undulating wooded in- 
terfluves on light soils successively altemate with swampy, 
clay-based valley grasslands (called fadamas in Nigeria 
and dambos in Zambia and Malawi) in a topographically 
linked sequence of soils called a catena.
Trees, 30 to 50 feet high, are typically deciduous and 

often fire-resistant, since much of this land is bumed 
Typical annually. Common West African species include types 
tree species of Isoberlinia (a spreading leguminous tree of the pea 

family), Daniellia (a leguminous tree with white bark), 
and Lophira (a tree with strap-shaped leaves that is said 
to yield the most durable timber in the region). Other 
hardwoods, forming distinct communities, are Combre- 
tum and Terminalia, which are better suited to the drier 
areas. Prevalent Southern equivalents include Brachyste- 
gia (a leguminous hardwood, the bark of which formerly 
was used to make cloth) and Julbernardia (another plant 
of the pea family resembling Isoberlinia). Over much of 
the interior of Tanzania, in areas of reduced rainfall and 
poorer soils, a light-canopied, sustained woodland called 
Miombo forest rises above a rather scrawny ground layer. 
This is an excellent habitat for bees, and honey has long 
been gathered there.

Because of periodic buming, tall grasses have become 
dominant over large expanses of plateau land, which 
sometimes contains few, if any, of its original trees. The 
tall, coarse red grass Hyparrhenia can form prominent 
stands, but it makes póor grazing land and often harbours 
insects that spread disease. Much better for the pastoralists 
are induced swards of Themeda.

For centuries humans have selectively retained certain 
economically important tree species in areas cleared for 
farming; the effect has been to create what is called 
“farmed parkland,” in which a few favoured trees rise 
above the heids. Examples include the sheä butter nut tree 
(Butyrospermum), common in Ghana and Cöte d’Ivoire; 
Acacia albida, found in Senegal and Zambia; and the 
truly domesticated baobab (Adansonia digitata), which is 
perhaps the most widely distributed.

Thorn woodland, grassland, and semidesert Vegetation. 
Toward the margins of the tropics the Vegetation cover 
becomes lower and thinner as the fluctuating transition 
to desert Vegetation ensues. In the same progression the 
concept of an annual rainfall (nominally 5 to 20 inches) 
yields to the reality of extreme unreliability in both inci- 
dence and expectation. Under such restraints a definitive 
“boundary” with the desert becomes meaningless. More- 
over, there appears to have been a trend toward declining 
precipitation in the last half of the 20th Century, and 
human impact certainly has enhanced the natural depri- 
vation of plant life in the marginal regions. The southem 
margin of the Sahara—roughly between the latitudes of

15° and 20°—is called the Sahel (Arabic: Sähil; “shore,” 
or “edge”), the word being extended by implication to 
comprehend the fluctuating margins of the great sand seas 
of the Sahara to the north. The southem equivalent covers 
much of the Kalahari, which is often called a desert but is 
more properly a thirstland.
Thorn woodland displays a predominance of xerophytic, 

sometimes succulent or semisucculent trees, such as aca­
cia, Commiphora (the myrrh tree), or Boscia (an evergreen 
hard-leaved tree). The occurrence of the bunched and 
thorny desert date (Balanites) seems to accompany land 
impoverishment. A relatively luxuriant shrub layer, often 
forming dense thickets, is found in conjunction with suc­
culents, such as aloes, Sansevieria (a fibrous species), and 
Adenium, or desert rose (a succulent shrub with smooth 
grey bark, a huge water-storing base, and beautiful red or 
pink flowers), and smaller euphorbias.

Farther toward the desert, tree growth and perennial 
grass—surviving in narrow strips along watercourses—sep­
arate much larger areas of sparse annual grasses (Cenchrus 
in western Africa, Eragrostis south of the equator, and 
Chrysopogon on the margins) and scattered low shrubs, 
often mainly acacias. Shmbs may often be salt-tolerant.
While shmbs may die from inadequate moisture, they are 
little affected by the rare fires that occur.

A from ontan e Vegetation. All high mountains exhibit Azonality 
azonality; i.e., their Vegetation differs from that found in of high 
the climatic zones from which they rise. The differences mountains 
manifest themselves as progressive modifications, which 
are usually well stratified and reflect altitude-dependent 
climatic changes. Generally, as elevation increases tem­
perature decreases (to the point where frost and even 
glaciation can occur) and precipitation increases (although 
above a certain level precipitation decreases markedly).
Mountainous terrain can retain ancient climatic condi- 
tions—making possible, for example, the survival of relict 
species—and the relative inaccessibility of the higher ele- 
vations to humans has helped preserve more of the vegetal 
patterns of the past.

Vegetation strata typically are skewed with regard to 
slope orientation (aspect). This is mainly due to a contrast 
between exposure to rain-bearing winds and shadowing 
from them but may also reflect long-term history. If lower 
slopes rise abruptly from the base (as they often do in 
Africa), then a distinct boundary between Vegetation for­
mations may be clearly distinguished; if the rise is gentle, 
vegetations merge (as in the western Kenyan highlands).
(All the circumstances mentioned above are represented 
in the African mountain Systems, but for purposes of 
illustration the vegetational map identifies only areas of al- 
titudinal modification. Thus, some areas that are included 
are not tropical, such as parts of the Red Sea Hills and the 
mountains of South Africa and Lesotho.)



Afromontane moorland of tussocky grasses, giant groundsel, 
and lobelias on the slope of Mount Kenya.
Carcüns Weaver— Ardea Londen

Altitudinal modifications of Vegetation are clearly dis- 
cemible on the high East African peaks near the equator 
( ie .g Kilimanjaro and Mounts Kenya and Elgon), and a 
rieh forest beit—much reduced upslope by human activi­
ties, except where the land has been reserved—clothes the 
zone that receives the maximum rainfall and is free of 
frosts (up to about 5,000 to 6,000 feet). Such mountains 
have great human importance as watersheds and as repos- 
itories of native plants.

Desert Vegetation. The Sahara has one of the lowest 
species densities in the world, and a sustained Vegetation 
cover (which can include trees and bushes) occurs only in 
the massifs and oases. Elsewhere, the Vegetation is discon- 
tinuous and consists of two main types: perennials with 
huge root Systems and sparse aerial parts, often protected 
by waxy cuticles, thom s, and hairs; and ephemerals with 
slight root Systems and little foliage but with the ability 
to flower profusely immediately after occasional storms 
and then to seed quickly and abundantly. The stony and 
rocky expanses give more hold for plants than do the vast 
areas of shifting sands. In some areas with slightly more 
rainfall, grass tufts may grow 50 yards apart. Aristida is 
the dom inant grass, and for brief periods it can yield a 
nutritious forage called ashab.
The Namib is one of the world’s driest deserts. The 

area along the coast, however, is almost always foggy, and 
succulent shrubs (such as aloes) manage to survive on this 
moisture. The Namib also contains the stränge tumboa, or 
welwitschia (Welwitschia mirabilis), which may live 100 
years or more.
Karoo-Namib shrubland. In this drought-prone land, 

soils are often shallow, even saline. The low shrubs that 
grow there can be divided into two groups: woody plants, 
such as species of Acacia and Pentzia and the saltbush 
(.Atriplex); and succulents, including aloes, euphorbias, and 
Mesembryantheum. Aristida and Themeda are character- 
istic grasses. Every year the blossoms of bulbous plants lay 
short-lived carpets of colour. Being both drought-resistant

and high in minerals, many of the shrubs can provide 
useful grazing for goats and sheep.
Highveld grassland. The grassland Classification is re- 

stricted to regions with 10 percent or less woody plant 
cover. The Highveld meets this definition and probably 
owes much to unaided nature for its creation and per- 
petuation, since fires caused by lightning strikes are rela- 
tively frequent. Its extent has always been fairly precisely 
defined: areas with more than 15 inches of rainfall dur­
ing the summer. Highveld Vegetation, though modified 
considerably by human activity, traditionally has been 
differentiated into sweet veld (dominated by Themeda) or 
sour veld (Andropogon and Eragrostis), the latter making 
poorer pasturage.
Mediterranean Vegetation. This zone is determined 

chiefly by its climate, which is characterized by very dry 
summers and mild, rainy winters, but it has long been 
much differentiated by its inhabitants; large tracts have 
been degraded into maquis (macchie), garigue, or dry 
semidesert (steppe) Vegetation. Maquis consists of dense 
scrub growths of xerophytic (drought-resistant) and scle- 
rophyllous (leathery) shrubs and small trees, which are 
often fire-resistant. Garigue characteristically is found on 
limestone soils and has more woody growth, including ev­
ergreen and cork oaks (Quercus suber). The higher slopes 
of the Atlas Mountains once carried large stands of pine 
and cedar, but they have been much depleted. Typical 
grasses, progressing from the coast to the desert, are Am­
pelode smos, Phalaris, and Stipa.

Cape shrub, bush, and thicket. This region constitutes 
the southem counterpart of the Mediterranean zone, al­
though (with the exception of the Atlas Mountains) it 
is richer in its Vegetation potential. There were once 
considerable enclaves of tme evergreen bushland, which 
have reverted to shrubland (fynbos). Sclerophyllous fo­
liage and proteas abound. Although grassy tracts occur on 
the mountains, they are characteristically unusual lower 
down. Beyond the Cape Ranges, fynbos grades into karoo.
Madagascar. Physically and biologically, Madagascar 

has long formed a separate entity. White has identified Endemie 
eastem and western regions of endemic (unique) vegeia- species 
tion. In the eastem centre, about one-sixth of the plant of Mada- 
genera and more than three-fourths of the thousands of gascar

Carol Hughes— Bruce Coleman Ltd.

Tree aloes and other succulents growing in the Karoo-Namib
shrubland in Namaqualand, S.Af.



species are regarded as endemic. The Madagascar rain for­
est has shorter trees and a somewhat drier climate than its 
equatorial counterpart and contains its own dwarf palms 
(Dypsis) and bamboos (Ochlandra). The western deciduous 
forest stands in the rain shadow; some of its trees resemble 
Mediterranean oaks. The southem thickets have promi­
nent euphorbias and species of the Didiereaceae family. 
The island has much degraded secondary forest (locally 
called savoka) along the eastem and northem coasts.
Sudd. In addition to the major types of Vegetation de- 

scribed above, a special Vegetation called sudd (literally 
meaning “barrier”) occurs in the great Nile, Niger, and 
Zambezi drainage Systems of the African interior plateau. 
Characteristic is the sudd along the White Nile River 
in The Sudan and Uganda. Sedges (especially papyrus), 
reeds, and other water plants—including the floating Nile 
cabbage (Pistia stratiotes)—form masses of waterlogged 
plant material that are largely unproductive and are a 
nuisance to fishing and navigation. Pistia has become an 
unwelcome invader of Lake Kariba, the body of water 
formed by the impounding (1959) of the Zambezi River 
in the Kariba Gorge.

Long-term changes in Vegetation. Africa’s basic vegeta­
tional zones are believed to have existed in approximately

the same climatically controlled series and with the same 
characteristically developed species for a long period of 
time; and, indeed, some ancient African plant families— 
such as the cycads, which evolved some 200 million years 
ago—still have living representatives. Nonetheless, the 
continent’s Vegetation has been altered continuously by 
geologie and climatic changes and by the movement of the 
calorie (heat) equator. The past million years have been a 
time of unusually rapid changes, with major consequences 
for Africa’s Vegetation.

The vegetational history of Africa is of great scientific 
relevance. Studying the lichens growing in the high East 
African mountains, for example, may yield a better under- 
standing of the continent’s climatic trends, and a knowl- 
edge of past conditions in the Sahel might help explain 
what influence natural phenomena have had on the disas- 
trous droughts of the region since the late 1960s.

Geologie influences. The two most important geologie 
modifications of Vegetation have been the very ancient 
Separation of Madagascar from the mainland, which gave 
rise to the distinct speciation of the island’s flora, and the 
long-continuing faulting and vulcanism along East Africa’s 
huge rift system that has thrown up high ranges (e.g., 
the Ruwenzori between Uganda and Zaire) and great vol-

(Left) © Mark Pidgeon— Oxford Scientific Films Ltd; (right) © David Curl— Oxford Scientific Films Ltd.

E n d e m ic  flo ra  a n d  fa u n a  o f  M a d a g a s c a r .
(Left) Thicket of members of the didiereaceae family near the Mandrare River, Southern 
Madagascar. (Right) Red-bellied lemur in the eastern Madagascar rain forest near 
Ranomafana.



56 Africa

canoes (Kilimanjaro) and has thus created and reshaped 
Afromontane flora.

Climatic influences. The repercussions of the great 
Effects of Pleistocene Ice Ages of Europe have constituted the most 
the Ice notable climatic influence on African flora in relatively 
Ages recent geologie history. These consisted of a succession of

colder periods marked by glacial advances, interrupted by 
warmer, drier interglacials; the last series of these ended 
between about 5,000 and 10,000 years ago. Tropical Africa 
experienced contemporaneous fluctuations in its climate, 
although it is misleading to infer any simple equivalences 
between these fluctuations and the European periods of 
glacial advances and retreats.

During the werter times (pluvials) in Africa equatorial 
forests spread, separating northem woodlands from their 
southem counterparts (with consequent species differenti- 
ation); mountain Vegetation descended onto the plateaus; 
and there is evidence that the Saharan climate was greatly 
ameliorated, much to the advantage of humans. Dur­
ing the warmer, drier interpluvials the existing Vegetation 
was degraded in many zones. Dunes spread from the 
Sahara and over the Kalahari, for example, and their fos- 
silized alignments—now vegetated—can be traced across 
the thomy woodlands and grasslands of Niger, Nigeria, 
Namibia, and Botswana.

Human influences. The greater part of the reduction of 
Africa’s natural Vegetation has happened in the last 2,000 
years—probably since the late 19th Century for the tropical 
portions—the time during which humans have been most 
numerous and active. Pastoralism, agriculture, the rapid 
growth of human and livestock populations, the expansion 
of cities and towns, and the extemal demands for primary 
resources have made ever-greater demands upon the land 
for sustenance and perceived economic betterment. Much 
is known of the detailed processes of Vegetation modi- 
heation along the Mediterranean, since they have been 
observed and studied since classical times, and a good deal 
is also known from the more than three centuries of study 
of the Cape area of South Africa; but until the late 19th 
Century very little was understood about these processes 
in tropical Africa. Indeed, the time scale of actual human 
impact on African Vegetation may be causally linked to 
the awareness of it by Europeans.

Within the tropical forests and woodlands, fire undoubt- 
edly has been the great human agent of clearance and 
degradation, of far greater efficacy than felling, bark- 
ringing, or uprooting—at least until the introduction of

modern plantation agriculture and logging. Hunters, pas- 
toralists, and cultivators have all fired the land for cen­
turies and have gathered wild foodstuffs, thatch timber 
for constmction, and fuelwood from the volunteer (i.e., 
uncultivated or self-generating) Vegetation. The long-term 
effects of such activity bear directly upon the debated 
question of the origin of the savannas.

In earlier times, African cultivators found the fabric of 
the tropical rain forest comparatively difficult to modify 
substantially. In the 20th Century, however, it has been 
greatly reduced in extent (such as in Sierra Leone), patched 
and frayed (Nigeria), and exploited for timber exports 
(Gabon). Moreover, many of tropical Africa’s largest cities 
and busy seaports are in this zone. The most diverse and 
seemingly inexhaustible floral realm in Africa has there- 
fore become a cause for widespread concem.

C onserving the Vegetation. Perceptions of the need for 
environmental Conservation in Africa held by those Out­
side the continent are sometimes expressed in terms that 
seem opposed to the legitimate priorities and aspirations 
of African peoples (in meeting which agriculture and 
livestock management must remain crucial). It is not sur- 
prising that projections based upon the assumptions from 
these extemal sources frequently end in pessimism. A 
more constructive approach is to identify ways in which 
to more fully integrate wild plant life, crops, and animals, 
which can be expressed in the concept of productive coun- 
tryside. The capacity and precision of resource surveys 
have been greatly enhanced by remote sensing, and this 
has been coupled with the worldwide transmissibility of 
information. Research and interest in agroforestry have 
expanded and become institutionalized. Above all, how­
ever, confidence must be put in the capacities of many 
millions of African farmers to expand agriculture while 
working toward the reintegration with wild plant life.

ANIMAL LIFE
Africa includes parts of two of the Earth’s six main zoo- Zoo­
geographie regions: the Ethiopian region, which comprises geographic 
the continent south of the Sahara and the southwestem regions 
part of Ärabia, as well as Madagascar; and a southem part 
of the Palaearctic (Old World) subregion of the Holarctic 
region (i.e., the lands of the Northem Hemisphere), con- 
sisting of North and northwestem Africa south to roughly 
the tropic of Cancer.

Genera and distribution. Africa is best known for the 
enormous diversity and richness of its wildlife. It has a

John Rushmer— Ostman Agency

Typical southem African herbivores at a watering hole in the Transvaal, S.Af.
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greater variety of large ungulates, or hoofed mammals 
(some 90 species), and freshwater fish (2,000 species) than 
any other continent.
Mammals. The main group of herbivores are the 

African antelope, which belong to four subfamilies of the 
ox family (Bovidae). The first subfamily is the oxlike 
Bovinae, which is further subdivided into the African buf- 
falo and the twist-homed antelope, including the eland 
(the largest of all antelope), kudu, nyala, and bushbuck. 
The second subfamily is the duiker, a small, primitive 
bovid that lives in the thickets, bush, and forests. Third 
is the “horse antelope,” further divided into sabre-homed 
sable, roan, and oryx antelope; the “deer antelope,” kon- 
gonis, hartebeest, topi, gnu (wildebeest), and blesbok, all 
mostly inhabitants of the open plains; and the “marsh 
antelope,” waterbuck, lechwe, kob, puku, and reedbuck. 
The fourth subfamily is the antelope proper, divided into 
two distinct tribes, the first of which includes royal, dik- 
dik, klipspringer, oribi, steenbok, and grysbok and the sec­
ond, gazelle, impala, springbok, and gerenuk. Other well- 
known large African herbivores include the zebra, giraffe, 
hippopotamus, rhinoceros, and African elephant.

Probably no group of animals is more identified with 
Africa than its Carnivora (the order of flesh-eating mam­
mals), of which there are more than 60 species. In addi­
tion to the better-known big (or roaring) cats—the lion, 
leopard, and cheetah—are the wild dog, hyena, serval (a 
long-limbed cat), wildcat, jackal, fox, weasel, civet, and 
mongoose. These predators and scavengers are vital in 
maintaining the ecological equilibrium of the areas that 
they inhabit.

The primates include some 45 species of Old World 
monkeys, as well as two of the world’s great apes: the 
chimpanzee and the world’s largest ape, the gorilla. Pre- 
simian primates—such as pottos (African lemurs) and 
galagos (bush babies, or small arboreal lemurs), as well 
as Lorisidae (a family of arboreal lemurs, moving with 
a slow, delicate crawl)—are mainly small and nocturnal, 
but in Madagascar, where there are no true monkeys, the 
world’s most diverse assemblage of large and small diumal 
and nocturnal presimian lemurs survives.

Marine mammals include one Mediterranean and one 
South African seal (the Cape für seal) and two Sirenia (an 
order of aquatic herbivores)—the dugong and the mana- 
tee. In addition, whales, porpoises, and dolphins frequent 
Africa’s Coastal waters.

Endemic Africa’s large number of endemic mammal species is sec-
mammals ond only to that of South America. These include several 

families of the ungulate order Artiodactyla (composed of 
mammals with an even number of toes), such as giraffes 
and hippopotamuses. Some families of Carnivora—such 
as civets (of the Viverridae family), their smaller relations 
the genets, and hyenas—are chiefly African. The rodent 
family of jumping hares (Pedetidae) is endemic, and 
one order, the aardvark (Tubulidentata)—a large noctur­
nal burrowing mammal, with one species—is exclusively 
African. Madagascar also has a remarkable insect-eating 
family, the tenrecs (animals with long pointed snouts, 
some of which are spiny and tailless).
Birds. South of the Sahara the birdlife includes nearly

1,500 resident species, to which must be added another 
275 species that are either resident in northwestern Africa 
or else are Palaearctic winter migrants; the migrants once 
totaled perhaps two billion individuals, but their numbers 
have been reduced considerably by severe droughts and by 
human land use and predation. Birds are mainly of Old 
World families, but of those that are endemic the most 
noteworthy are perhaps the ostrich, shoebill, hammerkop 
(a brown heronlike bird), and secretary bird (a large long- 
legged predatory bird) and the touracos (brightly coloured 
birds, some with helmetlike crests). Other families, such as 
bustards, sand grouse, honey guides (small dull-coloured 
birds, several species of which are noted for leading people 
to the nests of honeybees, in order to feed on them after 
the nests have been broken), and larks are predominantly 
African. There are many avian predators of land mam­
mals, including eagles, hawks, and owls; more of fish, 
such as storks, waders, and a few species of kingfishers; 
and even more of insects, this latter group usually being

of benefit to humans. Scavengers include vultures and the 
large marabou stork.
Reptiles and amphibians. Reptiles, of which there are 

few endemic families, have mainly Old World affini- 
ties. Those most likely to be seen include lizards of the 
agamid family, skinks (a family of lizards characterized 
by smooth overlapping scales), crocodiles, and tortoises.
Endemic reptiles include girdle-tailed and plated lizards.
Within the African realm lizards of the iguana family and 
boa constrictors occur only in Madagascar. Large vipers 
are abundant and varied; certain species have extremely 
toxic venom, but they are seldom encountered. A wealth 
of both colubrine snakes (with fangs at the posterior end 
of the upper jaw) and elapine snakes (with fixed poison 
fangs at the front of the upper jaw) include such highly 
venomous elapine species as mambas.

Amphibians also belong mainly to Old World groups.
Salamanders and hylid tree frogs (having teeth in the upper 
jaw) are confined to the Palaearctic northwest. Abundant 
commoner frogs and toads include such oddities as the so- 
called hairy frog of Cameroon, whose hairs are auxiliary 
respiratory organs. The frog subfamily Phrynomerinae is 
exclusively African.
Arthropods. Africa possesses an abundant and var­

ied population of arthropods (which include insects and 
other segmented invertebrates). Among them are found 
large butterflies of the Charaxes (brush-footed) and Pa- 
pilio (swallow-tailed) genera, stick insects, and mantises, 
grasshoppers, driver, or safari, ants (tropical ants that 
travel in vast, serried ranks), termites, and dung beetles.
Spiders abound throughout the continent, and scorpions 
and locusts can also be plentiful locally. Periodically huge 
swarms of locusts spread over wide areas, causing enor- 
mous destruction to Vegetation. Other serious pests are 
mosquitoes, which act as vectors in the spread of such 
human diseases as malaria, and tsetse flies, which transmit 
the parasite that causes African trypanosomiasis (sleeping 
sickness) in humans and nagana in livestock.
Aquatic life. Freshwater fish include both remarkable Archaic 

archaic forms and examples of rapid recent evolution. fish species 
Among the ancient forms are lungfish (Protopterus), 
bichirs, or lobefins (Polypterus), and reedfish (Calam- 
oichthys), all of which can breathe air—a property also 
possessed by certain catfish (Clariidae), which are able 
to travel overland for some distance in wet weather.
Characteristic of more recent evolutionary trends are the 
approximately 200 species of fish found in Lake Nyasa, 
four-fifths of which occur only there.

The coelacanth, an archaic marine form believed extinct 
for more than 60 million years, was discovered to be alive 
off the east coast of South Africa in 1938, and since then 
many others have been found. A rich and varied inver- 
tebrate animal life on the east and west coasts includes 
marine organisms typical of the Indo-Pacific and Atlantic 
oceans. Coral reefs and associated organisms are mainly 
found in the warm waters of Africa’s east coast, while the 
Southwest and west coasts—washed, respectively, by the 
cold Benguela and Canary currents—abound in fish.

Origin and adaption o f African fauna. At one time most 
African fauna was thought to derive from elsewhere. There 
is no doubt, however, that as little as 15,000 years ago an 
amelioration of the present Saharan climate enabled such 
typical Ethiopian forms as clariid catfish to reach the river 
Systems of North Africa. Likewise, Palaearctic animal life 
and Vegetation appear to have extended far south into the 
Sahara, and the white rhinoceros apparently lived beside 
elklike, typically Palaearctic deer.

Within the Ethiopian region, repeated climatically con- 
trolled expansion and contraction of vegetational zones 
resulted first in organisms establishing themselves in nu- 
merous specialized ecological communities (niches) of 
plants and animals and second in the proliferation of 
those species that successfully adapted themselves to the 
prevailing conditions. The spread of forests during the 
pluvials, separating northem and southem wooded grass­
lands, led to the evolution of such closely related northem 
and southem species of antelope as the kob and puku, the 
Nile and common lechwe, and the northem and southem 
forms of white rhinoceros.
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Some subfamilies of Bovidae, like the spiral-horned an­
telope (Tragelaphinae), have adapted to almost every eco- 
logical environment—forest, woodland, grassland, Afro- 
Alpine zones, and even to sudd Vegetation. Others, like the 
hartebeests (Alcelaphinae), which inhabit savannas and 
grasslands, are less adaptable.

Freshwater fishes demonstrate the existence of the rela- 
tion to one another of former river Systems and lakes. 
Large rivers containing Ethiopian fish evidently existed 
quite recently in the northern Sahara. The fish life of the 
now-isolated Lake Rudolf (Lake Turkana), in East Africa, 
demonstrates that the lake was once connected to the Nile, 
though Lake Victoria, the present source of the White 
Nile, was not. Lake Kivu, too, was formerly connected 
with the Nile, but as a result of volcanic activity it is now 
part of the Congo drainage System.

In earlier periods the animal life was even more remark­
able than today. Fossil deposits have revealed sheep as 
big as present-day buffalo, huge hippopotamuses, giant 
baboons, and other types similar to existing species. These 
huge types probably lived in pluvial periods, dying out as 
aridity increased. Smaller types survived.
The effects of humans. Until they acquired firearms, 

humans made relatively little impact on animal numbers 
or—with some exceptions—their range. From the last half 
of the 19th Century, however, and particularly since 1940, 
direct or indirect human wastage of Africa’s animal life has 
been intense and has reduced stocks considerably. The an­
telope known as the Zambian black lechwe, for example, 
believed to have numbered 1,000,000 in 1900, had been 
reduced to less than 8,000 by the late 20th Century, and 
the population of African elephants declined from 2,000,- 
000 in the early 1970s to some 600,000 by 1990, largely 
because of poaching for the ivory trade. The African white 
rhinoceros reached the verge of extinction in 1980.

Though European hunters and colonists were rightly 
blamed for much of the decline at its onset, hunting and 
destruction and the disturbance of habitats by Africans 
have become more important. Rinderpest, an acute, and 
usually fatal, infectious disease of livestock, entered Africa

indigenous ungulates. The accelerated spread of agricul­
ture and stock raising involving the destruction of forests, 
as well as heavy grazing and burning of Vegetation, elim- 
inated large animals from wide tracts. In the southem 
Sudan, for example, political strife and warfare in the 
1960s entirely eliminated wildlife from some areas. The 
demand for fancy leather and für has also endangered the 
Nile crocodile and the leopard.

Humans, however, have been of benefit to many smaller 
species. Dams and irrigation schemes, for example, have 
provided habitats for waterfowl, frogs, and fish, and the 
spread of grain crops has encouraged certain pests. Even 
the patchy cultivation of forests has resulted in the devel­
opment of a mosaic of habitats that can provide new, if 
small, niches for some species.

Ecology. There are still sufficiently large tracts of rel­
atively unspoiled country in which animal life may be 
studied in its environment. The complementary roles of 
wild ungulates, for example, show that in any area in- 
habited by a wide variety of species, the grass is grazed 
in regulär succession and at different stages of growth— 
for example, by zebra, gnu, hartebeest, and gazelle—while 
specific adaptations enable a still greater variety to survive. 
A much smaller variety of domestic stock cannot duplicate 
such effects. Overpopulation by domestic or wild species 
may upset the delicate natural balance, as may be seen 
by the example of elephant overpopulation in Murchison 
Falls (Kabalega) National Park, Uganda, and in Tsavo 
National Park, Kenya; whether the elephants survive or 
not, they have ineradicably altered the environment to the 
detriment of many other typical species.
Animal life o f particular interest. Animal life of particu- 

lar interest to humans includes four main groups that are 
not mutually exclusive. They are: (1) species potentially 
or actually useful to humans as food (large ungulates), (2) 
dangerous or pest species that may have to be controlled 
or eliminated (locusts, tsetse flies, Quelea finches or black- 
faced diochs—which do immense damage to grain crops—

and some ungulates or carnivores), (3) species that provide 
a spectacle and bring economie benefit (elephants, the 
larger plain ungulates, primates, or carnivores), and (4) 
endangered, rare, or unique species.

Much of the study of African wildlife has been addressed 
to the first two groups described above. For example, 
after it was learned that the feeding habits of domesti- 
cated livestock and wild ungulates are complementary, it 
became possible to incorporate the ungulates ifito pastoral 
and mixed-farming Systems. This has happened on limited 
scales with the oryx (which was domesticated by the an­
cient Egyptians), the springbok (which has been run with 
cattle for decades in southem Africa), and the African 
buffalo and eland. Similarly, much attention has been 
given to controlling pests. In the 1950s and ’60s consider- 
able progress was made in the control of mosquitoes and 
locust swarms, although these achievements have been 
partially lost by governmental instability and mismanage­
ment and by warfare between States. Infestation by the 
tsetse fly remains as one of tropical Africa’s most critical 
Problems, not only because the tsetse spreads disease but 
also because—by effectively restricting livestock farming— 
it denies relief of the chronic protein shortage of many 
African peoples. Control of the tsetse is possible, but it 
is complex and requires a coordinated effort within and 
between countries.

Much research has also been carried out on animals in 
the third and fourth groups. Studies of predators, such as 
the lion, for example, have shown that they do not gener- 
ally control the numbers of ungulates to the same degree 
as do disease or starvation. It has also been established 
that the hyena is as much a potent predator as a scavenger. 
Intensive studies have been made of such primates as ba­
boons, Ethiopian geladas (to which baboons are related), 
and especially chimpanzees and gorillas; of great interest 
has been leaming what associations there are between hu­
man and other primate behaviour and psychology.

Conservation. Many countries have now set aside large 
tracts as national parks, game reserves, or forest reserves. 
Of these parks, only some are large enough to be self- 
contained ecosystems, and most have been set aside to 
accommodate large mammals. In East Africa there are 
also sanctuaries for birds and marine organisms. The 
Conservation of Vegetation is undertaken mainly in forest 
reserves but also in national parks. In addition, a number 
of countries are attempting to conserve wildlife by refusing 
export licenses for certain kinds of skins, especially those 
of the leopard, cheetah, and zebra.
The oldest and best-known national park is the Krü­

ger National Park in South Africa, where representative 
populations of most savanna species are maintained. The 
Kalahari Gemsbok National Park, which South Africa 
shares with Botswana, conserves a tract of arid country 
with such associated types of antelope as springbok and 
gemsbok; smaller reserves and parks conserve particular 
species. Only one large mammal species, the blaubok 
(or blaauwbok), has become extinct, though several sub- 
species have nearly disappeared; one such subspecies—the 
quagga, a race of zebra—has vanished. East and central 
African countries have large national parks, which have 
been expanded in size or have increased in number as 
a result of the economie benefits of tourism. Kenya’s 
parks include Tsavo, one of the largest, with an area of 
more than 8,000 square miles, Lake Nakuru National 
Park for flamingos, several montane parks, and a marine 
park. Uganda has three large national parks. Tanzania 
has the famous Serengeti National Park, with its unri- 
valed populations of plains ungulates, and the parks of 
Ngorongoro, Lake Manyara, Arusha, and others. Other 
countries with notable national parks and game reserves 
are Botswana, Malawi, Namibia, Zambia, and Zimbabwe. 
All parks in these countries preserve representative wood­
land, thombush, grassland, and succulent-desert habitats 
and species.

Elsewhere the Situation is less satisfactory. In Zaire, na­
tional parks were all seriously depleted after independence. 
Zaire now has seven major national parks, including the 
Virunga National Park (3,100 square miles). Though The 
Sudan is one of the countries with the largest numbers
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of remaining ungulates, their status is little known, and 
the country is not served by an adequate park network. 
Ethiopia has nine parks developed largely during the 
1970s, while Somalia has only a rudimentary System con- 
sisting mostly of game reserves and one area (Luc Badana) 
nominally a national park but failing to meet UN criteria 
for such parks. The “W” park is shared between Burkina 
Faso (formerly Upper Volta), Niger, and Benin, but most 
West African countries have only small national parks 
if any at all.

Animals not protected in parks are not necessarily threat- 
ened. Many large species are still plentiful in forest or game 
reserves or in controlled-hunting areas. Well-managed for­
est reserves in particular provide secure habitats for many 
smaller unprotected forms.
Animals affecting land usage. Historically, the abun- 

dance of elephants and other large ungulates may 
have stimulated some individuals—notably West African 
hunters in the forests and Europeans in southem Africa— 
to occupy certain areas. Trade routes were established and 
early hunter-explorers were influenced by the availability 
of elephants, whose ivory tusks slaves could carry.

Large or small animals now affect humans by competing 
with them or with their livestock. They may prey on peo- 
ple or on livestock or carry diseases affecting either. The 
bilharzia snail and the Simulium  fly (host to an organism 
causing blindness), the tsetse fly, and the mosquito col- 
lectively affect human beings and their livestock far more 
than do such individually large or formidable species as 
lions or elephants.

The larger ungulates may compete with domestic live­
stock for forage, but they are more keenly resented and 
hunted by those agriculturists whose crops they eat. Pas- 
toralists are much more concemed about lions that oc- 
casionally kill cattle than they are about locusts or rats, 
which, by depleting forage, indirectly cause the death of 
much livestock; such perceptions may hinder eradication 
or better control of these pests.

Danger to humans from large animals—camivorous or 
Diseases otherwise—has been greatly exaggerated, but disease car-

ried by living organisms has remained a serious problem. 
Diseases have reduced crop productivity, spoiled harvests, 
and acted as a curb on the better integration of land use 
and on the extension of pastoralism and mixed farming 
into underused areas. (D.N.McM.)

The people

Africa is now widely recognized as the birthplace of Ho- 
minidae (the family to which modem humans belong). 
Archaeological evidence indicates that the continent has 
been inhabited by humans and their hominid forebears for 
some four million years or more. Anatomically modem 
African peoples are believed to have appeared about 10Ó,- 
000 years ago in sub-Saharan Africa and somewhat later in 
northem Africa. Exactly how and when the modem races 
emerged is not known, though the northem and southem 
groups are believed to have been distinct for some time; 
nonetheless, Africa is now overwhelmingly populated by 
the European geographic race in the north and the African 
geographic race in the south, the great majority being sub- 
Saharan peoples. Some rough generalizations about these 
geographic races can be made based on physical appear- 
ances (e.g., people in northem Africa tend to have less 
skin pigmentation than those in sub-Saharan Africa), but 
the real distinctions between them are largely biochemical 
(e.g., differences in blood types).

In all African countries the majority of the population 
is indigenous. In South Africa there are large numbers of 
Europeans (about 20 percent of the population). Other 
countries with significant European populations are Zim­
babwe, Zambia, Namibia, Mozambique, Kenya, and Sene­
gal. Other substantial minority groups are Asian peoples 
(chiefly in southem and East Africa), Arabs (in West and 
East Africa), and people of mixed origin.

CULTURAL AREAS
The basic units of African society have been—and in 
much of sub-Saharan Africa still are—the ethnic groups,

tribes, or peoples. They number almost 3,000. Most are 
not politically or economically independent social units 
but rather groups that have a common sense of culture 
and identity, especially in terms of a distinct language and 
religion. Boundaries between them are usually not clearly 
defined, and frequently it is difficult to know whether a 
collection of very similar communities should be regarded 
as one tribal group or as many tribal groups. It is con- 
venient to classify these peoples by languages and by the 
main outlines of their cultures.

There have been many attempts at cultural classifications Classifica- 
of African peoples based on the concept of a culture area tions of 
consisting of a number of societies with certain common culture 
features. Although to some extent useful, the generally areas 
accepted culture areas for Africa are too large to be very 
meaningful because each includes widely differing forms 
of social and political Organization. The best-known of 
many older classifications is that by the American an- 
thropologist Melville J. Herskovits (1924), which is still 
referred to despite its inadequacies. A later Classification 
(1959), by another American, G.P. Murdock, takes as 
units relatively small clusters of peoples, who are grouped 
largely on linguistic and ethnohistorical grounds. Murdock 
divided the continent into 55 clusters of tribes, forming 11 
main groupings, some of which are defined by livelihood 
(such as hunting or pastoralism) rather than by ethnic or 
linguistic affiliation. If one chooses to ignore these rather 
numerous divisions, then the principal cultural regions are 
northem, western, west-central, eastem, and central and 
southem Africa; Madagascar should also be included on 
this list.

Northern Africa. Africa north of the Sahara is inhabited 
primarily by peoples who speak languages that belong to 
the Hamito-Semitic, or Afro-Asian, group. These peoples 
include, for example, the Berbers of Morocco, Algeria, 
and Tunisia. The Berbers are most numerous in Morocco 
and least in Tunisia, where, as a result of culture contact 
and intermarriage, they have become largely assimilated 
into the Semitic-speaking Arabs who migrated into North 
Africa from Arabia in a number of waves; the first of these 
waves occurred in the 7th Century a d . The distinctive 
nature of Maghrebian, or western Arab, culture resulted 
from this admixture. In the Sahara, such Arab peoples 
as the Shuwa live side by side with such Berber peoples 
as the Tuareg.

Western Africa. Western Africa contains a remarkable 
diversity of ethnic and cultural groups in the two east- 
west-trending zones of the savanna along the southem 
Saharan borderland and the rain forest along the Atlantic 
coastline. Most of the larger and more powerful of the tra- Societies 
ditional societies are kingdoms, each surrounded by lesser of western 
and politically weaker communities. Africa

Among the more important of the savanna peoples are 
the three main clusters known as Mande (in Senegal and 
Mali and including the Bambara, Malinke, and Soninke); 
the Voltaic group in the savanna zone to the east (in­
cluding the Senufo, Lobi, Gurunsi, Dogon, and Mossi); 
and in northem Nigeria, Niger, and Cameroon the many 
small, mainly non-Muslim tribes of the plateau and high­
land areas. Throughout this region live the many groups 
of the Fulani (known also as Fulbe and Peul), a cattle- 
keeping Muslim people who have either conquered in­
digenous peoples (such as the numerous Hausa) or live in 
a symbiotic relationship with agricultural peoples. In the 
Sahara fringe are the many Berber-speaking groups col- 
lectively known as the Tuareg, the Kanuri of Lake Chad, 
and the many Semitic-speaking Bedouin Arab peoples.
M any of the kingdoms are successor States to those o f the 
Middle Ages.

The larger societies in the Coastal zone are also mostly 
kingdoms. In Nigeria are the Igbo (Ibo) and Ibibio, orga- 
nized into many autonomous polities; the Tiv; the Edo; 
and the several powerful kingdoms of the Yoruba. West­
ward are the Fon of Benin; the various peoples of the 
Akan confederacy, mostly in Ghana, the largest group be­
ing the Ashanti (Asante); the Ewe, Ga, Fanti (Fante), and 
Anyi (Agni) of the coast; the Mende and Temne of Sierra 
Leone; the Kru of Liberia; the Wolof, Serer, Dyula, and 
others of Senegal; and the Creoles of Sierra Leone and
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Liberia, descendants of freed slaves from the New World 
or of those who were on their way there.
West-central Africa. Geographically, west-central Africa 

may be considered as an eastem extension of western 
Africa: in the north are the savannas of Chad, the Central 
African Republic, and The Sudan, Stretching to the Nile 
River, and in the south is the largely forested area of the 
Congo basin. It is ethnically very mixed, with Arabs in the 
north, Pygmies in the Congo and Gabon, and Sudanic- and 
Bantu-speaking peoples in the more southem areas. Agri­
culture is the basic economy of virtually the entire region. 
The savanna includes many peoples of the Cameroon area, 
divided into many small kingdoms, of which the Bamileke 
tribes are the most numerous. Between Cameroon and 
the Nile are many large Sudanic-speaking peoples, such 
as the Sara, Mangbetu, and Azande. Southward are Bantu 
peoples, of which the more important include the Fang of 
Gabon and the Kongo, Mongo, Kuba, Luba, Lunda, and 
Chokwe of Zaire and Angola.

Eastern Africa. Eastem Africa contains several ecolog- 
ical and cultural areas. In the north and east are the arid 
Sudan and Somalia separated by the Ethiopian Plateau; in 
the centre are the fertile areas of the East African lakes— 
Victoria, Albert (Mobutu Sese Seko), Tanganyika, Nyasa

(Malawi)—and the highlands around Mounts Kenya and 
Kilimanjaro. The remainder consists of savanna, with the 
depression of the East African Rift Valley running from 
north to south. The areas of densest population are the 
more fertile highlands.

This ethnically complex region includes the Eastem Su­
danic-speaking pastoralists of the Nile valley (Shilluk, 
Dinka, Luo, Lango, and others, formerly called Nilotes), 
those of the central plains (Masai, Nandi, and others, for­
merly known as Nilo-Hamites), and the Cushitic-speaking 
Somali and Oromo (Galla) of the Hom of Africa. In 
Ethiopia also are the Semitic-speaking Amhara, Tigre, and 
others. Most of the remaining peoples of the region are 
Bantu speakers who, although they vary widely in other 
ways, are all peasant farmers. Near the East African lakes 
are several formerly powerful Bantu kingdoms (Ganda, 
Nyoro, Rwanda, Rundi, and others). In the Kenya high­
lands are the Kikuyu, Luhya, and others. On the coast are 
the various Swahili-speaking tribes, while in Tanzania are 
the Bantu-speaking Chaga (Chagga), Nyamwezi, Sukuma, 
and many more. There are also remnants of other groups: 
the hunting Okiek (Dorobo), Hadza, and some Pygmies. 
And on the coast are the remnants of the once politically 
powerful Arabs, formerly based on Zanzibar.

Ethnic 
complexity 
of East 
Africa
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Central and southem Africa. Central and southem 
Africa may be considered as forming a single large cul­
ture area. Most of it consists of open and dry savanna 
grasslands: to the northwest are the edges of the Congo 
forests; the Southwest is very arid; and the coastline of 
South Africa and Mozambique is more fertile, most of it 
with subtropical or Mediterranean climate.

The region was once populated by San (Bushmen) and 
Khoikhoin (Hottentots), both Khoisan-speaking peoples, 
the former being hunters and the latter pastoralists. The 
San are today restricted to the arid areas of southwest- 
em Africa and Botswana, and most of the Khoikhoin 
are merged into the racially mixed Coloured people of 
the Cape Province of the Republic of South Africa, with 
European and Asian admixtures. The other indigenous 
groups are all Bantu-speaking peoples, originally from 
the area of Cameroon, who dispersed across this region 
some 2,000 years ago. The vanguard, known linguistically 
as the Southem Bantu, drove the Khoisan before them 
and adopted some of their click gutturals into their own 
languages. After contact with Europeans in the 18th and 
19th centuries, the Bantu speakers tumed upon one an- 
other, establishing the conquest States of the Zulu, Swazi, 
Tswana, Ndebele (Matabele), Sotho, and others. To the 
north are the Central Bantu speakers of Zaire, Zimbabwe, 
Malawi, and Tanzania, as well as farmers with many 
kinds of political Systems but who differ markedly from 
the Southem Bantu speakers in their kinship Systems; they 
include the Bemba, Tonga, Chewa (Cewa), Nyanja, and 
Yao. In southwestem Africa are the Southwestem Bantu, 
including the Ovambo and Herero.

Madagascar. Finally, the island of Madagascar forms a 
distinct culture area. The various Malagasy ethnic groups, 
of which the politically most important is the Merina, are 
mainly of Indonesian origin, following migrations across 
the Indian Ocean probably during the 5th and 6th cen­
turies a d . (R.K.A.G./J.F.M./J.I.C.)

CULTURAL PATTERNS
Languages. Many attempts to classify the languages of 

Africa have been inadequate because of the great complex- 
ity of the languages and because of a confusion between 
language, race, and economy; for example, there was once 
a spurious view of pastoralism as related to cultures whose 
members spoke Hamitic languages and were descendants 
of ancient Egyptians. The knowledge of most of the indi­
vidual languages of the continent is still very inadequate, 
but there are known to be at least 1,000 distinct languages.

One of the most recent and accurate attempts to clas­
sify African languages, prepared by the American linguist 
Joseph Greenberg, is based on the principles of linguistic 
analysis used for Indo-European languages rather than 
on geographic, racial, or other nonlinguistic criteria. The 
four main language families, or phyla, of the continent 
according to this Classification (not totally accepted by 
all specialists) are the following: Niger-Kordofanian, Nilo- 
Saharan, Hamito-Semitic (Afro-Asiatic), and Khoisan.
The Niger-Kordofanian is the most widespread family 

and consists of two subfamilies, Niger-Congo and Kord- 
ofanian. These languages are found from Senegal to the 
Cape of Good Hope, with a geographically widespread 
extension due to relatively recent migrations over eastem 
and southem Africa. Niger-Congo covers most of cen­
tral and Southern Africa and includes the West Atlantic, 
Mande, Voltaic, Kwa, Benue-Congo, and Adamawa-East- 
ern subgroups; Kordofanian includes subgroups all spoken 
within a very small area of western Sudan. The most 
original point in this Classification is the group called 
Benue-Congo, which linguistically subsumes all the Bantu 
languages found dispersed over most of eastem, central, 
and southem Africa. This dispersal is attributable to the 
rapid expansion of people from the area of the Bight of 
Benin from the beginning of the second millennium ad  
onward: the vanguard, the Southern Bantu speakers, had 
not reached the Cape of Good Hope when the Dutch 
arrived there in the 17th Century. The close linguistic sim- 
ilarity among the Bantu languages points to the speed of 
this vast migration. Swahili, grammatically Bantu but with 
much Arabic in its vocabulary, is widely used as a lingua

franca in eastem Africa; as the language of the people of 
Zanzibar and the east coast, it was spread by 19th-century 
Arab slavers in the hinterland as far as the Congo.

The Nilo-Saharan family Classification is perhaps the 
most controversial—because of inadequate research—and 
the family is the most scattered. It comprises languages 
spoken along the savanna zone south of the Sahara from 
the middle Niger to the Nile, with outlying groups among 
the Para-Nilotic pastoralists of eastem Africa. Its sub­
groups are Songhai, Saharan, Maban, Für, Chari-Nile (in­
cluding the large clusters of Eastem and Central Sudanic), 
and Koman.

The Hamito-Semitic family includes languages both 
from Africa and the Middle East: Semitic (including Ara­
bic, Amharic, and Tigrinya), Ancient Egyptian (extinct), 
Berber, Cushitic, and Chadic (e.g., Hausa). It is found 
over much of northem Africa and eastward to the Hom of 
Africa. Arabic is both the official and unofficial language 
in States north of the Sahara, as well as in The Sudan. In 
many other countries it is the language of Isläm. Amharic 
is the official language of Ethiopia. Hausa and Fulani are 
also widely spoken as lingua francas along the northem 
fringe of sub-Saharan West Africa, a wide area that en- 
compasses many ethnic and political boundaries.

The Khoisan, or Click, family comprises the languages of 
the San and Khoikhoin, who are now limited to the arid 
parts of southwestem Africa, and perhaps of the outlying 
Hadza and Sandawe peoples of northem Tanzania.

The Austronesian (Malayo-Polynesian) family is repre- 
sented by the various dialects of Malagasy in Madagascar.
There are also many widespread trade languages and lin­

gua francas in addition to those mentioned above. Some 
were imported and used by administrators, missionaries, 
and traders during the colonial period. They include En- 
glish, French, and other languages of the former colonial 
powers; some of them are today the national languages of 
independent nation-states, and, with the spread of formal 
education, they are gaining greater acceptance. Between 
the Sahara and the Zambezi River, either English or 
French is widely understood. French is the official lan­
guage in the States that formerly made up French West 
Africa and French Equatorial Africa, as well as in Mada­
gascar (Malagasy is also an official language) and Zaire. 
Similarly, English is the official language, or is widely 
spoken, in the States of West, central, and East Africa for­
merly under British administration and is also the official 
language in Liberia. Portuguese is the language, officially 
and otherwise, in the countries formerly under Portugal. 
In South Africa, Afrikaans (which developed out of a 
colloquial version of 17th-century Dutch) and English are 
both official. Hindi, Gujarati, Urdu, and other languages 
of the Indian subcontinent are spoken among the Asian 
communities. In West Africa forms of Creole (Krio) and 
Pidgin are widespread in the coast towns of very heteroge- 
neous ethnic composition. In southem Africa, Fanagalo, a 
mixture of English and local Bantu tongues, is spoken in 
mining areas.

The great majority of African languages have no in­
digenous forms of writing, although today govemments 
and missions have been reducing them to writing. Many 
African languages (such as Swahili) have for centuries been 
written in Arabic script. There are exceptions, however. 
The best known are those of the Vai of Sierra Leone, 
the Mum of Cameroon, and the Tuareg and other Berber 
groups of the southem Sahara, all of whom invented their 
own scripts.

Religions. In general, northem Africa is predominantly 
Islämic and Southern Africa largely Christian, although 
their distributions are not discrete. For example, the Cop­
tic church is found in Egypt and Ethiopia, and Isläm 
is common along the coast of eastem Africa and is ex- 
panding southward in western Africa. Many of the Su­
danic peoples—such as the Malinke, Hausa, Songhai, and 
Bornu—are Islämized, and the religion has also achieved 
substantial gains among such Guinea Coast people as the 
Yoruba of Nigeria and the Temne of Sierra Leone. Much 
conversion to Christianity also has occurred, most notably 
to Roman Catholicism and in the Coastal regions of sub- 
Saharan Africa.

Lingua 
francas of 
Africa
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In most of the rest of sub-Saharan Africa the people 
Traditional practice a variety of traditional religions, which have cer- 
religions tain common features. All of those known include the 

notion of a high or creator God, remote from humans 
and beyond their comprehension or control. This God is 
typically not attributed a sex but in some cases is male 
or female; often God is given an immanent and visible 
aspect as well. The most important “spiritual” powers are 
usually associated with things or beings with which people 
have day-to-day contact or that they know from the past. 
Thus, there may be many kinds and levels of spirits of 
the air, of the earth, of rivers, and so on. There may be 
ancestors and ghosts of the dead who have achieved a 
partial divinity. There may be mythical heroes who led 
the people to their present land and founded their society 
as it is known today.

The ritual functionaries found in most African societies 
include priests, lineage and clan elders, rainmakers, divin- 
ers, prophets, and others. Very few of these are specialists; 
typically they hold ritual authority by virtue of age, ge- 
nealogy, or political office and are primarily responsible 
for the ritual well-being only of the members of the social 
groupings that they head; their congregations consist of 
their joint families, lineages, clans, local village communi­
ties, chieftaincies, or the like. Their ritual authority is thus 
a sanction for their secular and domestic authority.
A central element of every indigenous African religion 

is its cosmology—which teils of tribal origins and early 
migrations and explains the basic ideological problems of 
any culture, such as the origin of death, the nature of 
society, the relationship of men and women and of living 
and dead, and so on. Social values are typically expressed 
in myths, legends, folktales, and riddles; the overt mean- 
ings of these various oral statements frequently conceal 
sociological and historical meanings not easily apparent 
to outsiders.

In the past, witchcraft and sorcery were given widespread 
credence and served to explain or control the misfor- 
tunes of people who were aware of their lack of mastery 
and understanding of nature and society. Travelers’ tales 
of African people living in fear of witchcraft, however, 
were of course grossly exaggerated; the colonial powers 
usually assumed (incorrectly) that witch doctors were so- 
cially harmful and prohibited them. Although belief in 
witchcraft is receding, it is still important in both rural 
and urban areas, often serving as a means of explaining 
the misfortunes that beset urban dwellers and labour mi­
grants who find themselves in new and confusing social 
milieus. There have been many cases in modern times of 
“epidemics” of beliefs in witches, and there have arisen 
a number of evanescent cults led by various kinds of 
prophets and evangelists. Such manias arise in periods of 
radical change and its resultant uncertainty and stress. 

Nativistic Social and religious changes in Africa have often been 
move- accompanied by the appearance of prophets who advo-
ments cate the expulsion of the Europeans or the eradication of

epidemie diseases threatening the traditional ways of life. 
More recently, also, the spread of Christianity and, to a 
lesser extent, Isläm has given rise to Christian prophets and 
to leaders of separatist movements repudiating European- 
controlled mission churches for nationalistic, tribalistic, 
or racial reasons. Such prophets lead their own cults and 
establish their own churches, typically gaining new politi­
cal power sanctioned by their presumed direct links with 
God. These new churches have been reported in almost 
all parts of the continent.

Domestic groupings. The forms of the family found in 
Africa are consistent with the forms of economie pro- 
duction. Throughout most of the rural areas the typical 
domestic group is the joint or extended family consisting 
of several generations of kin and their spouses, the whole 
being under the authority of the senior male. The size of 
the group varies, but it typically consists of three to five 
generations of kin. It provides a stable and long-lasting 
domestic unit able to work as a single cooperative group, 
to defend itself against others, and to care for all of its 
members throughout their lifetimes. Polygyny is tradition- 
ally widespread as an ideal, its extent depending on the 
status and wealth of the husband: chiefs and rulers need

many wives to give them a mark of high position and to 
enable them to offer hospitality to their subjects.

In most of Africa these residential groups are based upon 
descent groups known as clans and lineages, the latter 
being segments of the former. The significance given to 
descent groups varies, but they are important in providing 
for heirs, successors, and marital partners.

In the second half of the 20th Century this pattem has 
been changing, rapidly in the urban and poverty-stricken 
areas, more slowly in those areas less affected by economie 
and political development. In cities and in major labour- 
supplying areas, such as most of Southern Africa, the 
joint or extended family is giving way to the independent 
nuclear family of husband, wife, and children. There is 
also a tendency toward the breakdown of family structure 
because of labour migration—the younger men moving to 
the cities, leaving women, older men, and children in the 
impoverished homelands. (J.F.M./J.I.C.)

DEMOGRAPHIC PATTERNS
Africa has the most rapidly expanding population of any 
region in the world, even though the continent’s birth and 
death rates are also the world’s highest. There has been 
some decline in overall death rates in the latter half of the 
20th Century; but infant and child mortality rates have 
remained high, and gains in life expectancy have been 
smaller than in other developing regions of the world. On 
average, Africa’s population is increasing at about 3 per­
cent per annum, and this growth rate is associated with an 
increasingly youthful population: in nearly every African 
country more than 40 percent of the population is less 
than 15 years of age.

The great majority of the working population is still en- 
gaged in subsistence agriculture and in the production of 
cash crops. In most countries the Proportion of the total 
population dependent on agriculture is at least 60 percent.

The remainder of the working population is divided 
mainly between a rapidly growing service sector (including 
civil servants, members of the armed forces, police, teach- 
ers, health workers, and those engaged in commerce and 
Communications) and an increasing number of mining 
and industrial projects; in only a few countries, however, 
do these latter activities employ more than 10 percent 
of the work force. Underemployment, particularly in the 
agricultural sector, is widespread, and unemployment has 
risen, especially in urban areas. Participation in labour Women in 
by women varies considerably from country to country, the labour 
Women in paid employment are generally fewer than force 
men, though a large proportion of women in sub-Saharan 
countries are engaged in subsistence agriculture—if only 
part of the time. Women are also employed in the civil 
service, in trading (especially in western Africa), in domes­
tic service, and to an increasing extent in light industry.

Population distrihution. Africa has more than 10 per­
cent of the total population of the world, distributed over 
a land area representing slightly more than one-fifth of the 
total land surface. Such desert areas as the Sahara, Kala­
hari, and Namib, however, reduce the amount of habitable 
land, and such factors as climate, Vegetation, and disease 
have tended to limit the evolution of densely populated 
areas where agriculture is practiced. With the advent of 
the colonial era the African continent was divided into 
small geographically and politically based units that took 
little or no account of ethnic distribution. These political 
boundaries persisted, and the continent continued to be 
characterized by a large number of countries with pre- 
dominantly small populations.

Wide variations in density occur from country to coun­
try in Africa and within countries. In general, the most 
densely populated areas are found bordering the lakes, in 
the river basins (especially those of the Nile and Niger), 
along the Coastal beits of North and West Africa, and in 
certain highland areas, while settlement is the most sparse 
in the desert and savanna areas. Thus, Rwanda and Bu­
rundi, situated in the East African highlands, are the most 
densely populated countries in Africa, while Western Sa­
hara, Mauritania, and Libya in the Sahara and Botswana 
and Namibia in the Kalahari and Namib are the least 
densely populated.
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Character- 
istics of old 
and new 
towns

Settlement patterns. Traditional African patterns of Set­
tlement vary with differences in landscape and ecology, 
Communications, and warfare. The most widespread pat­
tem has been that of scattered villages and hamlets—the 
homesteads of joint and extended families—large enough 
for defense and domestic Cooperation but rarely perma­
nent because of the requirements of shifting cultivation 
and the use of short-lived building materials. In much of 
the western African savanna, large mud-adobe villages are 
traditional, but over most of Africa housing consists of 
mud and wattle with roofs of thatch or palm leaves.
Large towns, however, were not widespread in the conti­

nent until the 20th Century. Towns dating from precolo- 
nial times are found mainly along the Nile valley and the 
Mediterranean fringe of North Africa—where many date 
from classical times (e.g., Alexandria, Egypt) and the Mid­
dle Ages (e.g., Fès, Mor.)—and also in western Africa, in 
both forest and savanna zones, where they were the seats 
of governments of kingdoms. Timbuktu, Djenné, Kano, 
and others date from the Middle Ages; some, such as 
Benin and the Yoruba cities of Ibadan and Oyo, are more 
recent but certainly many centuries old. In eastem Africa 
there are such medieval Arab Coastal towns as Mombasa.

The more traditional towns differ in form, function, and 
even population characteristics from the many towns and 
cities established under colonial rule as administrative, 
trading, or industrial centres and ports. These latter cities 
are found throughout Africa and include Johannesburg, 
Lusaka, Harare (formerly Salisbury), Kinshasa, Lubum- 
bashi, Nairobi, Dakar, Freetown, Abidjan, and many oth­
ers; often, as in the case of Lagos or Accra, they are built 
onto traditional towns. Typically the focus of in-migration

from an impoverished hinterland, they are ethnically het- 
erogeneous. Many have grown to become the largest cities 
in their respective countries, dominating their national 
urban hierarchies in size as well as in function.

Mostly rural for centuries, Africa has rapidly become 
more urbanized. Although it is still the least urbanized of 
the continents, Africa has the fastest rate of urbanization: 
about 5 percent annually. Thus, the total population living 
in towns—which was only about 15 percent in 1950— 
grew to nearly 35 percent by 1990 and may exceed 40 
percent by the year 2000. Generally, the level of urban­
ization is highest in the north and south, and it is higher 
in the west than in the east and nearer the coasts than in 
the interior.

The largest cities include Cairo, Alexandria, and Al-Jizah, 
Egypt; Kinshasa, Zaire; Lagos, Nigeria; Casablanca, Mor.; 
Johannesburg, S.Af; Addis Ababa, Eth.; and Algiers. Many 
other large cities are seaports along the coasts or central 
marketing towns, linked by rail or river with a coast. 
Examples of seaports are Accra, Ghana; Lagos; and Cape 
Town. Ibadan and Ogbomosho, Nigeria; Nairobi, Kenya; 
and Addis Ababa are examples of large inland cities.

Migrations. There have been many movements of pop­
ulation within the African continent, from outside into 
the continent, and from the continent outward. The major 
movement within the continent in historie times has been 
that of the Bantu-speaking peoples, who, as a result of a 
population explosion that is not fully understood, spread 
over most of the continent south of the equator.

The major movements into the continent in the past few 
centuries have been of European settlers into northem 
Africa and of European and Asian settlers in southem

European
settlement
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Africa. The Dutch migrations into southem Africa began 
in the mid-17th Century. Originally settling on the coast, 
the Dutch—or Boers—later moved inland to the High­
veld region, where a series of military conflicts occurred 
between them and the Bantu speakers in the 19th Century. 
Other European Settlement took place mainly in the 19th 
Century: the British particularly in Natal, but also inland 
in what are now Zambia and Zimbabwe and in the East 
African highlands; the Portuguese in Angola and Mozam­
bique; and the Germans in what is now Namibia.

The presence of large settler populations delayed the 
achievement of self-govemment by the African peoples of 
South Africa, Namibia, Zimbabwe, Angola, and Mozam­
bique and has resulted in much bittemess between the 
races. In North Africa, by contrast, where the extensive 
settlement of Europeans from France, Italy, and Spain 
occurred, the growth of Arab nationalism and the emer- 
gence of independent States such as Morocco, Algeria, 
and Tunisia led to the return of between one and two 
million colonists to their homelands in the late 1950s and 
early ’60s and to the political dominance of the indige- 
nous peoples.
The greatest outward movement of people was that of 

Africans—particularly from West Africa and, to a lesser 
extent, Angola—to the Americas and the Caribbean dur­
ing the period of the slave trade from the lóth to the 
19th Century. Earlier estimates that between 15 and 20 
million Africans were transported across the Atlantic have 
been revised to a figure of 10 million, which appears more 
realistic. While their contribution to the development of 
the New World was of crucial importance, the effect of 
the loss of manpower to the African continent was consid- 
erable and has yet to be satisfactorily analyzed. The slave 
trade was also active on the east coast of Africa, where it 
was centred on the island of Zanzibar.

Few permanent movements of population have occurred 
within Africa in the 20th Century, although an extensive 
settlement of Hausa from northem Nigeria took place 

Population in what is now The Sudan. Some significant displace- 
displace- ments of population also have resulted from situations 
ments of conflict, usually invölvmg mmonty groups different in

religion, ethnicity, or culture from the dominant majority. 
In 1966 the Igbo people of northem Nigeria, for example, 
retumed en masse to their homeland in eastem Nigeria, 
the number of refugees being estimated at more than 
500,000. The conflicts in the Hom of Africa since the 
1960s have caused similar displacements. Indeed, Africa 
has millions of refugees, especially in Somalia, The Sudan, 
Zaire, Burundi, and Tanzania. These refugees are among 
the poorest and most vulnerable people in the world, and 
their numbers are substantially augmented by those fleeing 
drought and famine. The countries to which these people 
flee often find it extremely difficult to cope with them.

Most movement occurs across uncontrolled borders and 
between people of the same tribal groups. Much is sea­
sonal, in any case, and is restricted to migrant labourers 
and nomadic herdsmen. Controlled immigration and em- 
igration are generally negligible; Contemporary examples, 
however, include the employment of mine workers in 
South Africa, the forced emigration of Asians from East 
Africa, and the expulsion of people from neighbouring 
West African States caused by such actions as the enforce- 
ment of the Alien Compliance Order of 1969 in Ghana.

(R.K.A.G./D.S.H.W.N./J.F.M./J.I.C.)

The economy

With the exception of South Africa and the countries 
of North Africa, all of which have diversified production 
Systems, the economy of most of Africa can be character- 
ized as underdeveloped. Africa as a whole has abundant 
natural resources, but much of its economy has remained 
predominantly agricultural, and subsistence farming still 
engages more than 60 percent of the population.

Until the beginning of the 20th Century this System of 
farming relied on simple tools and techniques, as well as 
on traditional Organization of the family or community 
for its labour. Because of poor transport and Communica­
tions, production was largely for domestic use. There was

little long-distance trade, and wage labour was virtually 
unknown. The small size and vast heterogeneity of polities 
at that time also made exchanges very limited. There were, 
however, notable exceptions, especially in West Africa, 
where for many centuries societies had engaged in long- 
distance trade and had elaborate exchange and craft fa- 
cilities, Communications, and a political infrastructure to 
maintain their trade routes.

Africa has experienced considerable economic develop­
ment during the 20th Century; and, while this has provided 
many benefits, it also has given rise to a number of seri- Develop- 
ous Problems. The first significant changes occurred under ment in 
colonial rule in the first half of the Century: wage labour the 20th 
was introduced, transportation and Communications were Century 
improved, and resources were widely developed in the 
colonial territories. The legacy of this, however, has been 
that the export of two or three major agricultural products 
or minerals—such as peanuts, petroleum, or copper—-has 
come to provide most of the foreign-exchange eamings 
for nearly all African nations. Fluctuations in the prices 
of these Commodities have made the economies of these 
countries vulnerable and fragile. The Situation has been 
exacerbated in countries in the marginal dryland zones, 
where the increasing frequency of drought conditions have 
undermined agricultural productivity.
The second major change was the vigorous promotion 

of industrial development, often with foreign assistance, 
that took place in the two decades (1960-80) following 
the political independence of most African countries. The 
political fragmentation of the continent, however, also 
became a major constraint to industrial growth, because 
it created numerous small markets. Consequently, most 
African countries have become saddled with excess indus­
trial capacity, coupled with enormous foreign debts that 
were incurred in large part to build this capacity.

In nearly all African countries a poor economic Situation 
has been aggravated by rapid population growth, which 
has kept per capita gross domestic product low or in some 
cases has caused it to decline. Thus, any hope for improv- 
ing economic conditions in most o f Africa rests on two 
factors: population control within individual countries io 
give their economies the chance to grow; and the Orga­
nization of groups of States into regional economic bloes 
in order to create internal markets large enough to sus- 
tain growth.

RESOURCES
Mineral resources. Africa’s known mineral wealth 

places it among the world’s liehest continents. Its very 
large share of the world’s mineral resources includes coal, 
petroleum, natural gas, uranium, radium, low-cost tho­
rium, iron ores, chromium, cobalt, copper, lead, zinc, tin, 
bauxite, titanium, antimony, gold, platinum, tantalum, 
germanium, lithium, phosphates, and diamonds.

Major deposits of coal are confined to four groups of coal 
basins—in southem Africa, North Africa, Zaire, and Nige­
ria. Proved petroleum reserves in North Africa occur in 
Libya, Algeria, Egypt, and Tunisia. Exploration has been 
concentrated north of the Aïr-Ahaggar massifs; there may 
also be major Saharan reserves to the south. The other 
major oil reserves are in the West African Coastal basin— 
principally in Nigeria and also in Cameroon, Gabon, and 
the Congo—and in Angola. Africa’s natural gas reserves 
are concentrated in basins of North and Coastal central 
Africa.

Southem Africa is said to be one of the world’s seven ma­
jor uranium provinces. In South Africa the unusual degree 
of knowledge of reserves derives from the joint occurrence 
of uranium with gold, a condition that also decreases the 
cost of production. Other countries with significant ura­
nium deposits are Niger, Gabon, Zaire, and Namibia.
Metallic deposits. In North Africa reserves of iron ore 

are concentrated in the Atlas Mountains and in western 
Sahara. Egypt, however, has medium-grade reserves, qf 
which the most important are at the Al-Wähät al-Bahriyah 
Oasis. The ore deposits in Morocco and Tunisia, which 
were once of considerable importance, have been severely 
depleted. Africa’s most significant iron reserves are to be 
found in western and southem Africa. It is the sedimen-
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Basic structural regions and principal mineral and hydroelectric sites of Africa.

tary Precambrian rocks, particularly in western Africa, 
that have proved the basis of Africa’s role as a major 
world producer of iron ore. The most significant deposits 
are in Liberia in the Bomi Hills, Bong and Nimba ranges, 
and the Mano valley; in the extension into Guinea of 
the Nimba-Simandou ranges, where hematites have been 
located; in Nigeria and Mauritania, which have large de­
posits of low-grade ore; and in Gabon, where extensive 
reserves are present in the northeast. In southem Africa 
most iron ore reserves lie in South Africa itself. The chief 
deposits are at Postmasburg, in the Bushveld Complex, at 
Thabazimbi, and in the vast, low-grade deposits of Preto­
ria. There are also substantial reserves in Zimbabwe.
Africa’s reserves of minerals used as ferroalloys in the 

steel industry are even more striking than its enormous 
share of world iron ore reserves. This is particularly true of 
chromium. Almost the entire world reserve of chromium 
is found in Southern and, to a much lesser extent, in west­
ern and northeastern Africa. The highest concentrations 
are found in Zimbabwe, at Great Dyke. South Africa 
contains the largest deposits of chromite. As compared 
with these two sources, reserves elsewhere in Africa are 
relatively small.
Manganese reserves are also considerable. In South Africa

reserves of contained manganese are found in the Kalahari 
Manganese Field and elsewhere. The Mouanda deposit in 
southeastem Gabon is thought to be among the largest in 
the world. Ghana is another important source of man­
ganese, having both low-grade and high-grade reserves. 
Elsewhere in West Africa, manganese deposits are situated 
in Burkina Faso and Cote d’Ivoire, as well as in Zaire 
and Cameroon. In North Africa manganese is found in 
Morocco and Algeria.

Africa’s contribution to world resources of other fer­
roalloys is, by comparison, insignificant. Nickel is of 
some importance, occurring in other metalliferous ores in 
southem Africa.

Most of Africa’s copper is contained in the Central 
African Copperbelt, Stretching across Zambia and into the 
Shaba area of Zaire. Accompanying minerals vary with the 
geologie layer, but cobalt dominates. Outside the Copper­
belt a number of countries have lesser but still significant 
reserves of copper.

Only Nigeria, Zaire, and South Africa contain tin reserves 
of any significance. Although it is difficult to consider 
Africa’s reserves of lead and zinc separately, of the two, 
lead ores are considerably more widespread. North Africa 
is the largest traditional producing region. African reserves
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of zinc metal are located along the Moroccan-Algerian 
frontier, in the Copperbelt in Zaire, in Nigeria, in Zambia, 
and in Namibia.

Africa has about one-fourth of the world’s reserves of 
bauxite, the chief aluminum ore. Virtually all of this oc­
curs in a major belt of tropical laterite Stretching some 
1,200 miles from Guinea to Togo. The largest reserves 
are in Guinea.

Half of the world reserves of cobalt can be found in Zaire. 
A continuation of the geologie formation into Zambia 
gives the country sizable reserves of cobalt content. The 
only other deposit of any importance is found in Morocco.

The titanium ores, ilmenite and rutile, are widely dis- 
tributed in Africa but are rarely considered as minable 
reserves. A major source is the Sherbro deposit in Sierra 
Leone. Almost all of Africa’s antimony resources lie in 
the Murchison Range of South Africa. The major con­
centrations of beryllium are in Madagascar, Mozambique, 
Zaire, Zimbabwe, Rwanda, Uganda, and South Africa. 
The principal sources of cadmium are in Namibia and 
Zaire. Deposits of mercury are restricted to North Africa, 
notably to Tunisia and, more particularly, Algeria. 

Precious Gold and allied metals are widely disseminated, reaching 
metals their greatest concentrations in South Africa, where re­

serves of gold probably constitute about half of the world 
total. Gold is also found in Zimbabwe, in the Zaire beit, 
and in Ghana. There are numerous alluvial sources of 
gold in Burundi, Cote d’Ivoire, and Gabon. South Africa 
has the most important deposit of platinum of the world’s 
market economies. Silver reserves of the continent are 
not important.

Africa contains a major share of world reserves of tan- 
talum, with Zaire having most of these reserves. African 
reserves of columbium, or niobium (a steel-gray metallic 
element resembling tantalum in its Chemical properties 
that is used in alloys), are relatively small. Nigeria, how­
ever, is an important world producer.

One of Africa’s many sources of zirconium (a metallic 
element resembling titanium chemically) is the Jos Plateau 
in Nigeria. Greater reserves, however, are contained in 
deposits on the Senegal coast; on the east coast of South 
Africa; in Madagascar; at Sherbro, Sierra Leone; and in 
the Nile delta.

Another rare metal of which Africa contains a majority 
of world reserves is germanium, concentrated in Zaire and 
Namibia. Africa also has large deposits of lithium, the 
largest of which are found in Zaire.
Nonmetallic deposits. Clays are widespread and are 

found in North Africa, where brick and pottery clays occur 
in Algeria and in Morocco; in West and central Africa, 
where clays are located in Togo (ceramic), the Central 
African Republic, and Cote d’Ivoire (ceramic); and in East 
and Southern Africa.

Kaolin (china clay) occurs in Algeria. Outside North 
Africa it is widespread. In West Africa it occurs most 
notably in Nigeria’s Jos Plateau, as well as in Mali, in 
Ghana, and in Guinea. Similar deposits occur in central 
and East Africa, as well as in southem Africa.

Bentonite (a clay formed from decomposed volcanic ash, 
which is able to absorb large quantities of water and to 
expand to several times its usual size) is found in the 
Moroccan Atlas Mountains and in Tanzania, Kenya, and 
South Africa. The continent’s principal reserve of fuller’s 
earth (an absorbent clay) is in Morocco.

Economically important mica deposits occur primarily in 
southem Africa (South Africa, Zimbabwe, and Tanzania) 
and in Madagascar.

Sulfur and Africa has none of the world’s major reserves of sulfur. 
salt It reaches economic concentrations only in South Africa’s

Witwatersrand, in Zambia’s Copperbelt, and in Morocco. 
Large quantities of sodium deposits remain to be eval- 
uated. Sodium chloride is the principal salt, the largest 
deposit being in the Danakil Plain of Ethiopia. The princi­
pal sources of salt in Africa, however, are inland or Coastal 
basins, from which it is extracted by the evaporation of 
saltwater. Major Coastal reserves of this type lie along the 
North African Mediterranean coast and along Red Sea and 
Indian Ocean coasts of East Africa and Madagascar. In­
land, the chief reserves are in the Oran Sebkha, a salt-pan

region in Algeria; in Botswana around Lake Makarikari; 
and in Uganda.
Another important sodium mineral is natron, or sodium 

carbonate. Natron is more limited in occurrence, but 
Africa contains several significant deposits. It is found in 
Lake Magadi, Kenya, and in Lake Natron, Tanz., as well 
as in western Africa, where beds have been deposited from 
the waters of Lake Chad.
North Africa has been a traditional exporter of phos- 

phates, and western Africa has large reserves. Morocco 
and Western Sahara together have vast reserves. The Rio 
de Oro region in Western Sahara contains huge deposits, 
and a major development at Bu-Craa has been estab- 
lished. Algeria and Tunisia also have reserves. To the 
east, phosphate-bearing Sediments outcrop on the Red Sea 
coast. The Thiès deposit in Senegal is of particular interest 
in constituting the world’s only source of aluminum (as 
opposed to calcium) phosphate. Other phosphate deposits 
occur in Togo, Nigeria, Tanzania, Uganda, and Malawi.
The potash deposits in the Congo are the largest in 

Africa. The other large reserve is in Ethiopia.
Madagascar has the world’s largest known accumulation 

of flake graphite deposits. Continuations of these high- 
quality deposits in Mozambique and southeastem Kenya 
contain further reserves of graphite.
While deposits of low-grade sand suitable for construc- 

tion and engineering work are widely distributed, reserves 
of sands with a sufficiently high silica content for glass 
manufacture are more localized. There are deposits in 
West Africa (Cote d’Ivoire, Liberia, Nigeria, and Ghana),
East Africa (Uganda and Tanzania), and South Africa.
Glass sands are also found in Egypt.
Kyanite (cyanite), a mineral aluminum silicate used as a 

refractory, occurs most typically in southem Africa. Apart 
from South African reserves, there are deposits in Kenya,
Malawi, Ghana, Cameroon, and Liberia.
Of the abrasive substances, industrial diamonds are most 

closely associated with Africa. The continent contains Industrial 
some 40 percent of the total world reserves. The stones are diamonds 
found in a number of major beits south of the Sahara. The 
principal known reserves of diamonds in their primary 
form are in the South African Vaal belt. Elsewhere in 
Africa, primary deposits are found in Tanzania, Botswana, 
and Lesotho.
Another major belt of diamondiferous rocks encircles 

the Congo River basin and includes the world’s largest 
deposit, located in Zaire, which contains the majority of 
Africa’s reserves of industrial diamonds. The same beit has 
secondary deposits that occur elsewhere in that country, 
as well as in the Central African Republic and Angola. In 
West Africa known reserves are located primarily in allu­
vial gravel fields. They are found in Sierra Leone, Guinea,
Cote d’Ivoire, Liberia, and Ghana.
A considerable Proportion of the world reserves of corun- 

dum (a common mineral, aluminum oxide, notable for 
its hardness) is located in southem Africa. The principal 
deposits are in Zimbabwe, South Africa, Mozambique,
Madagascar, and Malawi.
Pumice is found in areas of volcanic activity such as the 

Atlantic islands, the Coastal Atlas Mountains of northeast- 
ern Morocco, and in the East African Rift System, notably 
in Kenya, Tanzania, and Malawi. Joint reserves constitute, 
however, only a small percentage of the world total.

Reserves of building materials are characterized by their 
wide distribution, to such an extent that the commercial 
status of such deposits depends more on their location 
relative to areas of development than on their extent and 
quality. While almost all African countries have reserves 
of building materials, knowledge of such reserves is strictly 
related to the country’s level of development, and no 
meaningful estimate of the size of reserves can be made.
Granite is located in Morocco and Nigeria, and there are 

vast reserves in Burkina Faso. Quartzite (a granulär rock, 
consisting essentially of quartz) is important as a building 
stone in Uganda and Zaire. Dolerite (a coarse-grained 
basalt) is produced in South Africa, and basalt, which is 
cmshed for use in road construction, in Senegal. Marble 
is found in Mali, Togo, Nigeria, and South Africa.

Limestone is important because of its use in the cement
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industry, and deposits are fairly widespread. North Africa 
is a particularly important source. In western Africa a beit 
of limestone runs from the Central African Republic to 
the Atlantic coasts, with major outcrops in northem Nige­
ria, Niger, Burkina Faso, and Mali. Elsewhere there are 
deposits in Nigeria, Benin, Togo, and Ghana. East African 
deposits include those in Kenya, Tanzania, Uganda, and 
Zambia; there are also deposits in South Africa.

North Africa has major reserves of gypsum on the 
Mediterranean coast, as well as in outcrops along the Gulf 
of Suez and the Red Sea. Somalia has one of the largest 
known deposits. Eastem Africa and Madagascar have 
further reserves, and in southem and western Africa su­
perficial deposits are particularly important—for instance, 
north of Nouakchott, Mauritania.

Many of the major deposits of the most important com­
mercial gern mineral, the diamond, have already been 
described above in the discussion of industrial diamonds. 
One major deposit, however—that of Namibia—consists 
almost entirely of gern diamonds.

There is no other gern mineral in Africa of compara- 
ble importance to these diamond reserves. Deposits of a 
number of such stones are found, however, especially in 
southem and eastem Africa, where diamond fields contain 
beryl, gamets, amethyst, rose quartz, topaz, opal, jasper, 
emeralds, and other stones. Madagascar contains a large 
deposit of gamet. Tourmaline is found in Madagascar and 
Namibia. Agate is particularly associated with the volcanic 
areas of eastem and southem Africa and malachites with 
the Shaba Copperbelt, while sapphires are found with dia­
monds in Ghana.

Africa contains no major world deposits of talc, but the 
mineral is found in Morocco, Nigeria, The Sudan, Zim­
babwe, and South Africa. Reserves of asbestos are much 
more important, and southem Africa has a number of 
deposits of world significance.

Major deposits of fluorite, or fluorspar (a common min­
eral, calcium fluoride, used as a flux in metallurgy), are 
particularly associated with deposits of lead and zinc. In 
South Africa the chief deposit is in the Transvaal. North 
African reserves lie primarily in Tunisia and Morocco.

Africa produces a very small share of the world supply of 
diatomite (a fine siliceous earth, used as an abrasive). The 
most important deposit is in Kenya.

Water resources. In general, the seasonal distribution 
of river flow in Africa reflects the seasonal rainfall pattem; 
the amount of groundwater entering the river channels 
during the dry season is comparatively small. Important 
modifications in the flow of some rivers are caused by the 
presence of large lakes and swamps, which act as natural 
storage reservoirs, by the constmction of dams on their 
courses, and by the incidence and severity of drought.

Surface water. Although the surface area of Africa is 
about one-fifth of the Earth’s land surface, the combined 
annual flow of African rivers is only about 7 percent of 
the world’s river flow reaching the oceans.

North Africa’s few perennial rivers originate in the moun­
tains of the Maghrib, and their water is used extensively 
for irrigation. The large number of wadis, or ephemeral 
watercourses, to be found throughout the Sahara and the 
eastem Mediterranean Coastal lands become filled with 
water as a result of the rare and erratic storms that occur 
over mountainous areas; otherwise they remain dry.

From the relatively well-watered areas of western and 
equatorial Africa, the Sénégal, the Niger, the Logone- 
Chari, and the Nile rivers flow through the drier inland 
zones. Of these, the Niger River, originating in the Fouta 
Djallon region of Guinea, is retarded in the lake and 
swamp area south of Timbuktu in Mali, and the Logone- 
Chari feeds Lake Chad.

The Nile, the world’s longest river, receives more than 60 
percent of its water from the Ethiopian Plateau, although 
its source is much farther south in the mountains of 
Burundi. Since the completion of the Aswan High Dam, 
only a small Proportion of the river’s total flow reaching 
Egypt enters the Mediterranean Sea.
A number of rivers flowing in a more or less southerly 

direction into the Atlantic Ocean drain the southem part 
of western Africa. Many flow rapidly over bedrock before

entering the Coastal plains, draining into the system of 
lagoons and creeks along the coast. During the dry season 
the upper reaches of these rivers are without water; but in 
Guinea, Sierra Leone, and Liberia, where the dry season 
is fairly short, the rivers flow throughout the year.

In the well-watered western part of equatorial Africa the 
total average annual flow of the Congo River is enormous: 
some 44 trillion cubic feet. River flow at the lower end of 
the basin has two maxima: one that corresponds with the 
rainy season north of the equator, the other with the rainy 
season that occurs when it is summer in the Southem 
Hemisphere. The waters in the lower reaches of the river 
are slightly acid after traversing the large swamps situated 
in the centre of the basin.

East Africa’s many lakes stretch along the East African 
Rift Valley from the Red Sea to the mouth of the Zambezi 
River. Evaporation from most of them exceeds their sur­
face rainfall, and in consequence their outflow is less than 
the quantities brought in annually by their tributaries. 
They often govem river flow by acting as storage reser­
voirs—decreasing the flood flow and increasing the dry- 
season flow. A number of the rift valley lakes are situated 
in closed basins and contain high percentages of dissolved 
salts. The largest of these are Lakes Rudolf (Turkana), 
Natron, and Eyasi.

Rainfall over much of southem Africa is small, and the 
majority of the rivers originating there have an intermit- 
tent flow. Some large perennial rivers (e.g., the Okavango, 
the Zambezi, and the Orange) flow from areas of abun­
dant rainfall into the drier zones.

Groundwater. The conditions under which groundwater 
is found and the quantity and quality of groundwater re­
serves are closely related to geologie structure. Large inland 
depressions in Africa’s basement rock, having been filled 
with sedimentary layers of Continental origin, sometimes 
form important groundwater reservoirs, notably those in 
the Taoudeni-Niger region, in the central Sahara between 
the Atlas and Ahaggar mountains; in the Libyan Desert; 
and in Chad, the Congo basin, the Karoo area of South 
Africa, and the Kalahari.

The East African plateaus usually contain little or no 
quantities of groundwater, and aquifers (geologie forma­
tions containing water)—generally of local importance— 
are found only in humid areas where the crystalline rock 
is weathered or fractured.

The chalky shales (rocks of laminated stmeture formed 
by the consolidation of clays) and dolomitic limestones 
(those containing calcium magnesium carbonate), which 
sporadically cover the basement rock, may contain impor­
tant aquifers; those in Zambia and South Africa are major 
sources of water.

In the Sahara a rock stratum called the Continental Inter- 
calary series, which dates from the early Cretaceous Period 
and which includes the Nubian sandstones of southem 
Egypt, is the most important water-bearing layer. It ex­
tends over very large areas and reaches a thickness of more 
than 3,000 feet; in Egypt and Algeria it is a major source 
of artesian water. In The Sudan it sometimes lies directly 
on the Precambrian bedrock and contains underground 
water layers of local importance. Overlaying the Continen­
tal Intercalary series, but generally separated from it by a 
thick marine deposit, is a younger Tertiary layer called the 
Continental Terminal, which is the second largest aquifer 
in this area. Both these layers contain “fossil” water—i.e., 
water that entered the layers when rainfall in and around 
the Sahara was much more abundant than today. Near 
the surface, aquifers are found in such geologically recent 
deposits as alluvial deposits and sand dunes.

In the Coastal areas of Senegal, Cote d’Ivoire, Ghana, 
Togo, Benin, Nigeria, Cameroon, Gabon, the Congo, An­
gola, Mozambique, the East African countries, and Mada­
gascar, aquifers are found in sandstone, limestone, and 
sand and gravel Sediments. Intensive exploitation, how­
ever, may result in saltwater intrusions.

The Jurassic limestones of the mountainous area of the 
Maghrib are much more abundant in water sources than 
are dolomitic limestones. Around the cape in South Africa, 
sandstones and limestones contain very little water.
Yields from aquifers with good porosity, such as Coastal

East
African
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sedimentary rocks or alluvial deposits, vary from a few 
cubic feet per hour in the fine-grained sands found in 
many parts of the continent to 35,000 cubic feet (990 
cubic metres) per hour in the coarse gravels of the Nile 
delta. The capacity of wells in the Continental Terminal 
is generally somewhat lower, and those in the Continen­
tal Intercalary and the Karoo formations can also deliver 
moderate to high yields.
In North Africa limestones containing many cracks and 

fissures may yield thousands of cubic feet of water per 
hour, while in Zaire, Zambia, and South Africa large 
yields are drawn from dolomitic limestones.

The harder sandstones, sandy shale, and quartzites of 
Precambrian and Paleozoic age are not generally very 
porous, and water is obtained only from fractured or 
weathered deposits. West African, Angolan, and Tanza- 
nian wells in these formations produce only a few cubic 
feet per hour. Crystalline and metamorphic rocks are al­
most impermeable except where fractured or weathered. 
Volcanic rock, especially the basalts, may yield up to 1,060 
cubic feet per hour.

Most of the exploited groundwater is generally fit for 
consumption because the dissolved minerals in water from 
shallow wells, particularly in the sandy aquifers of West 
Africa, are quite low. Groundwater from deeper marine 
layers, however—such as occurs in parts of North Africa, 
Mozambique, Ethiopia, and South Africa—may have a 
high content of dissolved salts. In moist, tropical countries 
water from Precambrian rocks generally contains only 
small amounts of dissolved minerals, whereas in the vol­
canic areas of East Africa groundwater may have so high 
a content of fluorine as to make it unfit for human con­
sumption. There, and elsewhere in Africa, hot (possibly 
medicinal) springs with high mineral contents occur.
Availability for human use. The pronounced seasonal 

character of rainfall and the fact that many rivers stop 
flowing during the dry season have necessitated the devel­
opment of groundwater for human use, and the tapping 
of local aquifers has become important in many parts of 
the continent.

Irrigation Large-scale Irrigation has long been practiced mainly in 
North Africa, Egypt, The Sudan, South Africa, Mali, Zim­
babwe, and Mozambique. Medium-scale irrigation projects 
have been operated in Madagascar, Senegal, Somalia, and 
Ethiopia. In Cote d’Ivoire, Burkina Faso, Kenya, Nigeria, 
Ghana, and Zambia, medium- to small-scale projects have 
been constructed.

More than 50 river and lake basins are shared by two 
or more countries, and the development of their resources 
requires the Cooperation of the basin States and several 
intergovemmental agencies—such as the Organization for 
the Development of the Sénégal River, the Niger Basin 
Authority, and the Lake Chad Basin Commission.

Several large reservoirs were built in the late 20th Century, 
such as the Aswan High Dam, Roseires, and Khashm al- 
Qirbah reservoirs in the Nile basin, Kainji on the Niger, 
Akosombo on the Volta, Kariba on the Zambezi, Cabora 
Bassa on the Zambezi in Mozambique, Kossou on the 
Bandama in Cote d’Ivoire, Kafue on the Kafue in Zam­
bia, and Inga I and II on the Congo River in Zaire. At 
a number of man-made lakes, research centres have been 
set up to study resettlement problems, the full use of eco- 
logical conditions, and the control of health hazards that 
sometimes occur.
Biological resources. Africa’s naturally occurring bio- 

logical resources—its immensely varied vegetational cover, 
vast insect life, and diverse animal life—have been de- 
scribed above. When combined with cultivated crops and 
domestic animals, these resources represent the great bulk 
of the continent’s economic wealth.
Botanical resources. The two most economically impor­

tant types of Vegetation are forests and grasslands. Among 
the forested areas, the tropical forests contain much of the 
valuable timber. The vast equatorial lowland rain forest 
has the greatest variety of tree species, but the species 
most commercially in demand are found in the zones of 
broad-leaved woodlands and tropical highland forests. The 
true value of the forested areas, however, cannot be ascer- 
tained exactly, as original forests are progressively being

converted to farming areas, and few govemments have 
undertaken comprehensive land-use surveys to determine 
their present extent.

A large proportion of the land surface of Africa bears 
Vegetation in which grass is an essential feature. This 
abundance of grass has made possible the continent’s enor- 
mous and varied populations of herbivorous mammals, 
both wild and domesticated. The tall and fibrous inva­
sive grasses in forest environments and in large tracts of 
wooded grasslands are seldom very palatable to livestock; 
but in those parts of the continent where good forage 
grows naturally or has been introduced, livestock raising 
is of great economic importance.

The Albida acacia tree of the “farmed parkland” areas The impor- 
of West Africa is of special economie importance. Unlike tance of 
almost all other dry woodland trees, whose leaf shedding the Albida 
normally occurs at the onset of the dry season, the Albida acacia tree 
appears to have a period of partial dormancy during the 
rainy season and springs to life only at the beginning of the 
dry season. At such periods its foliage is abundant and— 
being a palatable leguminous species—is much prized as 
browse for sheep, goats, and cattle. The smaller leafy 
branches are frequently fed to stock. The tree flowers and 
produces fruits, which are harvested, dried, and fed as a 
protein concentrate to stock at the height of the dry season.
Animal resources. Although water buftalo, oxen, horses, 

mules, donkeys, and camels are used primarily as draft, 
pack, or riding animals in Africa, they also provide milk, 
meat, hides, or skins.

The water buffalo is an offshoot of the Asiatic buffalo 
(Bubalus bubalis)\ it arrived in Africa in relatively recent 
times and is now found almost exclusively in Egypt. The 
domesticated African water buffalo is used to cultivate 
irrigated land (mainly in the Nile delta) and to provide 
milk and meat. Because of its intractability and wild 
nature, however, the African elephant—unlike the Asian 
elephant—is not used for draft or haulage purposes.

Oxen are widely used in Africa for agricultural purposes, 
especially for plowing and cultivation; they are also trained 
to thresh grain, pump water, and act as pack animals.
Bullock (castrated oxen) plowing is well developed in the 
countries of North Africa, in Ethiopia and The Sudan, 
and farther west in Chad, in northem Nigeria, and in the 
savanna climatic zone of West Africa. Plowing and culti­
vation by oxen is also well developed in areas of eastem 
and southem Africa free of the deadly tsetse fly. Females 
used for work may also be milked. Work oxen are often 
used for meat and to provide hides.

Horses and ponies are principally found in Morocco,
Algeria, Tunisia, Chad, Ethiopia, Mali, Niger, Nigeria,
Senegal, Burkina Faso, Egypt, South Africa, and Lesotho.
Horses are used as riding or pack animals and in a num­
ber of areas are bred with donkeys to produce mules. Few 
are kept in areas where tsetse flies are present. Five main 
types of horses inhabit Africa: the Darfur pony, the Don- 
gola horse, the Ethiopian-Galla horse, the Somalia pony, 
and the South African horse (including the Basuto pony).
In North Africa, types also have evolved as a result of se- 
lection and Crossing with exotic Arab, Barb (Barbary), and 
Thoroughbred horses. Arab and Thoroughbred influence 
may also be noted in southem Africa.

The distribution of the ass roughly corresponds to that 
of the horse, except that it also extends into the livestock 
areas of eastem and central Africa. Mules are found in 
Algeria, Ethiopia, Morocco, Somalia, South Africa, and 
Tunisia, where they provide farm draft power and are 
used as pack animals and for riding. The ability of mules 
to perform work in hot, dry climates is superior to that of 
most other farm animals.

The Arabian camel, or dromedary, is widely dispersed in Camels 
the drier regions of northem and eastem Africa. Although 
used principally as a pack animal, it also is used for land 
cultivation, water pumping, and human transportation.
The camel is essentially a bush browser and, if reasonably 
well fed and watered, may produce about 11 to 13 pounds 
(5 to 6 kilograms) of milk daily, in addition to that fed 
to the calf. The milk is prized by the camel herders and 
their families. Camel meat and camel hides find a ready 
market among Muslim communities.
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Cattle provide hides, and sheep, goats, and pigs provide 
skins. Skins of the Maradi, Sokoto, and Kano red goats 
from Niger and Nigeria are greatly prized by the Morocco 
leather trade. In the areas north and south of the tropical 
zone, African sheep are covered with wool, but in the 
tropics they are hairy. In elevated areas, such as Ethiopia, 
where temperatures are modified by altitude, some sheep 
may be partially wooled, at least on the back and but- 
tocks. The wooled sheep of North Africa are largely of the 
woolly Barbary type, which was originally introduced to 
Africa from the Midcüe East.

The great herds of wild African herbivores include the 
principal game animals. African antelope have been im­
portant throughout human history as sources of meat and 
such by-products as hides and bone; and they, along with 
other large mammals, became prized by trophy hunters. 
African elephants have been sought for centuries for the 
ivory in their tusks, but the severe reduction of their 
numbers by the late 20th Century has led to a total ban 
on hunting them in most African countries.
The most economically useful fish found in the African 

waters include many species of freshwater fish. Important 
among the marine fish are flounder, halibut, sole, redfish, 
bass, conger, jack, mullet, herring, sardine, and anchovy. 
Crustaceans are important for local consumption and for 
export, as are oysters (for pearls), trochus shells, corals, 
and sponges. The most economically important aquatic 
mammal is the Southem, or Cape, fur seal.

A G R IC U L T U R E

Agriculture is by far the single most important economie 
activity in Africa. It provides employment for about two-

thirds of the continent’s working population and for each 
country contributes an average of 30 to 60 percent of 
gross domestic product and about 30 percent of the value 
of exports. Nonetheless, arable land and land under per­
manent crops occupy only about 6 percent of Africa’s 
total land area.

Except for countries with sizable populations of European 
descent—such as South Africa, Zimbabwe, and Kenya— 
agriculture has been largely confined to subsistence farm­
ing and has been considerably dependent on the inefficiënt 
System of shifting cultivation, in which land is temporarily 
cultivated with simple implements until its fertility de­
creases and then abandoned for a time to allow the soil 
to regenerate. In addition, over most of Africa arable land 
generally has been allocated through a complex system 
of communal tenure and ownership rather than through 
individually acquired title, and peasant farmers have had 
rights to use relatively small and scattered holdings. This 
system of land ownership has tended to keep the intensity 
of agricultural production low and has inhibited the rate 
at which Capital has been mobilized for modemizing pro­
duction. A number of countries have made efforts to raise 
productive levels by selecting better varieties of seeds and 
planting materials, using tractors and other mechanized 
equipment, or increasing the use of mineral fertilizers and 
insecticides. Such measures, however, have been relatively 
limited, and they have raised concerns about their part 
in accelerating soil erosion and desertification. In areas 
of cash-crop production, land has become private rather 
than community property, and cultivation is intensive.

The persistence of relatively low-productivity agricultural 
Systems over large parts of the continent also sterns from
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a lack of Integration between crop production and an­
imal husbandry. Traditionally, sedentary cultivators like 
the Hausa in Nigeria and the Kikuyu in Kenya live apart 
from their nomadic herdsmen neighbours (the Fulani and 
Masai, respectively), with the result that over large areas 
of the continent farmers do not have access to animals for 
draft power or to manure for fertilizer. The incidence of 
such insect pests as the tsetse fly also discourages mixed 
farming in many areas.

The need to sharply increase food production to meet 
the demands of a rapidly growing population, however, 
has remained paramount. Intense research at such cen- 
tres as the International Institute of Tropical Agriculture 
in Ibadan, Nigeria, has been directed at developing high- 
performing varieties of crops and designing more appro- 
priate cropping Systems. One product of such research is a 
genetically improved strain of com (maize). Com is not in 
itself a balanced food, being deficiënt in some amino acids; 
but a scientific breakthrough in the mid-1960s resulted in 
an increase of the amino acids lysine and tryptophan in 
certain new varieties of com called opaque, or high-lysine, 
strains. These varieties initially produced low yields, were 
more prone to disease and vermin, and had a soft texture 
that was not desirable. Breeding programs, however, have 
since corrected these defects, and the new strains have 
begun to improve the nutritionai vaiue of diets in Africa 
(which consist mainly of com preparations).

Principal crops. Cereals and grains. Africa produces all 
the principal grains—com, wheat, and rice—in that order 
of importance. Com has the widest distribution, being 
grown in virtually all ecological zones. Highest yields per 
acre are recorded in Egypt and on the Indian Ocean is- 
lands of Réunion and Mauritius, areas where production 
is under irrigation. Millet and sorghum are also produced 
but principally in the savanna regions of the continent. 
Rice production and consumption have become increas- 
ingly important and are closely associated with areas of 
rapid urbanization. The most important rice-producing 
countries are Egypt, Guinea, Senegal, Mali, Sierra Leone, 
Liberia, Cote d’Ivoire, Nigeria, Tanzania, and Madagas­
car. Wheat production was once restricted to South Africa, 
the countries of North Africa, and the highland zones 
of Ethiopia and Kenya, but new varieties have extended 
cultivation (under irrigation) to countries in the savanna 
region such as Nigeria.

Legumes and fodder. Fodder crops are not widely 
grown except in subtropical areas of North Africa and 
the highland zones of East and southem Africa, where 
pure stands of alfalfa (luceme) are raised. Berseem (a 
type of clover used for forage) is also grown in Egypt 
and The Sudan under irrigation. Protein-rich legumes are 
produced widely, usually sown together with other crops. 
They include velvet beans, cowpeas, soybeans, and lablab 
(hyacinth beans). In North Africa broad beans and vetches 
are also produced. Peanuts (groundnuts) are grown widely 
in western Africa, both for domestic consumption and for 
export.

üassava Tubers and root crops. Cultivation of the hardy cas-
mltivation sava has expanded tremendously, particularly in West and 

central Africa; it has displaced the cultivation of yams in 
many areas and has ceased to be regarded as just famine 
reserve. Potatoes are cultivated in the higher elevations 
of such countries as Ethiopia, Kenya, and Madagascar, 
as well as in areas of Mediterranean climates in North 
and South Africa. Sweet potatoes have a more tropical 
and subtropical distribution, while the plantain is grown 
extensively in the tropical forest zones.
Fruits and vegetables. Among the important fruits are 

bananas, pineapples, dates, figs, olives, and citrus; the 
principal vegetables include tomatoes and onions.

The banana is well distributed throughout tropical Africa, 
but it is intensively cultivated as an irrigated enterprise 
in Somalia, Uganda, Tanzania, Angola, and Madagascar. 
Also widely cultivated is the pineapple, which is produced 
as a cash crop in Cote d’Ivoire, the Congo basin, Kenya, 
and South Africa.

A typical tree of desert oases, the date palm is most 
frequently cultivated in Egypt, The Sudan, and the other 
countries of North Africa. The fig and olive are limited to

North Africa, with about two-thirds of the olive produc­
tion being processed into olive oil.

The principal orange-growing regions are the southem 
coast of South Africa and the Mediterranean coast of 
North Africa, as well as Ghana, Swaziland, Zimbabwe,
Zaire, and Madagascar. The largest yields are produced in 
countries where basin irrigation is practiced. South Africa 
is the largest producer of grapefruit, followed by The 
Sudan.
Tomatoes and onions are grown widely, with the largest- 

producing areas bordering the Mediterranean. Large veg­
etables, such as cabbages and cauliflowers, are grown in 
the same region, from where it is possible to export some 
quantities to southem Europe. Important vegetables of 
tropical Africa include peppers, okras, eggplants, cucum- 
bers, and watermelons.

Bever age crops. Tea, coffee, cocoa, and grapes are all 
grown in Africa. Kenya, Tanzania, Malawi, Zimbabwe, 
and Mozambique are the largest producers of tea, while 
Ethiopia, Uganda, Cote d’Ivoire, Kenya, Cameroon, Zaire,
Tanzania, and Madagascar are the major producers of 
coffee. Cocoa is essentially a tropical forest crop. Its cul­
tivation is concentrated in West Africa, with the princi­
pal producers being Cote d’Ivoire, Ghana, Nigeria, and 
Cameroon. All of these crops are largely grown for export.
Sharp price fluctuations have caused African countries to 
form international cartels with other producing countries 
in an effort to regulate the market and negotiate better 
prices. Grapes are produced in northem Africa and in 
South Africa, essentially for the making of wine for Euro­
pean markets. The agricultural policy within the European 
Community (EC), however, has had a restraining effect on 
the scope of production.

Fibres. Large areas of Africa raise cotton for textile 
manufacture. The principal producing countries are Egypt,
The Sudan (especially the Al-Jazïrah Plain), Zimbabwe, 
and Mali. Sisal production is also important, especially 
in the eastem African countries of Tanzania, Kenya, and 
Madagascar, as well as in Angola and South Africa. Some 
countries, notably Nigeria, promote the cultivation of ke- 
naf (one of the bast fibres).

Other cash crops. The oil palm, producing palm oil Oil and 
and palm kemels, grows widely in secondary bush in the coconut 
tropical forest zones. There are large plantations in Nige- palms 
ria, Cote d’Ivoire, and Zaire. Coconuts are important in 
the Comoros, Ghana, Cote d’Ivoire, Mozambique, Nige­
ria, and Tanzania. Kola nuts are grown principally in the 
forested regions of Nigeria, Ghana, Cote d’Ivoire, Sierra 
Leone, and Liberia. The cashew tree is grown to a limited 
extent in East Africa and to a lesser extent in the Coastal 
countries of West Africa. Rubber is produced principally 
in Nigeria and Liberia. Tobacco is widely cultivated as an 
export crop in Zimbabwe, Malawi, Tanzania, Nigeria, and 
South Africa. Sugarcane is also widely grown but largely 
for domestic consumption. Major producers include South 
Africa, Egypt, Mauritius, and The Sudan.

Livestock and fishing. Cattle, sheep, and goats form the 
bulk of livestock raised. Except in South Africa, most of 
these animals are raised essentially for beef. Sheep in the 
north and south are also kept for their wool; South Africa 
alone produces half of the entire Continental production, 
much of the clip from merino or crossbred merino sheep.
In the tropical areas, however, other livestock products 
include hides and skins. It is estimated that the annual 
output of hides is in the range of 10 percent of the total 
population of cattle, while that of sheepskins and goatskins 
is approximately 25 percent. The number of game hides 
and skins processed and sold annually is not accurately 
known. Except in South Africa, Zimbabwe, and Kenya, 
production of milk and milk products is grossly insuffi­
ciënt to meet domestic needs. Poultry production, how­
ever, has increased tremendously, and everywhere stocks 
have nearly doubled since the 1960s. Nigeria, Ethiopia,
Morocco, South Africa, and The Sudan are the countries 
with the largest poultry stocks.

Fishing is important on the local level in all countries 
bordering the sea or inland bodies of water. Commercial 
ocean fishing is practiced most widely by the countries near 
the rieh fishing grounds of the west coast—South Africa,
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Namibia, Angola, Nigeria, Ghana, Senegal, and Morocco. 
Herring, sardines, and anchovies contribute most to the 
ocean catch, followed by jack, mullets, sauries, redfish, 
bass, and conger in tropical waters and cod, hake, bad­
doek, tuna, bonitas, and bullfish in northem and southem 
waters. Inland countries with well-developed fisheries in­
clude Malawi, Uganda, Chad, Cote d’Ivoire, and Mali; 
tilapia and other cichlids constitute the largest catch in 
inland waters. Some countries, such as Nigeria, have de­
veloped both marine and freshwater fishing industries. A 
number of commissions have been established to monitor 
and control fishery development on the continent.

INDUSTRY
The countries of North Africa, unlike those of the rest 
of the continent, have wide-ranging and ancient traditions 
of manufacture. At the end of the 19th Century, how­
ever, Africa as a whole was regarded solely as a potential 
source of raw materials or as a natural market for Europe. 
In the course of time, limited industrialization tended 
to converge around the relatively large expatriate Settle­
ments, where technical considerations operated in favour 
of the industrialization of some areas and transport costs 
constituted the dominant development factor in others. 
Though World War II led to acceleration in the process of 
industrial development, by 1950 the total factory output 
of manufacturing industries (excluding South Africa) still 
remained small.

After 1950 output rapidly increased. The substantial in­
crease and its range were attributable to such factors as 
increased demand, the Substitution of home-produced for 
imported goods, the encouragement of manufacturing by 
individual African administrations, and an influx of devel­
opment Capital and Petrodollars. Major weaknesses never- 
theless were evident, among them high Capital costs; the 
political division of Africa into more than 50 countries, 
which inhibited mass production and mass marketing; and 
a scarcity of skilled personnel.

Despite its expansion since about 1950, the relative sig- 
nificance of manufacturing remains considerably smaller 
than in the more-advanced countries and smaller also than 
in Continental Asia and in Latin America. Furthermore, 
the share of manufacturing in the gross domestic product 
varies widely in different African countries. At the lower 
end of the spectrum are countries such as Equatorial 
Guinea, Guinea, Zaire, and Niger; at the upper end of 
the spectrum are countries such as Egypt, Algeria, South 
Africa, and Zimbabwe. The total output of manufacturing 
in South Africa alone, however, is nearly 50 percent of 
the output in the remainder of the continent.

Manufacturing in Africa tends to concentrate on com- 
paratively simple items and on those where some special 
advantage is available to the African producer, although 
the range of products has widened. Industrial production 
includes electric motors, transport equipment, and trac­
tors, while airplanes are also assembled. The leading heavy 
industries are Chemical and petroleum, coal, rubber, and 
metal manufacture. Most industrial plants, however, are 
of the relatively simple kind, being engaged in food pro­
cessing or in manufacturing textiles, leather products, and 
cement or other building materials.

The mining industry is an increasingly significant source 
of national income, foreign exchange, and raw materials 
for the development of local processing industries. The 
industry is very unevenly distributed: more than half of 
mineral eamings came from North Africa alone, and 
nearly one-fourth from southem Africa.
Except in South Africa, iron and steel are used mostly 

for constmction rather than for engineering. There are 
integrated iron and steel plants in Algeria, Tunisia, Egypt, 
Zimbabwe, and South Africa, while smaller production 
facilities—often based on the transformation of scrap— 
exist in several other countries.

Petroleum-refining capacity is based on domestic crude- 
oil output in a few cases and on imported cmde oil in oth­
ers. In some countries the development of the petrochem- 
ical industry followed the establishment of refineries. In 
1965 there were only three major petrochemical complexes 
in Africa—in Zimbabwe, Egypt, and South Africa; by the

late 20th Century several more countries had large refinery 
capacities, including Algeria, Ghana, Kenya, Libya, Mo­
rocco, Nigeria, Senegal, The Sudan, and Tunisia.

Most of the textiles are processed in bleaching, dyeing, 
and printing establishments that form an integral part of 
composite spinning and weaving units. With the exception 
of Egypt, producers have concentrated on the home mar­
ket and on the manufacture of cotton textiles. Although 
African countries export textiles, their imports are usually 
larger. Rayon-synthetic and woolen materials are, for the 
most part, imported. Ready-made clothing, both domestic 
and imported, has emerged as a major market factor.

Most African countries have cement plants, the leading 
producers being South Africa and Algeria. The transport 
costs of cement make its price variable. Prices are lowest 
on the North African coast, somewhat higher on the west 
and east coasts, and highest in the inland countries.

By far most of Africa’s wood output is used for fuel. 
Sawmills, however, are distributed throughout the con­
tinent. Plants for the manufacture of plywood, particle- 
board, and fibreboard have a considerable amount of 
excess capacity. The pulp and paper industry is concen­
trated in North Africa and in southem Africa, although a 
number of small paper mills have been established in other 
parts of the continent. The main products of the paper 
industry proper comprise newsprint, printing and writing 
papers, paper and paperboard, and industrial paper. The 
bulk of the output of all paper products is directed to 
national markets.

POWER
A spectacular development in the use of electric energy 
has taken place in the second half of the 20th Century, 
partly because of the growth of the petroleum industry 
and partly because of the establishment of large hydroelec- 
tric plants and some thermoelectric plants. The increased 
quantity and quality of electric energy have given rise to 
Problems of transmission and distribution. Unlike ther­
moelectric plants, which may be sited where the consumer 
demand is greatest, sites of hydroelectric installations are 
not flexible, and the type of transmission lines in use has 
therefore changed. Although in the 1950s it was common 
practice to use lines with transmission voltages of less 
than 220 kilovolts, transmission lines were later built that 
could handle higher voltages. In Nigeria, for example, 
330-kilovolt lines were strung; similar lines were used in 
Zimbabwe’s system, which feeds Harare and Bulawayo, 
in Zimbabwe, as well as the Copperbelt, in Zambia. This 
same system is interconnected in the north with the large 
Shaba region hydroelectric power stations in Zaire. The 
constmction of high-tension lines to supply power to the 
Shaba Copperbelt was completed in 1982. Much of the 
power for Egypt’s population centres is supplied by lines 
from such hydroelectric power stations as that at the 
Aswan High Dam. Constmction of 533-kilovolt lines to 
transmit power from the Cabora Bassa hydroelectric sta­
tion in Mozambique to South Africa was completed in 
1974. The possibility of supplying landlocked States with 
energy from the large hydroelectric plants in the Coastal 
States is more likely to be considered in the future.

A number of steam power stations are located in ports 
and cities near the coasts. The largest installations of this 
kind operate in Tunis, Tun.; Casablanca and Oujda, Mor.; 
Dakar, Senegal; Abidjan, Cote d’Ivoire; and Lagos, Nige­
ria. Steam power stations using coal are by far the most 
common, especially in South Africa.
Electric-energy consumption in large urban centres, espe­

cially when they are near Coastal towns and mining areas 
where industrial activity has taken shape, has increased 
considerably. Although some countries have extended net- 
works to the mral areas or have increased the numbers of 
isolated, low-powered stations and independent networks, 
progress in mral electrification has not been especially 
noteworthy.

TRADE
Internal trade. Intra-African trade records frequently 

understate the amount of trade—partly because of the lack 
of adequate statistics and partly because of the high rate

Steam
power
stations



72 Africa

of smuggling, which allows a substantial amount o f tra­
ditional border trade to continue unrecorded. Apart from 
this, commerce between African States has been handi- 
capped by a tendency for trade to remain concentrated 
within the common-currency areas and trade zones that 
developed among African countries during the colonial 
era, by the often inadequate means of transport and com- 
munication, by the lack of complementary agricultural or 
other products, and by the limited development of manu­
facturing industries.

Much of the intra-African trade consists of consum- 
ables—food, drinks, tobacco, sugar, cattle, and meat. The 
growth of industrialization in some countries, however, 
has been accompanied by an increase in the trade of 
durable and nondurable manufactured goods. There has 
also been a large am ount of reexport trade between the 
Coastal and inland States, especially in machinery, trans­
port equipment, and spare parts.

Common-currency and trade zones that have evolved 
through the granting of preferences or the Operation of 
common currencies inherited from former colonial pow­
ers include: the Customs and Economic Union of Cen­
tral Africa (UDEAC), comprising Cameroon, Gabon, the 
Central African Republic, Equatorial Guinea, and the 
Congo, which since 1985 has become part of the larger 
Economic Community of Central African States (CEEAC) 
that also includes Burundi, Rwanda, Säo Tomé and 
Principe, and Zaire; the Economic Community of West 
African States (ECOWAS), consisting of Benin, Burkina 
Faso, Cape Verde, Cote d’Ivoire, The Gambia, Ghana, 
Guinea, Guinea-Bissau, Liberia, Mali, Mauritania, Niger, 
Nigeria, Senegal, Sierra Leone, and Togo; the Southem 
African Development Coordination Conference (SADCC), 
comprising Angola, Botswana, Lesotho, Malawi, Mozam­
bique, Swaziland, Tanzania, Zambia, and Zimbabwe; and 
the Maghrib Permanent Consultative Committee (CPCM), 
grouping Algeria, Mauritania, Morocco, and Tunisia.

Extemal trade. Since the outbreak of World War II 
there has been a considerable expansion in Africa’s overall 
extemal trade. The growth compares favourably with that 
of the other developing regions, such as Latin America; 
the value of imports, however, has outweighed exports for 

Trade some time, resulting in huge trade imbalances for most
imbalances African countries. The large expansion in African exports 

is generally attributed to the increase in the demand for 
primary Commodities during World War II and in the im- 
mediate postwar reconstmction period. Subsequently, the 
attainment of independence by a large number of African 
countries—especially in the early 1960s—followed by a 
bid for economic development, strengthened the export- 
expansion drive. Another reason for the rapid growth in 
African exports was the temporary increase in the price of 
primary Commodities, although subsequently the general 
trend, except for petroleum, has been toward depressed 
commodity prices. The persistence of this Situation has 
been part of the reason the economies of many African 
countries have become crippled by huge foreign debts.
Exports. An important factor that has influenced the 

growth of African exports was the discovery of petroleum in 
several countries, notably Libya, Algeria, Nigeria, Gabon, 
Angola, the Congo, and Cameroon, and the dramatic price 
increases brought about by the Organization of Petroleum 
Exporting Countries (OPEC) in the 1970s. Other factors 
include the discovery and the increased exploitation of 
minerals that are in high demand, such as diamonds— 
especially in Sierra Leone, the Congo, the Central African 
Republic, and Zaire—and the exploitation of other min­
erals, such as uranium ore.

Since achieving independence, many African countries 
have made attempts to diversify extemal trade relations. 
The record of achievement has been poor, however, be­
cause Africa’s trade patterns have continued to reflect 
the influence of traditional links with the countries of 
western Europe. These links have been further Consoli­
dated through a series of agreements, collectively called 
the Lomé Conventions, that have guaranteed preferen- 
tial access to the European Economie Community (EEC) 
for various export commodities from African States and 
that have provided European aid and investment funding.

Nonetheless, a significant export trade has developed with 
the United States and Japan.
In most African States one or two primary commodities 

dominate the export trade—e.g., petroleum and petroleum 
products in Libya, Nigeria, Algeria, Egypt, Gabon, the 
Congo, and Angola; iron ore in Mauritania and Liberia; 
copper in Zambia and Zaire; cotton in Chad; coffee in 
Burundi, Uganda, Rwanda, Ethiopia, Madagascar, Kenya, 
and Cote d’Ivoire; and sugar in Mauritius.
Imports. The tremendous increase of Africa’s import 

trade has meant that the import bill of most African States 
has exceeded their export eamings; in consequence, many 
governments have established import restrictions or subsi- 
dized many of the required imports. The bulk of imports 
comes from western Europe, especially the EEC countries, 
with strong trade ties persisting along former colonial lines.
There has, however, been a substantial increase in imports 
from the United States, Japan, and South Africa. Imports 
are needed primarily to develop manufacturing industries 
and are, therefore, confined for the most part to mineral 
fuels, industrial goods, machinery, transport equipment, 
and durable consumer goods.

TRANSPORTATION
Although there were highly developed transport networks 
in many parts of Africa in precolonial times, during the 
colonial era that followed, these networks were restructured 
to penetrate into the interior from the seaports and, in the 
main, to serve the commercial and administrative needs 
of the colonial powers. Their fragmentation, which led The 
to interregional links being but thinly developed, resulted fragmenta- 
from the juxtaposition of varied and difficult terrains, the tion of 
economie artificiality of certain national frontiers, the lack African 
of a developed intra-African trade, and the strong orienta- transport 
tion of commodity trade with the administering countries. Systems 
All of this was further complicated by the existence of vast 
unpopulated areas lying between the main centres.

The emergence in the 1960s of independent African gov- 
emments who recognized the need to lift economies from 
their generally very low levels and, above all, to develop 
agriculture and embark on industrialization heralded im- 
provements in economie planning, the development of 
transport networks, and the introduction of cheaper freight 
rates. But there remained a serious shortage of qualified 
African labour to plan and manage transport Systems at 
the national or multinational level and, simultaneously, to 
keep up with the rapid development of transport technol- 
ogy outside Africa.
Animal transport. There is some evidence that before 

the anival of the camel, which was introduced into Africa 
via Egypt at the time of the Arab conquest, bullocks were 
used either as pack animals or to draw carts from the 
northem countries across the Sahara to the gold-produc- 
ing areas of the ancient Sudan. From the 16th Century 
onward, the Portuguese developed transport inland from 
the coast at Mozambique, and, from the 17th Century, first 
the Dutch and then British settlers from the Cape trekked 
northward and northeastward with their wagons. Except 
in such highland areas as Ethiopia, where pack animals 
were and still are used, the tsetse fly often prevented the 
use of animal transport. With the steady progress in the 
development of transport infrastructure in many African 
countries, the use of bullocks in southem Africa, donkeys 
in North and western Africa, horses in northem Nigeria, 
and camels in western and North Africa and the Hom of 
Africa has been reduced, but the extent of this reduction 
cannot be accurately gauged.
Motor transport. The arrival and rapid development of 

the intemal-combustion engine in the 1920s transformed 
the collection and distribution of goods and personal 
travel. Roads were built, particularly in North and south­
em Africa, but also in parts of the west and east. World 
Bank loans since the 1950s, supplementing contributions 
to road and highway development from national budgets, 
have financed the building and improvement of road net­
works in many African countries.

Rail transport. The early railways were constructed 
partly to facilitate the administration of interior regions 
and to bring supplies from ports to central consumption or
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distribution points and partly—especially in the south— 
to enable valuable minerals or commodities to reach the 
coast for export. In Africa, as in Europe and North Amer­
ica, the major period of railway development extended 
from the end of the 19th Century to the end of World War
I. This expansion, however, was not coordinated: railways 
with different gauges of track were built and were operated 
with rolling stock of different braking and coupling Sys­
tems. Thus, the colonizing powers left a difficult and costly 
legacy for independent African countries who wished to 
link themselves together. As with roads, rail networks 
have been improved considerably since the 1960s and, as 
a result, there has been a lowering of transport costs.
Air transport. Air transport is well suited to Africa’s 

geographic vastness, and it has become the primary means 
of international and sometimes of national travel in Africa. 
During the late 1940s and the ’50s, as great advances 
were made in the extension and improvement of rail 
and road services, a new transport factor emerged in the 
introduction of internal and international scheduled air 
services. The rapid development of air transport increased 
the movement of goods and people and began to open up 
the hitherto largely closed interior of the continent. Trans­
port became much quicker and usually cheaper. Since

then, internal air services have steadily increased, and in- 
tercontinental air transport, especially of passengers, has 
developed greatly. The largest international airports are 
at Casablanca, Mor.; Las Palmas, Canary Islands; Cairo; 
Dakar, Senegal; Abidjan, Cote d’Ivoire; Lagos, Nigeria; 
Douala, Cameroon; Addis Ababa, Eth.; Nairobi, Kenya; 
and Johannesburg, S.Af.

Navigation. Historically, throughout the vast interior 
between the Sahara and the Zambezi River, people or 
goods were transported by canoe or boat on the great 
river Systems of the Nile, Sénégal, Niger, Congo, Ubangi, 
and Zambezi rivers and on the few but very large lakes. 
Where conditions allowed, engine-powered craflt later sup- 
plemented or displaced canoes, but further development 
of water transport has been slight. Also notable were the 
constmction of lake ports and the installation of rail fernes 
across Lake Victoria.

Meanwhile, on the coasts, artificial harbours have been 
developed. New berths have been added to established port 
facilities, and a number of ports have been constructed. 
In planning new ports, the choice of site, probable costs, 
and the possibilities of using containers or other unitized 
loads have been taken into consideration.

(R.K.A.G./A.L.M.)

AFRICAN GEOGRAPHIC FEATURES 
OF SPECIAL INTEREST

Landforms
ATLAS MOUNTAINS
The Atlas Mountains form the geologie backbone of the 
countries of the Maghrib (the western region of the Arab 
world)—Morocco, Algeria, and Tunisia. They extend for 
more than 1,200 miles (2,000 kilometres), from the Mo- 
roccan port of Agadir in the Southwest, to the Tunisian 
Capital of Tunis in the northeast. Their thick rim rises to 
form a high sill separating the Mediterranean basin to the 
north from the Sahara to the south, thus constituting a 
banier that hinders, without completely preventing, com- 
munication between the two regions. Across the moun­
tains filter both air masses and human migrations. It is, 
however, only in the east-west direction that the Atlas 
Mountains facilitate movement. These are the conditions 
that create at the same time both the individuality and the 
homogeneity of the Atlas countries. Although the Saharan 
region is more likely to be described as the archetypal 
North African habitat, it is the well-watered mountains 
north of this vast desert that provide the foundation for 
the livelihood of most of the peoples of North Africa and 
a striking green or white background for many North 
African towns.

Physical features. Physiography. The Atlas mountain 
system takes the shape of an extended oblong, enclosing 
within its ranges a vast complex of plains and plateaus.

The northem section is formed by the Teil Atlas, which 
receives enough rainfall to bear fine forests. From west to 
east several massifs (mountainous masses) occur. The first 
of these is Er-Rif, which forms a half-moon-shaped arc in 
Morocco between Ceuta and Melilla; its crest line exceeds
5,000 feet (1,500 metres) above sea level at several points, 
reaching 8,058 feet at Mount Tidirhine. East of the gap 
formed by the Moulouya River the Algerian ranges begin, 
among which the rugged bastion of the Ouarsenis Massif 
(which reaches a height of 6,512 feet), the Great Kabylia, 
which reaches 7,572 feet at the peak of Lalla Khedidja, and 
the mountains of Kroumirie in Tunisia are all prominent.

The southem section, which is subject to desert influ­
ences, is appropriately called the Saharan Atlas. It includes 
in the centre a palisade formed by shorter ranges, such 
as the Ksour and Ouled-Nail mountains, grouped into 
massifs between two mighty ranges—the Moroccan High 
Atlas to the west and the Aurès Mountains to the east. The 
High Atlas culminates in Mount Toubkal at 13,665 feet 
(4,165 metres), the highest point in the Atlas Mountains, 
which is surrounded by high snowcapped peaks; the Aurès

Mountains are formed of long parallel folds, which reach 
a height of 7,638 feet at Mount Chelia.

The Teil Atlas and the Saharan Atlas merge in the west 
into the long folds of the Middle Atlas and in the east join 
together in the Tébessa and Medjerda mountains.

Geology. If the relief of the Atlas region is relatively 
simple, its geology is complex. In essence, the two Atlases 
comprise two different structural regions.

The Teil Atlas originally arose out of a basin filled 
with sediment, which was dominated to the north by a 
marginal rim, of which the massifs of Tizi Ouzou, Collo, 
and Edough are the remnants. Its elevation took place dur­
ing a lengthy mountain-building process that Was marked 
by upheavals in the Tertiary Period (which began 66.4 
million years ago and ended 1.6 million years ago); over 
the cluster of folds that were uplifted from the rift valley 
were spread sheets of flysch (deposits of sandstones and 
clays), which were carried down from the north over the 
top of the marginal rim. Thus the Teil Atlas represents 
an example of a young folded mountain range still in the 
process of formation, as is shown by the earth tremors to 
which it is subject.

To the south the Saharan Atlas belongs to another struc­
tural grouping, that of the vast plateaus of the African 
continent, which form part of the ancient base rock largely 
covered by Sediments deposited by shallow seas and by 
alluvial deposits. The Saharan Atlas is the result either 
of the mighty folding of the substructure that raised up 
fragments of the base rock—such as the horst (uplifted 
block of the Earth’s emst), which constitutes the Moroc­
can High Atlas—or eise of the cmmpling into folds of 
the Earth’s ernst during the Jurassic Period (208 to 144 
million years ago) and the Cretaceous Period (144 to 66.4 
million years ago).
Drainage. The seasonal character of the rains, which 

fall in torrents, determines the characteristics of drainage 
in the Atlas: the runoff feeds streams that are of great 
erosive capacity and that have cut their way down through 
the thickness of accumulated layers of sediment to form 
deep narrow gorges difficult tq cross. The pre-Roman 
fortress of Cirta (now called Constantine) in Algeria stands 
on a rock sculptured out by one such stream, the winding 
Rhumel River.

The great Maghribian wadis (French: oueds; channels of Wadis 
watercourses that are dry except during periods of rain) 
issue from the Atlas ranges. Among the more perennial 
rivers are the Moulouya, which rises from the Middle 
Atlas, and the Chelif, which rises from the Amour Moun-
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tains. Destructive of the soils of their headstreams, they 
deposit their loads of silt at the foot of the mountain 
ranges or eise leave a long line of conical deposits locally 
known as dirs (“hills”).

Soils. Good soil is sparse at higher altitudes in the At­
las region. Most often nothing is to be found but bare 
rock, debris, and fallen materials incessantly renewed by 
landslides. Two materials predominate—limestone, which 
forms ledges that are half-buried in rough debris, and 
marls (chalky clays) cut by erosion into a maze of ravines 
and crumbling gullies. The rarer sandstones favour forest 
growth. The best soils are the alluvia found on the terraced 
slopes and on the valley bottoms.

Climate. The Atlas Mountains are the meeting place 
of two different kinds of air masses—the humid and cold 
polar air masses that come from the north and the hot 
and dry tropical air masses that move up from the south. 
To the influences of altitude and latitude must be added 
that of aspect or exposure.

Rain is more plentiful in the Teil Atlas than in the 
Saharan Atlas, and more so to the northeast than to the 
Southwest: the highest rainfall is recorded east of the Teil 
Atlas. cAyn ad-Darähim in the Kroumirie mountains re­
ceives 60 inches (1,524 millimetres) a year; no where in 
the Anti-Atlas Mountains, south of the High Atlas, is the 
total more than 17 inches a year. In a single massif the 
slopes with a northem exposure receive more rainfall than 
those with a southem exposure.

With increased altitude the temperature drops rapidly; 
despite the proximity of the sea, the Coastal massifs are 
cold regions. At 6,575 feet the summits of Mount Babor 
in the Little Kabylia region are covered with snow for four 
or five months, while the Moroccan High Atlas retains its 
snows until the height of summer. Winter in the Atlas is 
hard, imposing severe conditions upon the inhabitants.
Plant and animal life. Erosion of the soils in the Atlas 

region is aggravated by the sparseness of the Vegetation 
covering the landscape; only about 39,000 square miles 
(101,000 square kilometres) of land are forested. On Er- 
Rif and the Kabylia and Kroumirie ranges, which expe- 
rience some rainfall, moist forests of cork oaks cover an 
undergrowth of arbutus (cane apple) and heather shrub, 
and carpets of rockroses and lavender are found. When 
the total annual rainfall is less than about 30 inches and 
limestone is present, green oak and arborvitae (a species of 
pine tree) cover the soil, forming light, dry forests with a

thin and bushy undergrowth. Stands of cedar predominate 
at higher altitudes. On the dry summits of the Saharan 
Atlas the Vegetation is reduced to scattered stands of green 
oak and j uniper trees.
The clearance of land for agriculture has reduced the for­

est cover in the Atlas ranges; animal life in the mountains 
is also in retreat. There remain only a few jackals, some 
tribes of monkeys (Barbary apes) at higher elevations, and 
occasional herds of wild boars in the oak woods.
The people. The mountains, with their inhospitable en­

vironment, have provided a refuge for the original inhabi­
tants, who have fled successive invasions. Here the Berber 
people have survived, preserving their own languages, tra- 
ditions, and beliefs, while at the same time accepting Isläm 
to some extent. Village communities still live according 
to a code of customary law, known as kanun, which deals 
with all questions of property and persons. The family 
unit tracés its descent from a single ancestor, preserving 
its cohesion by the sense of solidarity that unites its mem­
bers; an injury to the honour of one affects the group as a 
whole and demands vengeance.

The concern of Berber society to preserve its individu- 
ality is evident in the choice of habitat. Villages, which Villages 
are fortified, are generally perched high up on mountain high on 
crests. Small in size, such villages are composed of the mountains 
dwellings, a mosque, a threshing floor, and a place for 
the assembly of the elders (jam äah, or djemaa), which 
govems the affairs of each community. Families live, each 
unit apart, in separate rooms that form a square around a 
closed interior courtyard.

Despite the fundamental homogeneity of Berber society, 
there is a considerable diversity in different mountain lo- 
calities. The Shluh of the High Atlas in Morocco inhabit 
the river valleys that cut down deeply into the massif.
Their villages, with populations of several hundred inhabi­
tants in each, are often located at an altitude of more than
6,500 feet. They consist of terraced houses, crowded one 
against the other, that are often dominated by a commu- 
nal fortified threshing floor, or eise are grouped around the
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The mountain slopes in the vicinity are divided up for 
pasturage and cultivation. In some fields dry (i.e., nonirri- 
gated) farming is practiced for growing cereals. Land that 
is irrigated by diverting water from wadis yields two crops 
a year—cereals in winter and vegetables in summer. The 
Shluh use manure from their cattle as fertilizer. Oxen and

Elevation 
metres--------- feet

'Ueria

The Atlas Mountains.
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Ouzirhlmt vailey in the High Atlas, Morocco.
Victor Englebert— Photo Researchers

goats penned together on the ground floor of dwellings 
graze on stubble and on fallow lands around the villages. 
Sheepherders follow a pattem of transhumance (seasonal 
migration), grazing their sheep on low-lying land in winter 
and on the uplands in summer.
During the period of the French protectorate in Morocco 

(1912-56), profound changes occurred, transforming the 
way of life of the Middle Atlas populations. The dom­
inant pattem of transhumance gave way to the practice 
of sedentary agriculture. The winter descent to the plains 
(azarhar) pasture has become practically a thing of the 
past, since the land is now under cultivation. The as- 
cent to high pastures in summer, however, still continues. 
Stock raising in one location is increasingly practiced. 
Commercial forest products, mainly cork, also bring in an 
appreciable income.
Where the mountain and the plain meet, the dir lands 

offer rieh potentialities, thanks to a light soil and abun­
dant water. Grouped together in large villages, the diara 
populations {i.e., populations who live on the slope of the 
dirs) constitute prosperous agricultural communities.

The Rif of Morocco and the Kabyle of Algeria resemble 
each other in many ways. Both Berber tribes, they inhabit 
the same types of wet-mountain slopes covered with oak 
forests, are similarly attached to a barren soil, and are 
both inclined to isolationism. In contrast to the way of life 
of the Berbers of the High and Middle Atlas, stock raising 
plays only a secondary role in their village life; they are 
not so much agriculturalists as arboriculturists, although 
they grow a little sorgo (a sorghum used for fodder), and 
women grow vegetables in small gardens adjoining their 
houses. It is, however, the fig and olive trees covering the 
mountain slopes they inhabit that constitute their prin­
cipal resources. The Kabyle are also skilled craftsmen, 
working with wood, silver, and wool. In the past they were 
also peddlers, selling carpets and jewelry to the people 
of the plains.
The Aurès Mountains, standing alone in northeastern 

Algeria, are perhaps the least developed mountain region 
in the Maghrib. The Shawia (Chaouïa) populations who 
inhabit them follow a seminomadic style of life, which 
is partly agricultural and partly pastoral. They live in 
terraced stone villages in which the houses are built in 
tiers, one above the other, the whole being dominated by 
a guelaa, or fortified granary. When winter comes, the 
inhabitants of the high valleys lead their flocks to the 
lowlands surrounding the massif, where they pitch tents

or live in caves. Retuming to the uplands in summer, 
they irrigate the land to grow sorghum and vegetables and 
maintain apricot and apple orchards, while shepherds take 
the sheep to pastures on the hilltops.

Despite precarious living conditions, the Atlas Mountains 
are densely populated—overpopulated even, in certain 
localities. In the area around Tizi Ouzou in the Great 
Kabylia, for example, densities reach about 700 persons 
per square mile (270 per square kilometre). Emigration is 
a necessity: the mountain regions have become a human 
reservoir upon which the Maghribian countries draw to 
obtain the labour force needed for development. Commer­
cial agriculture attracts large numbers of farm workers to 
the plains either on a seasonal or a permanent basis. The 
Mitidja Plain of Algeria, for example, has been settled by 
the Kabyle. In Morocco, the Shluh of the High Atlas have 
provided labour for the phosphate mines.

Urban growth has served to increase the volume of the 
migratory stream that flows down from the mountains; 
the cities of Algiers, Constantine, Oran, and Casablanca 
are to a great extent peopled by mountain folk. The shan- 
tytowns of Algiers contain numerous Kabyle, and those 
of Casablanca many Shluh. Many of these urban immi- 
grants find employment as labourers, while others become 
shopkeepers.
In Algeria the insecurity that became general in most 

mountain districts during the nationalist uprising that pre- 
ceded independence led to the departure of large numbers 
of people. The exodus from the mountains continued after 
independence, with many mountain dwellers moving into 
the plains to occupy houses abandoned by departing Eu­
ropeans. Rural and urban activities, however, still did not 
provide employment for all, for many emigrants, mostly 
from Algeria, sought work in France. To a considerable 
extent the mountain populations subsist on money sent 
back by these migratory workers.

The economy. Resources. Despite their inhospitability 
and relative inaccessibility, the Atlas Mountains have 
played an important part in the modern development 
of the Maghribian countries. The mountain massifs con­
stitute catchment areas with considerable potential. The 
constmction of reservoir dams not only has permitted the 
storage of enormous amounts of water for irrigating the 
plains but has also made it possible to generate hydro­
electric energy. In Morocco efforts have been made in the 
last half of the 20th Century to exploit the potential of the 
mountain wadis. In addition to the dams across the Wadi

Population
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el-Abid and the Wadi el-Rhira on the northem slope of 
the High Atlas, dams on the southem face have been con- 
structed across the Dräa and Ziz watercourses. In Algeria 
the Kabylia region has been developed with hydroelectric 
stations on the Agrioun and Djendjene wadis.

Minerals The geologie formations of the Atlas are rieh in minerals.
The Moroccan High Atlas in particular contains impor­
tant deposits. Among these the most important econom­
ically is phosphate, mined principally in the Khouribga 
area. Other major deposits include lead and zinc from 
the Middle Atlas and from the Oujda area and copper, 
silver, and manganese; the output of manganese mining at 
Imini and Tiounine is transported to Marrakech by over­
head cable cars. Anthracite coal is also mined at Oujda. 
In Algeria iron ore is extracted from the Seba Chioukh 
Mountains, from Mount Zaccar Rherbi, and from the 
areas near Ouenza and Bou Khadra, while phosphate is 
mined at Mount Onk and El Kouif. Lead and zinc have 
also become important. In Tunisia the High Teil moun­
tains produce phosphate at Al-Qafah al-Jardä’, iron ore 
from Mount Djerissa, and lead from Säqiyat SIdi Yüsuf. 
These raw materials are often processed in the Coastal 
towns. The iron ore from Ouenza, for example, supplies 
the iron-smelting industry of Annaba.

A.mong forest products, cork is more important than 
timber; production is centred in the Kabylie region of 
Algeria, notably on the Collo Massif.

The tourist industry is also being developed, particularly 
in the High Atlas region of Morocco. In the Middle At­
las, long snow-covered slopes suitable for winter sports 
are located in the vicinity of major towns. In Algeria the 
establishment of industry in mountain regions is being en- 
couraged, so that employment for the mountain dwellers 
can be available. At Constantine, the principal city of 
the mountain regions, as well as at other larger cities, 
a number of industries have been established. Despite 
these efforts, however, contrasts between the life-styles of 
the mountains and those of the plains and cities of the 
Maghrib have by no means diminished, nor are they soon 
likeiy to do so.

Transportation. The Atlas Mountains have their own 
internal system of Communications. Villages are linked by 
paths that, avoiding the valley bottoms, follow the crest 
lines of the hills. Travel is on foot or by mule or local bus.

The massifs constitute an obstacle to traffic; roads and 
railroads traverse them by means of tunnels and viaducts, 
which are costly to build. Traffic between Algiers and 
Constantine, for example, is obliged to cross the Kabylia 
Massif; the route runs through the Isser River gorges and 
crosses the mountains at the Portes de Fer Pass. The Chiffa 
Gorge cuts across the route between Blida and Médéa.

The relative impenetrability of the mountains explains 
why they have been avoided by the main transportation 
routes, and why, consequently, they constitute strongholds 
of ancient traditionalism. Obstacles to communication 
should not, however, be exaggerated; the mountains also 
offer many natural connecting links, or passes, that fa- 
cilitate movement. Such topographical accidents localize 
communication routes: between the desert and the plains 
the nomads use synclinal corridors {i.e., corridors formed 
by folds in the rocks in which the strata dip inward from 
both sides toward the centre) that separate the ridges of 
the Saharan Atlas range. The Biskra Gap, situated be­
tween the Ouled-Naïl and Aurès ranges, provides a natural 
conduit for traffic between Constantine on the Rhumel 
River and Touggourt in the Sahara. Between Algeria and 
Morocco both the road and the railroad pass through the 
Atlas along the Taza Pass, which breaks the continuity of 

The the mountain system between Er-Rif and the Middle At-
mountain las. Passes are natural routes across the mountain barriers 
passes and thus constitute strategie points. The focal point of 

communication in the Great Kabylia, for example, is Tizi 
Ouzou, at the Genet Pass, which has become in effect the 
Capital of the massif. To surmount the obstacle formed 
by the Ouarsenis Massif, situated between Chelif Plain 
and the Sersou Plateau, it is necessary to pass by way of 
Theniet al-Haad. The passes of the Moroccan High Atlas 
have also played a decisive role in the history of relations 
between Morocco and the vast region known as the west­

ern Sudan to the south; the ancient caravan route from 
Marrakech to the Dräa valley used the n’Test Pass, which 
thus became of great commercial importance.

Study and exploration. Attempts by European powers 
to gain control of northwestem Africa began in the 15th 
Century. Portuguese activity was confined to the Strait of 
Gibraltar and the Atlantic coast of Morocco, where sev­
eral forts were established. Spanish activity, initiated at 
the beginning of the 16th Century, included the capture of 
Mediterranean ports and a slow penetration first of the Rif 
region and after 1860 into other parts of Morocco. French 
influence was more extensive. Beginning in 1830 with the 
capture of Algiers, French control expanded eventually 
to encompass all but the Rifian part of the Atlas region, 
including a protectorate over most of Morocco (1912-56).
Road building to control the mountains and to facilitate 
the movement of peoples and goods enhanced commu­
nication in what had been an isolated and fragmented 
region, often weakly controlled by govemment authorities 
based in lowland areas. No longer the focus of European 
exploration or exploitation, the Atlas Mountains are a 
conspicuous feature of the independent States of Morocco,
Algeria, and Tunisia. (H.Is./M.W.M.)

EAST AFRICAN MOUNTAINS
The East African mountains of Kenya, Tanzania, Uganda,
Zaire, Rwanda, and Burundi are intimately related to the 
East African Rift System, the fractures of which extend 
discontinuously between the Zambezi River valley and the 
Red Sea and are flanked in many areas by highlands. Of 
the major mountains, all but one—the Ruwenzori (Rwen- 
zori) Range—are of volcanic origin. Rising magnificently 
from the surrounding plateaus to altitudes of over 16,000 
feet (4,900 metres), the highest peaks, despite their prox- 
imity to the equator, are ice-capped.

Mount Kenya, the Aberdare Range, and the Mau Es- 
carpment are located wholly within Kenya to the north 
of Nairobi; Mount Elgon lies astride the Uganda-Kenya 
border; Kilimanjaro extends along Tanzania’s northem 
boundary with Kenya; and Mount Men? is in northem 
Tanzania. The Ruwenzori Range Stretches between Lakes 
Edward and Albert on the Uganda-Zaire border, and, 
farther south, the Virunga Mountains extend along the 
contiguous borders of Uganda, Rwanda, and Zaire.
Physical features. Physiography. The Aberdare Range, Principal 

of which the highest peak is Mount Lesatima (Satima), mountain 
reaching a height of 13,120 feet, and the Mau Escarpment features 
rise steeply from the eastem portion of the Eastem (Great)
Rift Valley. To the west, beyond the Uasin Gishu Plateau,
Mount Elgon emerges gently from a level of about 6,200 
feet; but the spectacular cliffs of its western face dominate 
the lower plains of eastem Uganda, which lie at about 
3,600 feet. The rim of Elgon’s caldera (a vast explosion 
crater) is approximately five miles (eight kilometres) in 
diameter and contains several peaks, of which Wagagai, at 
14,140 feet, is the highest.
The Nyeri-Nanyuki corridor separates the Aberdare 

Range from Mount Kenya. The second highest mountain 
in Africa, Mount Kenya has a girth of about 95 miles at
8,000 feet, from which it rises boldly to its restricted sum- 
mit zone. The craggy twin peaks of Batian (17,057 feet) 
and Nelion (17,022 feet) are closely followed in height by 
Lenana (16,355 feet).

Set amid low plateaus, Kilimanjaro is the highest moun­
tain in Africa, rising to 19,340 feet (5,895 metres) at Uhuru 
peak on the Kibo cone. The generally smooth outlines 
of the cratered dorne of Kibo are in marked contrast with 
the jagged form of Mawensi, or Mawenzi (17,564 feet); 
the two summits are connected by a saddle, seven miles 
long, that lies at about 14,500 feet. Mount Mem, about 
40 miles Southwest of Kilimanjaro, attains an altitude of 
14,978 feet.
The Ruwenzori Range mns parallel to the Western Rift 

Valley, to which it drops steeply. The fall to the uplands 
of western Uganda, however, is more gradual. At its base 
the range is some 80 miles long, and its greatest width 
is about 30 miles. The summit zone contains six distinct 
mountain massifs, which are separated by well-defined 
passes and deep river valleys. Mounts Baker and Gessi
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frontier. Of the 10 peaks with heights of more than 16,000 
feet, all but one are on Mount Stanley, which includes the 
highest peak, Margherita, at 16,795 feet.
The Virunga Mountains and their associated lava flows

at 14,787 feet the highest of the Virunga volcanoes—and 
Visoke are centrally placed on the Zaire-Rwanda frontier; 
and farther east Sabinio (Sabinyo), Mgahinga (Gahinga), 
and Muhavura, also known as the Mufumbiro Mountains,
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Acacia trees on the plain below the summits of Kilimanjaro, Tanz. Uhuru peak is at right, 
Mawensi (Mawenzi) at left.
J.S. Wightman— Ardea London

Tlaciers

are on the Rwanda-Uganda frontier. Not all of the cones 
culminate in craters, but several have crater lakes.

The relict glaciers that occur in the summit zones of 
Kilimanjaro, Mount Kenya, and the Ruwenzori have lit­
tle erosive force. Their more powerful predecessors, how­
ever, extended down to altitudes of between 12,000 and
10,000 feet and even lower and produced arêtes (sharp- 
edged ridges), cirques (glacial amphitheatres), rock tarns 
(rock basin lakes), U-shaped valleys, and moraines (boul- 
ders and other debris deposited by glacial action). Early 
glaciation also affected both Mount Elgon and the Aber­
dare Range. More than 30 small glaciers on the Ruwen­
zori together cover a surface of approximately 1.5 square 
miles (4 square kilometres), most of which is on Mounts 
Stanley and Speke; the lowest valley glacier descends to 
about 14,000 feet. Of the glaciers remaining on Mount 
Kenya and covering less than 0.3 square mile, the largest 
are Lewis and Tyndall; the lowest tongue of ice reaches 
down to about 15,000 feet. On Kilimanjaro, Kibo crater 
is strewn with giant blocks of ice, and the outer rims are 
covered with ice reaching down to about 16,000 feet on 
the wet southwestem moorlands. The 20th Century has 
been marked in East Africa by a process of glacial retreat 
that has been rapid but neither constant nor continuous.

Geology. The peneplain of eastern Africa, dating from 
the Miocene Epoch (between 23.7 and 5.3 million years 
ago), has been subject to a general elevational movement. 
The shoulders of the rift valleys have risen intermittently to 
produce highlands on which lavas that have been ejected 
from fissures in the Earth’s surface have in some instances 
added considerable height. The most dramatic uplift is that 
of the Ruwenzori, the only East African mountains that 
are not volcanic. The ancient plateau surface of gneisses 
and schists was upfaulted on the west and upwarped on 
the east. Movements along the faults continue, and the 
Ruwenzori system is an important earthquake epicentre.
Kilimanjaro is a volcano of complex structure and alka­

line lavas situated at an intersection of fault lines. Shira 
was the first volcano of the group to become inactive, fol- 
lowed in tum  by Mawensi and Kibo. The latter retains its 
caldera— 1.5 miles in diameter and 600 feet deep—within 
which there are found successive inner cones and craters 
as well as fumaroles (holes or vents that emit gases).

The long-extinct volcano of Mount Kenya has been 
much denuded, and the highest peaks consist of the 
crystalline nepheline-syenite (a granulär rock of alkalic 
feldspar, nepheline, and other minerals), which plugged 
the former vent. Around this core are gently dipping lavas, 
agglomerates, and tuffs.

Mount Elgon is part of the Eastern Volcanics in Uganda, 
which consist of soda-rich lavas and associated fragmental

tuffs and agglomerates. The Western Volcanics are repre- 
sented by the Virunga Mountains, of which Nyamulagira 
and Nyiragongo have been active during the 20th Century. 
Major eruptions occurred in 1938 and 1948 and during 
the 1970s, and on several occasions a lava stream has 
reached the shores of Lake Kivu.
Drainage. The Virunga Mountains separate the basins 

of the Nile and the Congo rivers and are the only East 
African mountains to form a divide of Continental stature. 
The entire System of the Ruwenzori Range drains into 
the Semliki River, a tributary of the Nile. Because they
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examples of consequent drainage (that is, determined by 
the initial slope of the land) such as the radial system 
of Mount Elgon, in which streams radiate from a central 
area, and the parallel streams of the Aberdare dip slopes. 
The porous nature of volcanic materials often results in 
areas devoid of surface drainage.

Soils. The succession of soils is from the raw mineral 
type of the summit area, through the dark peaty loams of 
the Afro-Alpine zone and the strong brown loams of high 
organic content in the forest beit, to the ferruginous (iron- 
bearing) soils of the lower slopes. Volcanic material pre­
sents a range from the unaltered rock of the most recent 
emptions to the well-developed fertile soils on surfaces 
that have been exposed for longer periods of time.

Climate. In a region of predominantly dry climate, the 
mountains are conspicuous as areas of high rainfall. Af­
fected by the convergence of Indian Ocean and Atlantic 
airstreams, the Ruwenzori as a whole comprise the wettest 
and the cloudiest of the mountains, where moist con­
ditions penetrate up to the peaks and about 80 inches 
(2,000 millimetres) of rain annually fall at 15,000 feet. 
Kilimanjaro, Mount Kenya, and Mount Elgon are alfected 
by their position in relation to southeasterly and north- 
easterly airstreams. Below 10,000 feet they are wettest on 
their southeastem and southem sides, with annual total 
precipitation rising to 100 inches on Mount Kenya; they 
are driest on their northem flanks, with less than 40 inches 
of rainfall yearly. Rainfall decreases above a cloud ceiling 
at about 10,000 feet, especially on Kilimanjaro, where the 
Afro-Alpine zone is a veritable desert. On the western and 
southwestem slopes the diverted southeast trade winds are 
sucked up each of the mountains as westerlies, creating 
an increase of cloud and precipitation. At the summit 
of Mount Kenya, temperatures seldom rise above the 
freezing point, and above 14,500 feet precipitation mainly 
occurs in the form of snow.
Plant life. Vegetation in the East African mountains 

often occurs as a succession of altitudinal zones. This 
succession is well developed on Mount Kenya, where it

The plant 
life of 
Mount 
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emerges from the surrounding savanna (grassland with 
scattered bushes or trees) and begins on the lower slopes 
with a crescent of cultivated land. The montane forest 
extends upward from a lower limit of about 6,000 feet to
10,000 feet and includes giant trees, such as camphor and 
various figs, cedar, yellowwood, and the East African olive. 
From about 8,000 feet, the forest consists of montane 
bamboo, and at its upper limit parkland and low thicket 
fringe the succeeding zone of giant heather. At 11,000 
to 12,000 feet, the heather zone gives way to the Afro- 
Alpine zone in which tree groundsel and the giant lobelia 
rise out of a ground Vegetation of tussocky grassland and 
everlastings (composite plants, the flowers of which can be 
dried without loss of colour or form). Mosses and lichens 
survive up to about 15,000 feet, but bare rock and ice are 
exposed above that height.

The montane forest of Kilimanjaro is drier than that of 
Mount Kenya. Bamboo is virtually absent, although it is 
abundant on neighbouring Mount Meru, and there is no 
parkland zone. The heather zone is strongly represented, 
whereas the Alpine semidesert is poor in flowering plants. 
Mount Elgon reaches into the Afro-Alpine zone, as do the 
summits of the Aberdare Range. On the northwest of the 
Ruwenzori, the lower slopes touch upon the equatorial 
forest, and the Vegetation is moister and more luxuriant 
than that of the eastem mountains. Above the bamboo 
forest and the wooded parkland, the Virunga Mountains 
extend into the heather zone and, in the three highest 
volcanoes, into the Afro-Alpine zone.
The Afro-Alpine Vegetation of the East African moun­

tains is unique. With the increase of temperatures in post- 
Pleistocene times (since about 10,000 years ago), the cold- 
loving plants retreated to the mountains, where they have 
been preserved and somewhat transformed. Despite the 
enormous distances that separate the mountains, plants in 
the respective Afro-Alpine zones are closely comparable. 
There are lobelia and Alchemilla (lady’s mantle) species 
common to all the mountains, although the tree groundsel 
species are limited within neighbouring mountains. The 
phenomenon of giantism is common, while dwarftsm oc­
curs at the highest altitudes.
Animal life. Elephants, rhinoceroses, buffalo, antelope, 

hyrax, bush pigs, and monkeys, including the black-and- 
white colobus, are among the main inhabitants of the 
montane forest. The bongo (forest antelope) and the giant 
forest hog have not been observed on Kilimanjaro, per­
haps because of its lack of bamboo forest and its isolation 
from the mountains to the north. Mountain gorillas and 
golden monkeys live in the Virunga Range, and chim- 
parizees in the Ruwenzori. Trout have been introduced 
into the streams of the more accessible mountains.

Mammals of the upper forests, including the leopard and 
antelope such as the duiker and the eland, penetrate into 
the moorland and Afro-Alpine zones, where the hyrax and 
the groove-toothed rat are the most obvious inhabitants. 
Birds include the lammergeier (one of the largest birds 
of prey, resembling the eagle and vulture), the mountain 
chat (a songbird), and the scarlet-tufted malachite sunbird 
(a small, brilliantly coloured songbird). Animal life, like 
the Vegetation, shows resemblances that suggest a retreat 
of its distribution from the surrounding plateaus to the 
montane islands of refuge.
The people. Population is confined to the lower slopes, 

with the upper limit of settlement at about 7,000 feet. 
Bananas and millet are common subsistence crops, and 
coffee is an important cash crop. On the southem and 
eastem slopes of Kilimanjaro the Chaga (Chagga) have 
long used an effective system of irrigation based on the 
ridge-and-valley relief of the mountain. High population 

Popula- densities among the Chaga are matched by those among 
tion the Kikuyu and related groups on the slopes of the Aber-
densities dare Range and around the Southern and eastem margins

of Mount Kenya. The Gisu have densely settled the west­
ern slopes of Mount Elgon below the forest zone.

Population density is high on either side of the northem 
nose of the Ruwenzori; the Konjo hillmen live mainly on 
the eastem flank of the range. The Pygmy Twa occupy 
the forests of the Virunga Mountains, the lower slopes of 
which are cultivated by the far more numerous Hutu.

The economy. Mining, forestry, and agriculture. Copper 
ore was formerly mined at Kilembe, Uganda, on the south- 
eastem flank of the Ruwenzori. Other mineral resources 
include tin deposits also southeast of the Ruwenzori, tung- 
sten deposits in the Virunga Mountains in Uganda, and 
diatomite in the Aberdare Range.

The closed forests are mainly under forest reserve and 
are classed as presently productive of timber. The most 
important output of sawn wood has come from the more 
accessible mountains of Kenya and Tanzania, where cedar, 
podo (or yellowwood), and camphorwood are among the 
principal timbers; the quantities produced, however, are 
small. Land cleared for cultivation in the lower part of 
the forests forms rieh agricultural zones in which a con­
siderable variety of crops—including coffee, tea, wheat, 
pyrethrum (a chrysanthemum used in the production of 
insecticides), bananas, millet, root crops, and vegetables— 
may be grown. Cattle are raised on the northem slopes 
of Mounts Kenya and Elgon and on Kilimanjaro. The 
narrow agricultural beit could be widened, and there has 
been a tendency for the extension of cultivation into lower 
altitudes by the use of irrigation.

Tourism. The mountains are an important tourist at- 
traction. Kilimanjaro National Park covers the mountain 
from 6,000 feet to the summit, and other parks include 
Mount Kenya above 10,200 feet, the moorland zone of the 
Aberdares, and a sector of the Kenya portion of Mount 
Elgon. In the Uganda section of the Virunga Mountains, 
the Kigezi Gorilla Game Reserve is situated on the north­
em slopes of Mounts Muhavura and Mgahinga (Gahinga).
In the Rwanda and Zaire portions of the Virunga Moun­
tains, gorillas are protected, respectively, in the Volcanoes 
National Park and the Virunga National Park.

Transportation. The Ruwenzori form a banier to east- 
west transport, and road connections between Uganda 
and Zaire pass south of the range. The Mau Escarpment 
and the Aberdare Range deflect the main roads to their 
northem and southem flanks, but each is crossed by a 
secondary road. The Nyeri col between the Aberdares and 
Mount Kenya is used as a gateway to the north. There are 
circular routes around Mounts Kenya and Elgon, and the 
bases of all the mountains are reasonably accessible.

Study and exploration. In 1848 the snow-covered sum­
mit of Kilimanjaro was observed by the German mission- 
ary Johannes Rebmann, and the following year Johann L.
Krapf obtained a view of the snows of Mount Kenya. In 
1888 the Welsh explorer Henry Morton Stanley glimpsed 
the Ruwenzori through a break in their cloud cover and 
equated them with the Mountains of the Moon of Ptolemy.

A number of expeditions on Kilimanjaro preceded that 
of 1889, in which the German geographer Hans Meyer 
conquered the summit of Kibo. Partial ascents of Mount 
Kenya were made before the British geographer Halford 
John Mackinder reached the summit of Batian in 1899.
The Ruwenzori awaited the expedition of Luigi, Duke 
dcAbruzzi, in 1906 for the conquest of their major peaks, 
and in 1907-08 Adolf Friedrich, Duke of Mecklenburg, 
made a comprehensive survey of the Virunga Mountains.
The southem side of Elgon was visited in 1883 and 
the caldera was traversed in 1890; in 1911 Wagagai was 
climbed. In 1932 a Belgian scientific mission explored the 
western slopes of the Ruwenzori, climbing several peaks.

Since 1931, aerial photography has assisted in the pro­
duction of excellent maps of the major mountains and 
their glaciers. Under the stimulus of the International 
Geophysical Year of 1957-58, glaciological expeditions 
were mounted on the Ruwenzori, Mount Kenya, and 
Kilimanjaro.

Kilimanjaro, Kenya, and Ruwenzori are names of African Origin of 
origin; the first two are of somewhat uncertain meaning, mountain 
and Ruwenzori may come from Nyoro words meaning names 
“place of rain.” Elgonyi was the Masai name for Elgon, 
but the Gisu name Masaba remains current in the Bantu 
languages. The names Kibo and Mawensi are of African 
derivation, and the highest peaks of Mount Kenya were 
named for Masai chiefs. With one exception, Ensonga, 
the major mountains and peaks of the Ruwenzori have 
European names, while Virunga nomenclature is African.

(S.J.K.B.)
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ITURI FOREST
The Ituri Forest is an area of dense tropical rain forest 
that lies on the northeastem lip of the Congo River basin 
in the central African nation of Zaire. Situated between 
0° and 3° N latitude and 27° and 30° E longitude, the 
precise geographic limits of the Ituri are poorly defined, 
especially along its southem and western extensions. The 
Ituri is bounded to the north and northeast by savanna 
and in the east by the fertile highlands of the Western 
Rift Valley, while to the south and west it is contiguous 
with the lowland rain forest, where its rivers drain into 
the Congo (Zaire) River. The total area of the Ituri For­
est is approximately 24,300 square miles (62,900 square 
kilometres). The forest, which is inhabited by both Bantu- 
speaking and Pygmy peoples, owes its name to the Ituri 
River, which flows east-west across the forest into the 
Aruwimi River and thence to the Congo.

For map coverage of the Ituri Forest, see below Congo 
River.

Physical features. Physiography. The magnificence of 
the tropical rain forest of the Ituri cannot help but inspire 
the modem-day observer with the same poetic enthusiasm 
displayed by the famous Welsh explorer Henry Morton 
Stanley when he described his Crossing of the area in 
1887-88. The trees of the forest ränge in size from small 
saplings just inches in diameter to gigantic hardwoods 
reaching to heights of 170 feet (52 metres). Like the pil- 
lars of a Gothic cathedral, these giant trees are buttressed; 
roots run down their sides and extend great distances 
across the forest floor, making the ground a labyrinth of 
roots that anchor the trees and grab scarce nutrients from 
the shallow forest soil. In places where the high canopy is 
nearly continuous, only small, elusive patches of sunlight 
reach the forest floor. The lack of light at lower levels 
is accentuated by the darkness of the foliage of the few 
shmbs and small trees that can grow under such shaded 
conditions. Where gaps occur in the upper canopy, herba- 
ceous plants with long leaves resembling those of the 
banana plant take advantage of the available light and 

Vegetation grow in dense stands. In many places the forest has been 
in disturbed, either by human activity or by natural treefalls
disturbed that cut large swathes through the canopy and open up the 
areas forest to the strong equatorial sun. There, the Vegetation

near the ground is a dense tangle of nettles, creepers, and 
competing species of fast-growing, short-lived trees, which 
make walking difficult if not impossible. Everywhere on 
the ground there is a profusion of fallen nuts and fruits, 
some as large as basketballs and many partially eaten by 
monkeys, antelope (duikers), and rodents. During certain 
seasons the air is filled with the nectar of numerous species 
of flower, including many epiphytes, which cling to the 
surface of other plants and draw their sustenance from the 
air. Always there is the sound of myriad insects. Cicadas 
perch on tree trunks and emit an irritating buzz that 
seems designed to drive any intmder to madness. Army 
ants advance in columns, audibly cracking the bodies of 
their insect prey. Seemingly endless lines of migrating 
butterflies flutter through the understory and sometimes 
congregate in colourful displays along streambeds. The 
buzzing of bees, busily plying the treetops in search of 
sweet nourishing nectar, is ever present. While magnifi- 
cent, the forest with its constant high humidity and dark 
interior may seem oppressive to some. Certainly Joseph 
Conrad thought so when he referred to the forest as the 
“heart of darkness.” But the overwhelming impression for 
even the most squeamish visitor is not of darkness, not 
of oppressive gloom, but of life in its most vibrant and 
exciting form.

The Ituri Forest varies in altitude between 2,300 feet (700 
metres) in its southem portions to 3,300 feet in the north. 
The topography is gently undulating in the south, but 
in the north there are frequent outcroppings of smooth 
granite that rise several hundred feet above the forest.

Climate and drainage. Steeped in the tannin-rich leaves 
covering the forest topsoil, the water flowing in the numer­
ous streams that drain the Ituri is the colour of strong tea. 
Besides the Ituri River itself, there are many broad streams 
that flow generally from east to west. The most notable 
are the Nepoko in the north, the Epulu and Nduye in the

centre, and the Ibina in the south. None of these rivers 
is navigable, even by pirogue, for more than a few miles.
The streams are fed by rains that are highly variable from 
month to month and from year to year. Average annual 
rainfall is 75 inches (1,900 millimetres), and there are 
approximately 2,000 hours of sunshine per year. Average 
temperature at lower elevations is 88° F (31° C). There 
is a dry season that lasts roughly from December through 
February, when less than 7 inches of rain normally falls.
By the end of the dry season humidity within the forest is 
reduced, and the smaller forest streams become dry. The 
heaviest rains fall in October and early November; rivers 
overflow their banks, and large areas of the forest become 
flooded, making walking through the forest or driving on 
the few available roads extremely difficult.

Soils. The soils of the Ituri Forest developed from 
granites, gneisses, and metamorphosed rock of Precam­
brian age. In most places the soil is sandy clay or sandy 
clay loam, ranging in colour from reddish brown through 
ochre to yellowish brown and even white. The soils are 
acidic, and the layer of humus is thin. If exposed to the 
strong equatorial sun and high rainfall, as when the forest 
Vegetation is cleared by Bantu farmers, the soil deterio- 
rates rapidly, recovering only if it is again taken over by 
secondary forest. Traditionally, farmers have shifted their 
cultivation sites to allow the fragile soils to regenerate.
Plant and animal life. The climax-forest Vegetation left 

undisturbed by hum an occupation is characterized by 
three dominant species of tall, hardwood legumes in the Dominant 
subfamily Caesalpinioideae. In the south and west Gilber- tree species 
tiodendron deweverei dominates and can constitute 90 
percent of the standing Vegetation. The regions of the 
forest dominated by only a few plant species have less 
abundant and diverse animal life than the other, more 
botanically mixed areas, such as in the north and east.
There, Cynometra alexandrii and Brachystegia lauren- 
tii, which together comprise less than 40 percent of the 
canopy, are interspersed with numerous other tall species 
(e.g., Albizia, Celtis, and Ficus).
For many generations. people residing in the Ituri have 

been practicing a form of agriculture that entails clearing 
and buming the forest, growing their crops, and then 
moving after several years to allow the forest to regenerate 
during a long fallow period. This method of shifting slash- 
and-bum cultivation has created a patchwork of climax 
Vegetation interspersed with various successional stages of 
secondary forest on the sites of old gardens and aban- 
doned villages. Some areas are a tangle of lianas and 
shrubs beneath emerging hardwood trees, while others are 
in less-advanced stages of succession, with large stands 
of umbrella trees (Musanga cecropoides). These various 
seral patches—combined with river valleys, swampy wa­
ters, rock outcroppings, and the most recent village and 
garden Clearings near the roads—produce a mosaic of di­
verse habitats that provide cover and food for the greatest 
abundance of mammals in forested Africa.

Situated near the forest-savanna edge, Ituri fauna include 
not only species typical of the African equatorial forest 
but also forms, such as the hyena, that are usually found 
on the open savanna. The most notable species is the 
forest giraffe, called okapi, which is endemic to the Ituri.
Numerous forest antelopes include five species of duiker, 
the water chevrotain, and the pygmy antelope. Leopards, 
genets, and mongooses are the main carnivores. The ele­
phant, buffalo, and bongo (a kind of antelope) are present 
in forms slightly smaller than their savanna relatives. The 
Ituri also supports the greatest diversity of primates of 
any comparable area in the world. The many monkeys 
include the terrestrial anubis baboon, as well as the leaf- 
eating imperial black and white colobus and the owl-faced 
monkey. The only ape is the chimpanzee, which is nu­
merous. Hundreds of species of birds have been recorded, 
among which the shy Congo peacock, discovered in 1936, 
is perhaps the most famous.

Efforts to preserve the fauna and flora are largely con- 
fined to the Maiko National Park on the southem edge of 
the Ituri. The park offers some protection for the forest 
elephant, the okapi, the Congo peacock, the aardvark, and 
the chimpanzee, but poaching activities and destruction
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Four 
groups of 
Bambuti

Efe camp in the Ituri Forest, Zaire.
Robert C. Bailey

of forest habitat seriously threaten these and other species 
both outside and inside the park boundaries.
The people. Based on their modes of subsistence, there 

are two principle kinds of inhabitants of the Ituri Forest: 
the village-living agriculturalists, most of whom are Bantu- 
speaking, and the nomadic hunting and gathering peoples, 
often referred to as Pygmies. Neither of these two groups 
is isolated from the other; in many parts of the Ituri 
villagers and hunter-gatherers practice a form of mutual 
interdependence, which includes the sharing of language 
and many customs.

The Pygmies. There are four populations of Pygmies, 
collectively called the Bambuti, living in the Ituri Forest. 
Each Pygmy population is associated with a different tribe 
of Bantu- or Sudanic-speaking agriculturalists. The Sua 
are associated with the Budu (Babudu) on the western 
edge of the Ituri, near Wamba; and the Aka, of whom 
few remain, are found with the Mangbetu in the north- 
west. The Efe, having the broadest distribution extending 
across the northem and eastem portions of the Ituri, are 
associated with the Sudanic-speaking Mamvu and Lese 
(Walese). The Mbuti live with the Bila (Babila) in the 
centre of the forest.

The Bambuti hunt and gather forest resources (meat, 
honey, fruits, nuts, Caterpillars, termites, and mushrooms), 
which they consume themselves or trade to their neigh­
bouring agriculturalists. In return for these forest products, 
the Bambuti receive agricultural foods, cloth, pots, pans, 
ax blades, salt, and other material items not available in 
the forest. In general, the subsistence activities of men 
consist of hunting mammals and gathering wild honey. 
Women supply most of the calories by gathering nuts, 
fruits, and tubers in the forest or by working for the agri­
culturalists in the gardens and receiving food as payment.
The Bambuti divide themselves into patriclans, each clan 

numbering between 10 and 100 members and having one 
area of forest to which it loosely claims exclusive rights. 
Marriage occurs through “sister exchange,” whereby a 
prospective husband must give a female clan member 
in marriage to the wife’s clan before a marriage is fully 
recognized.
In order to hunt and gather in the forest effectively, the 

Bambuti must remain mobile. They live in beehive-shaped 
huts, which they can construct in a matter of hours, and 
they move their camps approximately every three weeks 
to take advantage of the changing Position of edible plants 
and animals. The Bambuti have few material possessions, 
no inherited offices or wealth, and no institutionalized 
headmen or chiefs.

Different Bambuti groups use different technologies to 
hunt in the forest. The Efe hunt monkeys and forest 
antelope using bows and arrows, and for large game like

the buffalo, giant forest hog, and elephant they hunt with 
spears. The Mbuti use only nets, with which they hunt 
antelope and other small mammals.

The Bambuti are highly skilled musicians, and singing 
and dancing are important components of their life. Sto- 
rytelling is highly developed and widely respected by all 
members of the society. The forest figures prominently in 
all Mbuti ritual and myth.

The village-living agriculturalists. People practicing 
shifting cultivation have been present in the Ituri for
2,000 years or more. Most of these peoples, including 
the Bila, Budu, and Ndaka, speak one of the numerous 
Bantu languages spoken throughout sub-Saharan Africa, 
but others, such as the Mamvu and Lese, speak tonal 
Central Sudanic dialects. In general, the agriculturalists 
live in small villages with 10 to 150 residents, all members 
of the same patriclan. Houses are constructed of saplings 
plastered with mud and leaf thatch for roofing. When 
Stanley traversed the Ituri, many villages were fortified 
and distributed more or less evenly throughout the forest. 
Disputes that sometimes escalated into armed conflict oc­
curred between clans, and people were afraid to travel any 
great distance from their own villages. Between 1920 and 
1940, the Belgian colonial administration created chief- 
doms, imposed peaceful relations, constructed roads, and 
coerced people to move their villages and gardens to the 
roadsides, where most remain today.

The staple crops of the agriculturalists are cassava and 
bananas, but they also raise for their own consumption 
beans, sweet potatoes, a variety of squashes, oil palms, 
and tobacco; rice, peanuts, and coffee serve as cash crops. 
Livestock raising is limited to goats and poultry. The 
agriculturalists also fish, and during the dry season they 
may camp in the forest to dam up forest streams. They 
also hunt using traps and snares, which are usually placed 
within short walking distance of their Clearings.

Villager-Bambuti relations. Each clan of Bambuti is as­
sociated with a specific clan of villagers, and individual 
Bambuti have close economic and ritual ties to individ­
ual villagers. Such close dyadic relations are often passed 
from one generation to another, creating a deep sense of 
kinship between Mbuti and villager families. While they 
spend most of their time in the forest, Bambuti rarely re- 
side more than an eight-hour walk from “their” villagers, 
facilitating trade and social relations. While the Bambuti 
rely upon the villagers for starchy food crops and a few 
material possessions, the villagers profit by the Bambuti’s 
skill at supplying highly prized forest resources, namely 
meat and honey. Bambuti also supply much needed labour 
around the times of planting and harvest, and they pro­
vide ritual and curative functions regarded as crucial by 
the villagers. (R .C B .)

Staple
crops
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The economy. The forest has not played a large part in 
the Zairian national economy. Only a fraction of its area is 
exploited for timber because of difficulty of access. A few 
gold mines operated before the country gained indepen­
dence, but extraction is now largely restricted to panning 
by individuals. Cotton growing has all but disappeared. 
Oil palm cultivation has declined to such an extent that 
the area is a net importer of palm oil. The larger cof­
fee plantations are being replaced by small independent 
planters. An illicit ivory trade prospers, despite rapidly 
declining elephant populations. There are attractions for a 
tourist industry, but transportation and hotel facilities are 
poor or absent.

Access to the Ituri Forest is extremely difficult. There 
Transpor- are no public transportation facilities. Rivers and streams 
tation are unnavigable, and the few existing roads are all dirt

and often in poor repair. From the southeast, entrance to 
the forest can be made from Goma, which lies about 125 
miles to the south on the northem shore of Lake Kivu, or 
from Bunia, which is some 60 miles to the east. From the 
west the best road is from Kisangani through Nia-Nia.

Study and exploration. The Egyptians knew of the ex- 
istence of the Pygmies; Pepi II Neferkare, last king of the 
6th dynasty (c. 2325-c. 2150 bc), had Pygmies present 
in his court, and they were depicted on Egyptian pot- 
tery some 4,000 years ago. The German botanist Georg 
Schweinfurth, arriving in the Ituri in 1869 from the north, 
was the first European to see and write about the Mbuti 
(The Heart o f Africa; 1873). Stanley was the first to cross 
the forest from west to east, following essentially the 
same route as the present Kisangani to Bunia road. In 
the 1930s the Jesuit missionary Paul Schebesta performed 
the first anthropological studies of the people of the Ituri. 
Since then, many aspects of the behaviour, ecology, and 
growth and demography of the Bambuti and their villager 
neighbours have been studied by anthropologists from the 
United States, Europe, and Japan. (Je.-P.H./R.C.B.)

KALAHARI
The Kalahari is a large, basinlike plain of the interior 
plateau of southem Africa. It occupies almost all of 
Botswana, the eastem third of Namibia, and the northern- 
most part of the Cape of Good Hope province of South 
Africa. In the Southwest it merges with the Namib, the 
Coastal desert of Namibia. The Kalahari’s longest north- 
south extent is roughly 1,000 miles (1,600 kilometres), and 
its greatest east-west distance is about 600 miles; its area 
has been estimated at some 360,000 square miles (930,000 
square kilometres).

Physical features. Physiography and geology. The Kala­
hari is a featureless, gently undulating, sand-covered plain, 
which everywhere is 3,000 feet (900 metres) or more above 
sea level. Bedrock is exposed only in the low but vertical- 
walled hills, called kopjes, that rarely but conspicuously 
rise above the general surface. Aside from the kopjes, three 
surfaces characterize virtually all of the Kalahari: sand 
sheets, longitudinal dunes, and vleis (pans).

The sand sheets appear to have been formed during the 
Pleistocene Epoch (1,600,000 to 10,000 years ago), and 
they have been fixed in place since then. In some areas 
they appear to have been of fluvial origin, the result of 
sheet flooding in times of much greater precipitation, but 
by far the greater part of them were wind-formed. The 
sheets occupy the eastem part of the Kalahari. Their sur­
face elevation varies only slightly, with relief measured in 
tens of feet per mile. The depth of the sand there generally 
exceeds 200 feet. In many areas the sand is red, the result 
of a thin layer of iron oxide that coats the grains of sand.

The entire western Kalahari is characterized by long 
chains of dunes, oriented roughly to the north or north- 
west. The dunes measure at least 1 mile in length, several 
hundred feet in width, and 20 to 200 feet in height. Each 
dune is separated from its neighbour by a broad parallel 
depression locally called a straat (“street,” or “lane”), be­
cause each constitutes the easy way to travel.

Vleis Vleis, or pans, are the terminal features of desert drainage
Systems, the “dry lakes” at the end of ephemeral streams. 
Many are remnant features from an earlier period of 
greater precipitation. Very little water ever flowed to the

sea from the Kalahari. Rather, each stream ended its 
course in a slightly lower depression from which there 
was no outlet. There, as the stream dried up, the fine silt 
particles carried in suspension by the sluggish stream were 
deposited along with soluble calcium minerals and salts 
precipitated out of the evaporating water. The results are 
pans—flat surfaces devoid of Vegetation that are gleaming 
white when dry, hardened by the cementing action of the 
soluble minerals, and, on occasion, covered by a shallow 
layer of standing water. Where the salt content is low, 
pans may become covered with grasses after a rain.

Drainage. In the southem and central parts of the 
Kalahari, surface water is found only in small, widely 
scattered waterholes, and surface drainage is nonexistent.
Nearly all of the rain that falls disappears immediately 
into the deep sand. Some is absorbed by the underlying 
rock strata; some is drawn to the surface by capillary 
action and evaporated into the air; and some, lifted from 
the depths by tree roots, is transpired from leaf surfaces.
A small amount, landing on nonsandy surfaces, may flow 
short distances into pans, but this occurs only immediately 
after the infrequent rains. In some parts of the central 
and southem Kalahari, extensive ancient drainage Systems 
have been detected—some on the ground and others by 
way of aerial photographs. None of these operate today, 
even in the wettest of years.
In the northem Kalahari an extraordinary drainage Sys­

tem prevails. During the summer heavy rains fall on the 
uplands of central Angola, far to the northwest of the 
Kalahari. Large amounts of runoff water feed a number 
of south-flowing streams, which merge to form the Oka- 
vango and Cuando (Kwando) rivers. The Okavango flows 
to the southeast and into the northemmost portion of the 
Kalahari, eventually breaking up into a number of dis- 
tributary channels and feeding the vast area of swamps in 
northem Botswana. After an abnormally wet rainy season 
in Angola, excess water fills the swamps and overflows, 
filling Lake Ngami farther to the south, and flows east- 
ward through the Boteti River into Lake Xau and the 
Makgadikgadi Pans. Similarly, the Cuando River flows 
south from Angola and partly into a northeastem exten- 
sion of the same swamps. Thus is created the paradoxical 
Situation of an area with an extensive excess of water in a 
region chronically short of water.

Soils. Soils in the Kalahari are largely based on sand, 
are reddish in color, and are low in organic material.
Chemically, they are relatively alkaline, and they are ex­
tremely dry. In and near the pans, the soils tend to be 
highly calcareous or saline, and frequently they are toxic 
to most Vegetation.

Climate. Traditionally, an area was classed as desert if 
it received less than 10 inches (250 millimetres) of rain 
annually. A more accurate definition of a desert is a region 
in which the potential evaporation rate is twice as great 
as the precipitation. Both of these criteria are applicable 
to the southwestem half of the Kalahari. The northeastem 
portion, however, receives much more rainfall and, cli- 
matically, cannot qualify as a desert; and yet, it is totally 
lacking in surface water. Rain drains instantly through 
the deep sands of the area, which creates a Situation of 
edaphic drought (i.e., soil completely devoid of moisture).

Moisture-bearing air is derived from the Indian Ocean, 
and precipitation is greatest in the northeast (with a mean 
annual precipitation of more than 20 inches) and declines 
toward the Southwest (less than 5 inches on the southem 
fringe of the Kalahari). Precipitation, however, is highly 
variable. Most of the rain comes as summer thunder- 
storms, with great Variation from place to place and from 
year to year. Winters are extremely dry: humidity is very 
low, and no rain falls for six to eight months.

Great ranges in both diumal and seasonal temperatures Tempera- 
are the mie, the result of the Kalahari’s relatively high tures 
altitude and predominantly clear, dry air (allowing strong 
insolational hearing in daytime and great radiational heat 
loss at night). As a result, shade temperatures often reach 
110°-115° F (43°-46° C) on summer days but drop to 
70°-80° F (21°-27° C) on the same nights; temperatures 
on winter nights commonly drop to freezing and may go 
as low as 10° F (—12° C).
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Plant life. The presence of a deep sand cover over most 
of the area greatly affects the Vegetation that grows there. 
Shallow-rooted plants cannot survive on a perennial basis, 
although annuals that grow very rapidly after a good rain 
may be able to sow seeds that will endure until the next 
good rainy season. Trees with roots deep enough to reach 
permanently moist sand levels do well.

The southwestem Kalahari, with its very low precipi­
tation, has few trees or large bushes—only scattered xe- 
rophytic (drought-tolerant) shmbs and short grasses. The 
central Kalahari, with more rain, has scattered trees (sev­
eral species of Acacia) and some shmbs and grasses. The 
northem Kalahari does not have the appearance of a desert 
at all. It has open woodlands, palm trees growing among 
thorn bmsh, and forests of both evergreen and deciduous 
trees that grow to heights of 50 feet and yield some species 
suitable for timber; one of the largest and most unusual of 
these trees is the baobab. The Okavango Swamp supports 
a dense growth of reeds, papyms, pond lilies, and other 
water-loving plants.
Animal life. The animal life of the Kalahari is also 

richer and more varied in the north than in the south. Yet 
even in the arid south, many individuals of several species 
stay for long periods of the year despite the absence of 
surface water. The principal species found in the south are 
springbok, gnu (wildebeest), and hartebeest—all of which 
occasionally are present in great herds—gemsbok (oryx), 
eland, and many smaller nongregarious species, such as 
kudu (in areas of denser bmsh), steenbok, and duiker.

Animals Animals © Anthony Bannister

Springbok in the Kalahari Gem sbok National Park, Cape of 
Good Hope, S.Af.

The northern Kalahari supports a considerable popula­
tion of giraffes, zebras, elephants, buffalo, and antelopes 
(roan, sable, tsessebe, and impala); predators such as lions, 
cheetahs, leopards, wild hunting dogs, and foxes; other 
large and medium-sized mammals, such as jackals, hyenas, 
warthogs, baboons, badgers, anteaters, ant bears, hare, and 
porcupines; and numerous small rodents, several types of 
snakes and lizards, and a wealth of birdlife. (R.F.Lo.)
The people and the economy. The Kalahari is inhabited 

primarily by Bantu-speaking Africans and Khoisan-speak- 
ing San, with a small number of Europeans.

The Bantu-speaking peoples. The Bantu-speaking peo­
ples—the Tswana, the Kgalagadi, and the Herero—are 
relative newcomers to the Kalahari. In the late 18th Cen­
tury the Tswana spread west from the Limpopo basin into

the northem and eastern Kalahari; the Kgalagadi moved 
north and west into the Southern and western Kalahari; 
and the Herero refugees from the German colonial wars in 
South West Africa (Namibia) fled east into the western and 
northem Kalahari at the beginning of the 20th Century.

Those in the remoter parts of the Kalahari who are 
unaffected by mining or other industry live in villages 
of between 200 and 5,000 people. Housing is mostly of 
the traditional type: single-roomed huts with mud walls 
and thatched roofs. Water is the limiting factor, confining 
settlement to places situated near wells or boreholes with 
potable water.

Cattle, the basis of the economy, are kept on the outskirts 
of villages, or at distances of up to 50 miles away. Ex­
cept in the Ghanzi District of Botswana—where most of 
the livestock raising is done on private ranches, many of 
them owned by Africans—grazing lands are state-owned, 
and their use is regulated by local govemment councils. 
Wells and boreholes are owned by the councils, syndicates 
of cattle owners, or private individuals; year-round cattle 
grazing is limited to their vicinity. In summers of above- 
average rains, however, pastoralists may trek with their 
stock to remote pastures, where for a short time water 
may occur in pools. Cattle and goats feed upon a small 
range of the available Vegetation. Since effective pasture 
management is little practiced, the grazing of these an­
imals is highly destructive. Pasture loss and subsequent 
desertification are serious threats to the ecology of the 
Kalahari. Cattle are prized beyond their economie value, 
as their ownership is a measure of social status and per­
sonal worth. Thus, the desire to possess more cattle puts 
an increasing load on diminishing pasture, leaving it no 
chance for recovery. The traditional dangers to livestock— 
drought, disease, internal parasites, and wild predators— 
have diminished markedly as more boreholes have been 
sunk, veterinary care improved, and indigenous fauna 
have grown scarcer. In addition, wealthier cattle owners 
have improved their herds by introducing better stock and 
practicing scientific breeding.

Goats fumish most of the meat and milk for home 
consumption, and nearly all households cultivate crops 
of corn (maize), sorghum, and pumpkins. Because of the 
threat of drought, more crops fail than are successful. Wild 
food plants and the meat of game animals are impor­
tant components of diet in the smaller and more remote 
villages. All villages have trading stores or are visited by 
hawkers who sell foodstuffs and other commodities.

All but the smallest villages have state-run primary 
schools, which are attended by the great majority of chil­
dren, although few proceed to secondary education. State- 
run health clinics and hospitals in the larger villages sup­
plement the services of herbalists and diviners.

Riding horses and donkeys are the usual means of local 
travel. Trucks belonging to traders or to the mine labour 
recruiting agency are used for longer joumeys.

Large diamond deposits were discovered in Botswana 
soon after the country’s independence, and the opening 
of the diamond mine at Orapa in 1971 marked the begin­
ning of the development of mining activities in scattered 
locations of the Kalahari. In addition, tourism and the 
sale of handicrafts have become economically important.

San. The San—or Basarwa, as they are called in much 
of the region—are now either clients of Bantu-speaking 
pastoralists and work at cattle posts in return for support 
or they are employees of the cattle ranches of the Ghanzi 
District or are dependents of such employees. Few San still 
follow their traditional pattem of hunting and gathering. 
Many have been resettled by the govemment of Botswana 
from their traditional homes in the Central Kalahari Game 
Reserve to new villages built outside the reserve.
Although all San traditionally were hunter-gatherers, 

there were significant cultural and social differences be­
tween groups. For example, a number of groups had 
long-standing clientships with Bantu-speaking stockown- 
ers, while other groups lived—until the 1970s—solely as 
autonomous foragers. Of these latter peoples, the Kung 
(/Kung), /xong, and G/wi tribes (the ‘7 ” and ‘7 ” repre- 
senting click sounds) were intensively studied. While each 
group was distinct, the G/wi of the Central Kalahari Game

Cattle
raising
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The G/wi

Reserve can be considered an example of the traditional 
San hunter-gatherer way of life.
The G/wi lived together in bands, each consisting of 5 to 

16 households linked by bonds of kinship and friendship. 
Each band had a recognized territory of 300 to 400 square 
miles, selected for its resources of food plants (the main 
part of the diet), wet-season water holes (used during the 
six to eight weeks when sufficiënt rainwater gathered in 
pools), trees (for shade, shelter, firewood, and wood for 
making artifacts), and areas of grazing to attract and sus- 
tain herds of game animals. Subsistence was based on a 
number of species of edible plants, of which eight were 
staples in their various seasons. This diet was supple- 
mented by the meat of antelopes and other herbivorous 
mammals, by tortoises and other reptiles, and by the flesh 
and eggs of all but raptorial and scavenging birds. Plant- 
gathering was mostly done by women ranging within five 
miles of the camp, while men hunted over a much larger 
area. The main hunting weapon was a light bow shooting 
flimsy, unfletched, poisoned arrows. The range of these 
bows was only about 75 feet, and great skill was needed

to stalk the quarry within this distance. Antelope leather 
provided material for clothing, which included cloaks that 
also served as blankets and carrying bags.

From November to some time between late June and 
early August—a period when there is sufficiënt food— 
the band lived as one community, moving from camp 
to camp every three or four weeks as the local supply of 
food plants became exhausted. Blighting frosts depleted 
the available food plants in winter (May to September), 
and the band would then split into its constituent house­
holds, each retreating to a separate part of the territory. 
Early-fruiting plants increased the food supply just before 
the approach of the wet season, allowing the band to 
reunite at a joint campsite. During dry seasons, shelters 
were little more than open windbreaks made of branches 
and grass. In rainy periods, domed structures of branches 
were thatched and made rainproof.
Europeans. Europeans first entered the Kalahari early 

in the 19th Century as travelers, missionaries, ivory 
hunters, and traders. The only European settlement was 
in the Ghanzi District, where a number of families were
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allowed ranching blocks in the 1890s. Until the 1960s 
they led a life of isolation and poverty, but since then 
they have been able to gain ownership of the land and 
improve their living conditions. Most other whites in the 
Kalahari are govemment employees or are engaged in 
private enterprise. (G.Si.)

Transportation. Because of its sparsely populated ex- 
panse, the Kalahari is served by infrequent roads and 
tracks, the majority of which are passable only by trucks 
or four-wheel drive vehicles. Maintained roads connect 
administrative centres, major habitations, and marginal 
farming areas in the south, Southwest, and northwest. 
Constmcted roads now link eastem Botswana with the 
Okavango Swamp and with mining developments south 
of the Makgadikgadi Pans.
Study and exploration. The Kalahari’s lack of surface 

water and deep sands constituted a major obstacle to early 
travelers. The Scottish missionary and explorer David 
Livingstone, with assistance from local peoples, traversed 
the Kalahari in 1849 with great effort by utilizing local 

The waterholes. In 1878-79 a party of Boers in the Dors-
Dorsland land (“Thirstland”) Trek crossed the Kalahari from the 
Trek Transvaal to central Angola by a circuitous route, losing

along the way about 250 people and 9,000 cattle, largely 
from thirst. The introduction of motor vehicles in the 20th 
Century greatly improved transport into the Kalahari, but 
even as late as the 1950s large areas were virtually inac- 
cessible and were never visited by outsiders. By the mid- 
1970s, however, vehicle mobility had improved to such a 
degree that the whole of the Kalahari had been opened to 
study, hunting, and tourist expeditions.

NAMIB
The Namib is a cool Coastal desert extending for 1,200 
miles (1,900 kilometres) along the Atlantic coast from 
Namibe (formerly Mogämedes) in Angola southward 
across Namibia to the Olifants River in the Cape Province 
of South Africa. It reaches inland 80 to 100 miles to 
the foot of the Great Escarpment. The southem portion 
merges with the Kalahari on the plateau atop the es­
carpment. Its name is derived from the Nama language, 
implying “an area where there is nothing.”
The Namib is arid and is almost totally uninhabited, 

except for several towns. It is important because of the 
trade routes that cross it, its mineral deposits, the fisheries 
of the bordering sea, and its increasing utilization for 
recreational purposes.
For map coverage of the Namib, see above Kalahari.
Physical features. The Namib is divided into three 

successive north-south-trending strips: the very narrow 
Coastal region along the Atlantic, strongly subject to ma­
rine influences; the Outer Namib, occupying the rest of

the western half of the desert; and the Inner Namib, 
constituting the eastem portion. The boundaries between 
them consist of broad transition zones.
Physiography. The desert basically consists of a rela­

tively smooth platform of truncated bedrock of various 
types and ages. Mica-schist and other metamorphics and 
granite and similar intrusives predominate. The platform 
rises gradually from the coast to about 3,000 feet (900 
metres) at the foot of the escarpment. Scattered isolated 
mountains rise steeply and abruptly above the platform, 
and in the northem half several streams have carved deep, 
steep-walled gorges into it.

In much of the southem half of the desert the platform is 
surmounted by a vast expanse of sand—yellow-gray near 
the coast and brick-red inland—which is derived from the 
Orange River and from other rivers that flow westward 
from the escarpment but never reach the sea. The dunes 
run in lines from north-northwest to south-southeast, with 
individual dunes having lengths of 10 to 20 miles and 
reaching heights of 200 to 800 feet. The troughs between 
these lines of dunes are interrupted by smaller transverse 
dunes. The extreme southem Coastal area consists of wind- 
scoured bedrock and a few rapidly moving crescent-shaped 
barchans (i.e., dunes convex to the wind). The northem 
third—the Kaokoveld region—consists of gravel plains 
and rock platforms occurring between scattered, mgged 
mountains, interspersed with a few large dune fields.
Drainage. Being an almost rainless area, the Namib 

has a poorly developed and fragmentary drainage pattem.
Water from the interior plateau flows through or into the 
desert. In the northem half the larger streams reach the 
sea, but between the Kuiseb and the Orange rivers, every 
stream terminates in a vlei (salt pan or mud flat) against 
or among the dunes.

A portion of the water of major streams seeps through Seepage 
the sands of the streambeds. The underflow of the Kuiseb of stream 
River has been tapped 25 miles inland to provide water water 
supplies for Walvis Bay and Swakopmund. A pipeline 80 
miles long supplies Lüderitz with water from the seepage 
of the Koichab, a stream that terminates in the dunes.
Only the Cunene and the Orange rivers flow permanently 
on the surface. Other streams have surface flow only after 
heavy rainfall in the interior plateaus—they normally flow 
for no more than a few days in several years.

Soils. Large areas of the Namib are completely soilless, 
with bedrock at the surface. Other areas are covered with 
shifting sand. Soils that do occur are often highly saline, 
impregnated with gypsum, or cemented firmly by calcium 
carbonate, the latter forming a calcrete layer just below 
the surface. Arable soils in the Namib are limited to flood- 
plains and the terraces of major rivers and are subject to 
occasional inundation.

Paul Freestone— Robert Harding Picture Library

Sand dunes surrounding Sossusvlei, the termination of the Tsauchab, an intermittent stream 
in south-central Namib, Namibia.
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Climate. The Coastal area is almost totally rainless, yet 
its air is almost always at or near the Saturation point. The 
cold Benguela Current flows northward along the coast, 
chilling the air above it and thus producing fog. This 
cool air moves inland as a Southwest sea breeze, creating 
a temperature inversion about 1,000 feet thick, with fog 
below and hot, dry air above.
At the coast, there is little difference in temperature 

between day and night or between winter and summer. 
Temperatures are usually between 50° and 60° F (10° and 
16° C). Along the inland margins, summer temperatures 
normally reach about 88° F (31 ° C); only in areas sheltered 
from the cooling sea breeze (lee sides of mountains and 
bottoms of canyons) do temperatures frequently approach 
those expected in low-latitude deserts—i.e., in excess of 
100° F (38° C). Freezing temperatures occur occasionally 
along the inner edge of the desert. On a few days each 
year, usually in fall or spring, berg (or mountain) winds, 
blowing from the east, bring high temperatures (above 
100° F), together with dry air and clouds of dust, across 
the desert to the coast itself. The rare rains occur usually 
as short-lived torrential thunderstorms.
Average annual precipitation at the coast is generally 

about 0.5 inch (13 millimetres), increasing inland, until it 
reaches 2 inches at the foot of the escarpment. In some 
years, however, no rain falls at all. Dew, on the other 
hand, is heavy and for some types of Vegetation is more 
important than the rainfall. In the extreme south, some 
winter precipitation occurs from frontal storms passing 
farther south over the Cape region; on rare occasions, 
snow may fall on the higher southem mountains.

Vegeta- Plant life. Six vegetational regions may be identified in 
tional the Namib: (1) the Coastal region, with highly succulent
regions Vegetation, which uses moisture derived from the fog, (2) 

the almost completely barren Guter Namib, (3) the steppes 
of the Inner Namib, which in many years are barren but 
which in wet years are covered with short grasses, both 
annual and perennial, (4) the dunes of the Inner Namib, 
which produce a surprisingly rieh flora of bushes and tall 
grasses, (5) the larger river channels, along which large 
trees, particularly acacias, grow, and (6) the Southern win­
ter rainfall area, where a succulent bush growth occurs. 
A curious Namib plant is the tumboa, or welwitschia 
(Welwitschia mirabilis), whose two gigantic leaves sprawl 
over the surface of the ground from the crest of its huge 
root crown.
Animal life. The plains and dunes of the Inner Namib 

support large numbers of several varieties of antelope, es­
pecially gemsbok (oryx) and springbok, as well as ostriches 
and some zebras. Elephants, rhinoceroses, lions, hyenas, 
and jackals are found in the northem Namib, especially 
along the rivers that flow from the interior highlands to the 
Atlantic. The dunes of the Outer Namib provide habitats 
for various types of insects and reptiles, especially beetles, 
geckos, and snakes, but virtually no mammals. The shore 
area is densely populated by marine birds (notably flamin- 
gos, pelicans, and, in the southem part, penguins), as well 
as a few jackals, some rodents, and a few colonies of seals. 
Large quantities of guano are scraped annually from the 
rocks of several offshore islands.

The people and the economy. A few San roamed the 
Namib until early in the 20th Century, gathering whatever 
was edible along the shore, hunting in the Inner Namib, 
and often depending for water upon the bitter juices of 
the tsama (tsamma) melon. A small number of Herero 
tribesmen continue to herd cattle and goats from water­
hole to waterhole in the desert part of the Kaokoveld, 
living in their traditional manner. A few Topnaar Nama 
Khoikhoin also graze their sheep and goats on the riverine 
Vegetation along the Kuiseb River. A great part of the 
Namib is now totally unused and unoccupied, the aborig­
inal people having left to adopt new homes and new ways 
of life. A few areas, however, are productive in some way.

The innermost steppes in the southem half of the desert 
are divided into private “farms” (ranches), which are op- 
erated by Europeans using native labour and are devoted 
to the raising of Karakul sheep; the wavy-haired pelts of 
newbom lambs of these sheep are used for für coats in 
Europe.

Much of the central and northem Namib has been set 
aside for recreation and Conservation. The Namib Desert Parks and 
Park in the central area is a desert range for flocks of reserves 
antelope, zebra, and östlich. A strip about 130 miles in 
length along the coast northwest of Swakopmund consti- 
tutes the National West Coast Tourist Area; within it is 
the Cape Cross Seal Reserve, which protects a breeding 
area. Farther north is the Skeleton Coast National Park, 
where entry is restricted in order to preserve the fragile 
desert environment.
A vast area Stretching from the Kuiseb River to the 

Orange River on the South African border and reach­
ing inland some 80 miles constitutes the Sperrgebiet, or 
“Forbidden Zone,” to which all entry is strictly restricted 
because of the possible presence of diamonds there. Dia­
monds are extracted from alluvial beds near the coast by 
large-scale equipment, chiefly in the area near the mouth 
of the Orange River.
There are four cities on the Namib coast. Swakopmund, 

the summer Capital for Namibia and a populär Coastal 
resort town, still retains much of the atmosphere from the 
days when South West Africa was a German colony. From 
mid-December to mid-February many functions of the 
govemment are transferred from Windhoek to Swakop­
mund to escape the heat of the interior. Swakopmund has 
been greatly changed by the development of a large ura­
nium mine located some 25 miles inland. Walvis Bay, just 
to the south of Swakopmund, is a Coastal enclave belong- 
ing to South Africa that is surrounded by Namibia. It is a 
modem port city with a mixed population of Europeans,
Coloureds, and Africans—the Africans consisting partly 
of Nama families from south-central Namibia but largely 
of male Ovambo from Angola and the northem part of 
Namibia, who have found employment at the port. The 
port serves as a base for fishing fleets that supply both 
shore canneries and cannery ships on the open sea. It is 
also the major transhipment port for Namibia. Lüderitz, a 
small town on a shallow, rock-strewn harbour, has a small 
trade with Walvis Bay and Cape Town and is the base 
of a crayfish (lobster) industry. Oranjemund, a Company 
town of the Consolidated Diamond Mines, is a base for 
large-scale diamond mining in the alluvial gravels along 
the southem coast.

The Namib is crossed by rail lines and tarred roads, both Trans- 
from Walvis Bay-Swakopmund and from Lüderitz, which portation 
are integrated with the internal rail and road Systems of 
Namibia and South Africa. Except for roads from Swakop­
mund north for about 130 miles, between Swakopmund 
and Walvis Bay, and from Lüderitz to Oranjemund, no 
improved roads exist along the coast, in the Kaokoveld 
to the northwest, or in the area between Walvis Bay 
and Lüderitz.

Study and exploration. Cursory exploratory voyages 
were made along the coast from the 15th to 17th Cen­
tury, Walvis (“Whale Fish”) Bay was used as a base for 
New England whaling ships in the early 19th Century, and 
there were direct routes for traders and missionaries from 
Lüderitz and Walvis Bay into the interior. Otherwise, lit­
tle was known of the Namib until the latter part of the 
19th Century. After South West Africa was established as 
a territory of Germany in the early 1890s, the German 
military began the detailed exploration and mapping of 
the desert. (R.F.Lo.)

SAHARA
The Sahara is the largest desert in the world. Filling nearly 
all of northem Africa, it measures approximately 3,000 
miles (4,800 kilometres) from east to west and between 
800 and 1,200 miles from north to south and has a total 
area of some 3,320,000 square miles (8,600,000 square 
kilometres). The Sahara is bordered in the west by the 
Atlantic Ocean, in the north by the Atlas Mountains and 
Mediterranean Sea, in the east by the Red Sea, and in the 
south by a zone of ancient, immobile sand dunes aligned 
with latitude 16° N.

Physical features. Physiography. The principal topo- 
graphical features of the Sahara include shallow, seasonally 
inundated basins (chotts and dayas) and large oasis de- 
pressions; extensive gravel-covered plains (serirs or regs);
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The Sahara.

rock-strewn plateaus (hammadas); abrupt mountains; and 
sand sheets, dunes, and sand seas (ergs). The highest point 
in the desert is the 11,204-foot (3,415-metre) summit of 
Mount Koussi in the Tibesti Mountains in Chad; the low- 
est, 436 feet (133 metres) below sea level, is in the Qattara 
Depression of Egypt.
The name Sahara derives from the Arabic noun §ahrä\ 

meaning desert, and its plural, §ahärä\ It is also related 
to the adjective a§har, meaning desertlike and carrying a 
strong connotation of the reddish colour of the vegetation- 
less plains. There are also indigenous names for particular 
areas—such as the Tanezrouft region of southwestem Al­
geria and the Ténéré region of central Niger—which are 
often of Berber origin.

Geologie The Sahara sits atop the African Shield, which is com-
framework posed of heavily folded and denuded Precambrian rocks.

Because of the stability of the shield, subsequently de- 
posited Paleozoic formations have remained horizontal 
and relatively unaltered. Over much of the Sahara, these 
formations were covered by Mesozoic deposits—including 
the limestones of Algeria, southem Tunisia, and northem 
Libya, and the Nubian sandstones of the Libyan Desert— 
and many of the important regional aquifers are identi- 
fied with them. In the northem Sahara, these formations 
are also associated with a series of basins and depressions 
extending from the oases of western Egypt to the chotts 
of Algeria. In the southem Sahara, downwarping of the 
African Shield created large basins occupied by Cenozoic 
lakes and seas, such as the ancient Mega-Chad. The serirs 
and regs differ in character in various regions of the desert 
but are believed to represent Cenozoic depositional sur­
faces. A prominent feature of the plains is the dark patina 
of ferromanganese compounds, called desert varnish, that 
forms on the surfaces of weathered rocks. The plateaus 
of the Sahara, such as the Tademait Plateau of Algeria, 
are typically covered with angular, weathered rock. In the 
central Sahara, the monotony of the plains and plateaus is 
broken by prominent volcanic massifs—including Mount 
'Uwaynat and the Tibesti and Ahaggar mountains. Other 
noteworthy formations include the Ennedi Plateau of 
Chad, the Air Massif of Niger, the Iforas Massif of Mali, 
and the outcroppings of the Mauritanian Adrar region.

Sand sheets and dunes cover approximately 25 percent of 
the Sahara’s surface. The principal types of dunes include 
tied dunes, which form in the lee of hills or other obsta- 
cles; parabolic blowout dunes; crescent-shaped barchans 
and transverse dunes; longitudinal seifs; and the massive, 
complex forms associated with sand seas. Several pyrami­
dal dunes in the Sahara attain heights of nearly 500 feet, 
while draa, the mountainous sand ridges that dominate

the ergs, are said to reach 1,000 feet. An unusual phe- 
nomenon associated with desert sands is their “singing” 
or booming. Various hypotheses have been advanced to 
explain the phenomenon, such as those based upon the 
piezoelectric property of crystalline quartz, but the mys- 
tery remains unsolved.

Drainage. Several rivers originating outside the Sahara 
contribute to both the surface water and groundwater 
regimes of the desert and receive the discharge of its 
drainage networks. Rivers rising in the tropical highlands 
to the south are particularly prominent: the main trib- 
utaries of the Nile join in the Sahara, and the river 
flows northward along the desert’s eastem margin to the 
Mediterranean; several rivers discharge into Lake Chad in 
the southem Sahara, and a significant quantity of water 
continues northeastward and contributes to the recharge 
of regional aquifers; and the Niger rises in the Fouta Djal- 
lon region of Guinea and flows through the southwestem 
Sahara before tuming southward to the sea. Streams and 
wadis (ephemeral streams) flowing from the Atlas Moun- Wadis 
tains and Coastal highlands of Libya, Tunisia, Algeria, and 
Morocco contribute additional water. Prominent among 
these are the Saoura and Dräa. Many of the smaller wadis 
discharge into the chotts of the northem Sahara. Within 
the desert itself, there are extensive networks of wadis: 
some are seasonally active remnants of Systems formed 
during more humid periods in the past; some, however, 
have been shaped by the sudden discharge of historically 
documented storms, such as the flood that destroyed 
Tamanrasset, Alg., in 1922. Particularly significant are the 
complex network of wadis, lakes, and pools associated 
with the Tibesti Mountains and those associated with the 
Tassili n’Ajjer region and the Ahaggar Mountains, such 
as Wadi Tamanrasset. The sand dunes of the Sahara store 
considerable quantities of rainwater, and seeps and springs 
issue from various escarpments in the desert.

Soils. The soils of the Sahara are low in organic matter, 
exhibit only slightly differentiated horizons (strata), and 
are often biologically inactive, although nitrogen-fixing 
bacteria are present in some areas. The soils in depres­
sions are frequently saline. At the margins of the desert 
are soils containing greater concentrations of organic mat­
ter. Weatherable minerals are a prominent constituent of 
these soils, and chemically active expanding-lattice clays 
are common. Free carbonates are often present, indicating 
that little leaching has occurred. Compact and indurated 
layers, or emsts, are largely restricted to the northwest- 
ern section of the desert in association with calcareous 
bedrock. Fine materials, including deposits of diatoma- 
ceous earth, are limited to basins and depressions.
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Climate. The Sahara was established as a climatic desert 
approximately five million years ago, during the Early 
Pliocene Epoch. Since the Pliocene, the Sahara has been 
subject to short- to medium-term oscillations of drier and 
more humid conditions. Human activity seems to have 
contributed to the stability of the desert by increasing sur­
face reflectivity and by reducing evapotranspiration. Dur­
ing the past 7,000 years cattle-based animal husbandry in 
the desert and along its margins apparently has contributed 
further to the maintenance of these conditions, and the 
climate of the Sahara has been relatively constant for 
2,000 years. A noteworthy departure from existing norms 
occurred from the 16th to 18th Century, the period of the 
so-called Little Ice Age in Europe: precipitation increased 
significantly along the tropical margin of the Sahara, in 
the desert its'elf, and perhaps along the northem margin 
as well. By the 19th Century, however, a climate similar 
to that of the present was reestablished.

Two main The Sahara is dominated by two climatic regimes: a dry 
climatic subtropical climate in the north and a dry tropical climate
regimes in the south. The dry subtropical climate is characterized

by unusually high annual and diumal temperature ranges, 
cold to cool winters and hot summers, and two precipita­
tion maximums. The dry tropical climate is characterized 
by a strong annual temperature cycle following the decli- 
nation of the sun; mild, dry winters; and a hot dry season 
preceding variable summer rains. A narrow strip of the 
western Coastal zone has a relatively cool, uniform temper­
ature reflecting the influence of the cold Canary Current.
The dry subtropical climate of the northem Sahara is 

caused by stable high-pressure cells centred over the tropic 
of Cancer. The annual range of average daily temperatures 
is about 36° F (20° C). Winters are relatively cold in the 
northem regions and cool in the central Sahara. For the 
zone as a whole, average monthly temperatures during the 
cold season are approximately 55° F (13° C). The summers 
are hot. The highest temperature ever recorded was 136° 
F (58° C) at Al-cAzïzïyah, Libya, on the northem margin 
of the Sahara. Daily temperature ranges are considerable 
during both the winter and summer months. Although 
precipitation is highly variable, it averages about 3 inches 
(76 millimetres) per year. Most precipitation falls from 
December through March. Another maximum occurs in 
August, characterized by thunderstorms. These storms can 
cause tremendous flash floods that rush into areas where 
no precipitation has fallen. Little precipitation falls in May 
and June. Snowfall occurs occasionally over the northem 
plateaus. Another feature of the dry subtropics are the hot, 
southerly winds that often carry dust from the interior. 
Although they occur at various times of the year, they 
are especially common during the spring. In Egypt they 
are known as the khamsin, in Libya as the ghibli, and in 
Tunisia as the chili. The dust-laden haboob winds of The 
Sudan are of shorter duration, chiefly occur during the 
summer months, and often usher in heavy rains.

The dry tropical climate to the south is dominated by the 
same high-pressure cells, but it is regularly influenced by 
the seasonal interaction of a stable Continental subtropical 
air mass and a southerly, unstable maritime tropical air 
mass. The annual range in average daily temperatures in 
the dry tropical regions of the Sahara is approximately 
31.5° F (17.5° C). Average temperatures for the coldest 
months are essentially the same as they are for the sub­
tropical zone to the north, but the diumal range is more 
moderate. In the higher elevations of the zone, the lows 
approximate those of more northerly, subtropical regions. 
For example, absolute lows of 5° F (—15° C) have been 
recorded in the Tibesti Mountains. Late spring and early 
summer are hot; high temperatures of 122° F (50° C) are 
not unusual. Although the massifs of the dry tropics often 
receive small quantities of precipitation throughout the 
year, the lowlands have a single summer maximum. As in 
the north, much of this rainfall occurs as thunderstorms. 
Precipitation averages are about five inches per year, occa­
sionally including some snowfall in the central massifs. In 
the western margin of the desert the cold Canary Current 
reduces air temperatures, thereby reducing convectional 
rainfall, but resulting in higher humidity and occasional 
fogs. In the southem Sahara the winter is the period of the

harmattan, a dry northeasterly wind laden with sand and 
other easily transported dust particles.
Plant life. Saharan Vegetation is generally sparse, with 

scattered concentrations of grasses, shmbs, and trees in the 
highlands, in oasis depressions, and along the wadis. Vari­
ous halophytes (salt-tolerant plants) are found in saline de­
pressions. Some heat- and drought-tolerant grasses, herbs, 
small shmbs, and trees are found on the less well-watered 
plains and plateaus of the Sahara.

The Vegetation of the Sahara is particularly noteworthy 
for its many unusual adaptations to unreliable precipita­
tion. These are variously seen in morphology—including 
root stmcture, a broad range of physiological adaptations, 
site preferences, dependency and affinity relationships, and 
reproductive strategies. Many of the herbaceous plants 
are ephemerals that may germinate within three days of 
adequate rainfall and sow their seeds within 10 or 15 
days of germination. Sheltered in the Saharan massifs are 
occasional stands of relict Vegetation, often with Mediter­
ranean affinities.

Prominent among the relict woody plants of the Saharan 
highlands are species of olive, cypress, and mastic trees. 
Other woody plants found in the highlands and elsewhere 
in the desert include species of Acacia and Artemisia, 
doum palm, oleander, date palm, and thyme. Halophytes 
such as Tamarix senegalensis are found along the western 
Coastal zone. Grasses widely distributed in the Sahara in­
clude species of Aristida, Eragrostis, and Panicum. Aeluro- 
pus littoralis and other salt-tolerant grasses are found along 
the Atlantic coast. Various combinations of ephemerals 
form important seasonal pastures called acheb.
Animal life. Relict tropical fauna of the northem Sa­

hara include tropical catfish and chromides found at 
Biskra, Alg., and in isolated oases of the Sahara; cobras 
and pygmy crocodiles may still exist in remote drainage 
basins of the Tibesti Mountains. More subtle has been the 
progressive loss of well-adapted, more mobile species to 
the advanced firearms and habitat destmction of humans. 
The North African elephant became extinct during the 
Roman period, but the lion, ostrich, and other species 
were established in the desert’s northem margins as late 
as 1830. The last addax in the northem Sahara was killed 
in the early 1920s; serious depletion of this antelope has 
also occurred on the southem margins and in the cen­
tral massifs.

Among the mammal species still found in the Sahara 
are the gerbil, jerboa, Cape hare, and desert hedgehog; 
Barbary sheep and scimitar-homed oryx; dorcas gazelle, 
dama deer, and Nubian wild ass; anubis baboon; spotted 
hyena, common jackal, and sand fox; and Libyan striped 
weasel and slender mongoose. Including resident and mi­
gratory populations, the birdlife of the Sahara exceeds 300 
species. The Coastal zones and interior waterways attract 
many species of water and shore birds. Among the species 
encountered in the interior regions are ostriches; various 
raptors; secretary birds, guinea fowl, and Nubian bustards; 
desert eagle owls and bam owls; sand larks and pale crag 
martins; and brown-necked and fan-tailed ravens.

Frogs, toads, and crocodiles live in the lakes and pools 
of the Sahara. Lizards, chameleons, skinks, and cobras are 
found among the rocks and dunes. The lakes and pools of 
the Sahara also contain algae and brine shrimp and other 
crustaceans. The various snails that inhabit the desert are 
an important source of food for birds and animals. Desert 
snails survive through aestivation (dormancy), often re- 
maining inactive for several years before being revived by 
rainfall. (J.A.G.)

The people. Although as large as the United States, the 
Sahara (excluding the Nile valley) is estimated to contain 
only some 2.5 million inhabitants—less than 1 person per 
square mile (0.4 per square kilometre). Huge areas are 
wholly empty, but wherever meagre Vegetation can support 
grazing animals or reliable water sources occur, scattered 
clusters of inhabitants have survived in fragile ecological 
balance with one of the harshest environments on earth.

Long before recorded history, the Sahara was evidently 
more widely occupied. Stone artifacts, fossils, and rock art, 
widely scattered through regions now far too dry for occu- 
pation, reveal the former human presence, together with
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that of game animals, including antelopes, buffalo, giraffe, on the mountain borders, and in the slightly moister
elephant, rhinoceros, and warthog. Bone harpoons, accu- west. Cattle appear along the southem borders with the
mulations of shells, and the remains of fish, crocodiles, Sahel, but sheep, goats, and camels are the mainstays in
and hippopotamuses are associated with prehistorie settle- the desert. Major pastoral groups include the Regeibat of Pastoral
ments along the shores of ancient Saharan lakes. Among the northwestem Sahara and the Chaamba of the north- groups
some groups, hunting and fishing were subordinated to no- em Algerian Sahara. Hierarchical in structure, the larger
madic pastoralism, after domesticated livestock appeared pastoral groups formerly dominated the desert. Warfare
in the Sahara almost 7,000 years ago. The cattle-herding and raids (ghazw) were endemic, and in drought periods
groups of the Ténéré region of Niger are believed to have wide migrations in search of pasture took place, with
been either ancestral Berbers or ancestral Zaghawa; sheep heavy loss of animals. The Tuareg (who call themselves
and goats were apparently introduced by groups associated Kei Tamasheq) were renowned for their warlike qualities
with the Capsian culture of northeastem Africa. Direct and fierce independence. Although they are Islämic, they
evidence of agriculture first appears about 6,000 years ago retain a matriarchal organization, and the women of the
with the cultivation of barley and emmer wheat in Egypt; Tuareg have an unusual degree of freedom. The Moor-
these appear to have been introduced from Asia. Evidence ish groups to the west formerly possessed powerful tribal
of the domestication of native African plants is first found confederations. The Teda, of the Tibesti and its southem
in pottery from about 1000 bc  discovered in Mauritania. borderlands, are chiefly camel herders, renowned for their
The cultivators have been associated with the Gangara, independence and for their physical endurance.
the ancestors of the modem Soninke. In the desert proper, sedentary occupation is confined to
Archaeological evidence suggests that the Sahara was in- the oases, where irrigation permits limited cultivation of

creasingly inhabited by diverse populations, and plant and the date palm, pomegranate, and other fruit trees; such
animal domestication led to occupational specialization. cereals as millet, barley, and wheat; vegetables; and such
While the groups lived separately, the proximity of settle- specialty crops as henna. Cultivation is in small “gar-
ments suggests an increasing economie interdependence. dens,” maintained by a great expenditure of hand labour.
Extemal trade also developed. Copper from Mauritania Irrigation utilizes ephemeral streams in mountain areas,
had found its way to the Bronze Age civilizations of the permanent pools (gueltas), foggaras (inclined underground
Mediterranean by the 2nd millennium b c . Trade intensi- tunnels dug to tap dispersed groundwater in the beds
fied with the emergence of the Iron Age civilizations of of wadis), springs (cayn\ and wells (bfr). Some shallow
the Sahara during the Ist Century b c , including the civi- groundwaters are artesian, but it is often necessary to use
lization centred in Nubia. water-lifting devices such as the shadoof (a pivoted pole
The greater mobility of nomads facilitated their involve- and bucket) and the animal-driven noria (a Persian wheel

ment in the trans-Saharan trade. Increasing aridity in the with buckets). To a limited extent diesel pumps have
Sahara is documented in the transition from cattle and replaced these ancient means in more accessible oases,
horses to camels. Although camels were used in Egypt Water availability strictly limits oasis expansion, and, in
by the 6th Century b c , their prominence in the Sahara some, overuse of water has produced a serious fall in the
dates from only the 3rd Century a d . Oasis dwellers in the water level, as in the oases of the Adrar region of Mauri-
Sahara were increasingly subject to attack by the Sanhaja tania. Salinization of the soil by the fierce evaporation, as
(a Berber clan) and other camel-mounted nomads—many well as burial by encroaching sand, are further dangers; the
of whom had entered the desert to avoid the anarchy and latter, as in the Souf oases of Algeria, necessitates constant
warfare of the late Roman period in North Africa. Many hand labour in clearing.
of the remaining oasis dwellers, among them the Haratïn, The economy. Resources. During the Century of colo- 
were subjugated by the nomads. The expansion of Islam nial dominion over the Sahara, which lasted from the
into North Africa between the 7th and l l th centuries mid-19th to the mid-20th Century, there was little funda-
prompted additional groups of Berbers, as well as Arab mental change, except for military pacification; colonial
groups wishing to retain traditional beliefs, to move into powers were little interested in the economie development
the Sahara. Islam eventually expanded through the trade of what appeared to be an unpromising region. After
routes, becoming the dominant social force in the desert. World War II, however, the discovery of oil, in particular,
Despite considerable cultural diversity, the peoples of attracted international interest and investment. Within a

the Sahara tend to be categorized as pastoralists, seden- few years major discoveries had been made, particularly
tary agriculturalists, or specialists (such as the blacksmiths in mineral resources.
variously associated with herders and cultivators). Pas- Metallic minerals are of considerable economie impor- 
toralism, always nomadic to some degree, occurs where tance. Algeria possesses several major deposits of iron ore,
sufficiënt scanty pasturage exists, as in the marginal areas, and the reserves at Mount Ijill, in western Mauritania,

Victor Englebert

Kerzaz oasis on Wadi Saoura, western Sahara, Alg.
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are substantial; less extensive deposits have been found 
in Egypt, Tunisia, Morocco, Western Sahara, and Niger. 
Near Akjoujt, in southwestem Mauritania, lie substantial 
quantities of copper ore; extensive manganese deposits oc­
cur south of Béchar, Alg. Uranium is widely distributed in 
the Sahara and has been particularly important in Niger. 
A broad range of other economically significant minerals 
have been found in the Ahaggar, Aïr, Tibesti, and Eglab 
regions. Rich phosphate deposits exist in Morocco and 
Western Sahara, and smaller deposits have been found 
elsewhere.

Fuel resources include coal, oil, and natural gas. Sources 
of coal include anthracite seams in Morocco and bitumi- 

Oil and gas nous fields near Béchar. Following the discovery of oil near 
reserves I-n-Salah, Alg., after World War II, major reserves have 

been found in the Western Desert of Egypt, northeastern 
Libya, and northeastern Algeria. Minor reserves exist in 
Tunisia and Morocco, as well as in Chad and Niger in the 
south. Deposits of oil shale have also been discovered in 
the Sahara. Major fields of natural gas are exploited in Al­
geria, and minor fields exist in Egypt, Libya, and Tunisia.

As a result of geologie and oil prospecting, vast un­
derground reserves of water have also been found in a 
number of sedimentary basins, mainly within sandstone 
formations. Some recoverable water is also present in sur­
face sand formations.

Economie development of the desert, however, offers 
enormous difficulties and has not changed the traditional 
Sahara. Oil and ore extraction have brought m odem  tech- 
nology and improved Communications to scattered loca- 
tions, but such activities provide limited opportunities for 
local employment. Although oil revenues offer the means 
for desert development, the more immediate and attrac- 
tive returns possible in inhabited Coastal regions tend to 
take priority. The underground water offers possibilities 
for major developments in both agriculture and indus­
try; but exploitation on a large scale would be expensive. 
Heavy exploitation would also result in progressive deple- 
tion, and hydrological changes might increase the threat 
of locust plagues, as locusts congregate into swarms when 
food supplies are restricted, xnultipiy, and then occupy 
larger areas when conditions improve.

The desert peoples have benefited little from mineral 
exploitation—perhaps indeed the reverse. The decline in 
nomadic pastoralism, started by pacification, has been 
accelerated by changing economie conditions and official 
settlement policies (for nomads are administratively in- 
convenient). Widespread environmental degradation fur­
ther encourages the drift of nomads to oases and towns, 
with resultant overcrowding and poverty. High wages in 
the oil fields attract labour but disrupt traditional life, 
and the jobs are relatively few and impermanent. Of the 
traditional desert products—animal skins and wool, sur­
plus fruits, ̂ alt—only dates (particularly the daglet nour 
of the northem oases) retain much commercial impor­
tance. Salt, although still extracted and sent south to the 
western Sudan region, now competes with cheap imported 
salt. Industrial occupations to relieve growing unemploy- 
ment have as yet made little progress. As manufacturing 
costs increase in the advanced and overcrowded Western 
countries, however, the high costs of Saharan develop­
ment may become more acceptable. It may be possible, 
for example, to utilize nuclear energy and more efficiënt 
solar energy Converters to raise deep-seated water (and, 
if necessary, to remove the salt) for new settlements and 
to provide power for industries. Tourism has grown con- 
siderably since 1950, although the difficulties of transport 
and of providing accommodations has limited it largely to 
the Sahara’s fringes.

Transportation. Traditionally, travel in the Sahara was 
by camel caravan and was slow, arduous, and dangerous. 
To the hazards of losing the way, excessive heat, stifling 
sandstorms, and death by starvation—or more probably 
thirst—were added those of attack by raiders. Despite 
all this, trans-Saharan trade along caravan routes linking 

The oases has persisted from very early times. Most of the
caravan principal routes were west of the Tibesti Mountains and 
routes tended to shift somewhat over time, although the east- 

ernmost of these—which ran northward from Lake Chad

to Bilma (now in Niger) and through the Fezzan region 
to Tripoli—was used continuously through the centuries.
East of the Tibesti Mountains oases are few, but the darb 
al-arbdïn (“road of the forty [days]”), west of the Nile, 
was a former slave route. Gold, ivory, slaves, and salt were 
major items of trade in the earlier days, but today camel 
caravans have almost ceased, except for a residual trade in 
salt from Mount Ijill, Bilma, and Taoudenni, Mali. The 
main routes remain in use, however, by specially equipped 
motor trucks, often traveling in convoys. Year by year 
modem highways are extended further along the ancient 
trade routes into the desert. The French initiated a trans- 
Saharan bus service, which still operates. Off of the main 
routes a network of recognized tracks are motorable, with 
care; but in the open desert four-wheel drive is virtually 
essential, with at least two vehicles, ample spares, and large 
emergency supplies of fuel, food, and water—particularly 
in summer, when special regulations apply to all travel- 
ers. In large areas maps are inadequate, and navigational 
methods may be necessary.

To supplement ground travel, numerous international air 
services cross the Sahara on scheduled flights, while local 
services link the main inhabited centres to one another.
Railways, with the abandonment of the “Trans-Saharan” 
at Abadla (near Béchar, Alg.), have been little developed 
except for a iine built to transport minerals in Mauritania.
Study and exploration. Classical accounts describe the 

Sahara much as it is today—a vast and formidable barrier.
The Egyptians controlled only their neighbouring oases 
and, occasionally, lands to the south; the Carthaginians 
apparently continued the commercial relationships with 
the interior that had been established during the Bronze 
Age. Herodotus described a desert Crossing by an expe- 
dition of Berbers during the 5th Century bc , and Roman 
interest in the Sahara is documented in a series of ex­
peditions between 19 bc and a d  86. The descriptions of 
the Sahara in the works of Strabo, Pliny the Elder, and 
Ptolemy reflect growing interest in the desert. Geographic 
exploration, sponsored by the 'Abbäsids, Fätimids, Mam- 
lüks, and other courts in the Middle East, North Africa, 
and Moorish Spain, was widespread during the medievai 
period. Descriptions of the Sahara are contained in the 
works of numerous Arab writers, including al-Ya'qübï, 
ash-Sharif al-Idrisï, and Ibn Battüta.

Medievai travelers with religious and commercial mo- 
tives contributed further to an understanding of the Sa­
hara and its peoples. Abraham Cresque’s Catalan Atlas, 
published for Charles V of France in about 1375, renewed 
European interest in the desert. The atlas contained infor- 
mation based upon the knowledge of Jewish traders active 
in the Sahara. lts publication was followed by a period 
of intense Portuguese, Venetian, Genoese, and Florentine 
activity there. Particularly well documented are the travels 
of such 15th-century explorers as Alvise Ca’ da Mosto,
Diogo Gomes, and Pedro de Sintra. Growing interest in 
the Sahara within northem Europe was reflected in the 
travels and writings of the 17th-century Dutch geographer 
Olfert Dapper.

Subsequent European exploration of the Sahara, much 
of it incidental to interest in the major waterways of 
interior Africa, began in eamest in the 19th Century. At­
tempts to determine the course of the Niger River took 
the British explorers Joseph Ritchie and George Francis 
Lyon to the Fezzan area in 1819, and in 1822 the British European 
explorers Dixon Denham, Hugh Clapperton, and Walter explorers 
Oudney succeeded in Crossing the desert and discover­
ing Lake Chad. The Scottish explorer Alexander Gordon 
Laing crossed the Sahara and reached the fabled city of 
Timbuktu in 1826, but he was killed there before he could 
return. The French explorer René Caillié, disguised as an 
Arab, retumed from his visit to Timbuktu by Crossing 
the Sahara from south to north in 1828. Other notable 
expeditions were undertaken by the German geographer 
Heinrich Barth (1849-55), the French explorer Henri Du- 
veyrier in 1859-62, and the German explorers Gustav 
Nachtigal (1869-75) and Gerhard Rohlfs (1862-78).
After the military occupation of the Sahara by the vari­

ous European colonial powers, more detailed exploration 
took place; and by the end of the 19th Century the main
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features of the desert were known. Although 20th-century 
political, commercial, and scientific activities have greatly 
increased knowledge of the Sahara, vast tracts remained 
remote, little known, and difficult to reach.

(R.F.Pe./J.A.G.)

VELD
Veld, an Afrikaans word meaning “field” and pronounced 
“feit,” is the name given to various types of open country 
in Southern Africa. To most South African farmers today 
the “veld” refers to the land they work, much of which 
has long since ceased to be “natural.”
Various types of veld may be discemed, depending upon 

local characteristics such as elevation, cultivation, and cli­
mate-. Thus, there is a high veld, a middle veld, a low 
veld, a bush veld, a thom veld, and a grass veld. The 
boundary between these different varieties of veld is fre- 
quently vague, and all of them are usually referred to by 
the general term veld by the local inhabitants. For con- 
venience, its major regions—Highveld, Middle Veld, and 
Lowveld—are distinguished on the basis of elevation.

For map coverage of the veld, see above Kalahari.
Physical features. Physiography. The Highveld com­

prises most of the high-plateau country of Southern Africa. 
Except in Lesotho, where it extends well above 8,200 feet 
(2,500 metres) and even above 11,000 feet in places, all 
of it lies between 4,000 and 6,000 feet above sea level. 
The South African part of the region is bounded on the 
east and south by the Great Escarpment, which consists 
of the Drakensberg and Cape ranges, and by the Lesotho 
Highlands. Its less clearly defined northem and western 
boundaries coincide roughly with the 4,000-foot contour. 
Most of it is underlain by sedimentary strata of the Karoo 
System (or Karoo Super Group), dating from between 345 
to 190 million years ago, and to older pre-Karoo material. 
Among these are coal-bearing strata. These materials have 
been eroded over a long period of time to produce gen­
erally flat plains, dissected occasionally by deeply carved 
valleys and including relict mountains and scattered steep- 
sided hills called kopjes, or koppies. The Highveld plains 
are thought to have been created by pedimentation, in 
which the areas around resistant rock are eroded away, 
leaving mountains of low relief and kopjes. Large areas of 
the western part of the region are also covered by “pans,” 
which are shallow and ephemeral lakes, often with salty 
crusts; these are found especially in Orange Free State, 
eastern and western Transvaal, and northwestern Cape 
Province in South Africa.

In Zimbabwe the Highveld coincides roughly with the 
region lying on either side of the central watershed. Like 
the Highveld of South Africa, it has a remarkably even 
surface, broken only by kopjes and low ridges. Throughout 
the Highveld, soils tend to be thin, poor, and powdery and

thus easily carried away by both wind and water erosion.
The Middle Veld is the name given in South Africa to 

a vast and geologically complex region that lies in the 
central Transvaal north of Pretoria and Cape Province 
and in Namibia. lts boundaries are not as well defined 
as are those for the Highveld, but generally it lies at an 
altitude between 2,000 and 4,000 feet above sea level. In 
Zimbabwe to the northeast, the Middle Veld also consists 
of the land lying roughly between 2,000 and 4,000 feet. 
Most of the Middle Veld is underlain by Precambrian 
rocks that have been exposed by erosion. In Transvaal this 
region is underlain by the unique Bushveld complex, with 
its wealth of rare minerals. As is the case in the Highveld, 
the uniformity of the relief is broken by relict mountains 
and by kopjes. Pans are numerous, especially in the west­
ern areas. Middle Veld soils are generally thin and poor.

The Lowveld is the name given to two areas that lie at 
an altitude of between 500 and 2,000 feet above sea level. 
One area is in the eastem parts of Transvaal and parts 
of Swaziland and in northem Natal; and the other is in 
southeastem Zimbabwe. Both are underlain largely by the 
soft Sediments and basaltic lavas of the Karoo System and 
by loose gravels. They have been extensively intruded by 
granites. Other resistant metamorphic rocks also occur; 
these commonly appear as low ridges or what seem to 
be archipelagoes of island mountains. The higher western 
margins of both areas testify to the degree of erosion re- 
sulting from the flow of rivers running east or southeast.

The soils of the Lowveld are more varied than those of the 
other veld regions. Along their higher and wetter western 
sides, they tend to be deep, leached (percolated by water), 
acidic, porous, and well drained. In the lower-lying and 
drier central and eastem portions they tend to be shallow, 
but they are more fertile and retain moisture better.

Climate. The climate of the veld is highly variable, but 
its general pattem is mild winters from May to September; 
hot or very hot summers from November to March, with 
moderate or considerable variations in daily temperatures; 
and abundant sunshine. Rainfall mostly occurs in the sum­
mer months in the form of high-energy thunderstorms.

Over most of the South African Highveld, the average 
annual rainfall is between 15 and 30 inches (380 and 
760 millimetres), decreasing to about 10 inches near the 
western border and increasing to nearly 40 inches in some 
parts of the Lesotho Highlands; the South African Lowveld 
generally receives more rainfall than the Highveld. Tem­
perature is closely related to altitude. In general, the mean 
July (winter) temperatures range between 45° F (7° C) in 
the Lesotho Highlands and 60° F (16° C) in the Lowveld. 
January (summer) temperatures range between 65° F (18° 
C) and 80° F (27° C).

In Zimbabwe the rainfall averages around 30 to 35 inches 
on the Highveld, dropping to less than 15 inches in the

Gerald Cubitt— Bruce Coleman Ltd.

Highveld grassland near Heidelberg, S.Af., southeast of Johannesburg.

Rainfall
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lowest areas of the Lowveld. Temperatures are slightly 
higher than in South Africa.

Over the entire veld, seasonal and annual average rainfall 
variations of up to 40 percent are common. Damaging 
drought afflicts at least half of the area about once every 
three or four years. Everywhere the average number of 
hours of annual sunshine varies from 60 to 80 percent of 
the total amount possible.
Plant life. The veld regions support an enormous variety 

o f natural Vegetation. No particular species is ubiquitous, 
and many are highly localized. Grassveld is the character- 
istic Vegetation of the South African Highveld, dominated 
by species o f red grass. Where the red grass grows on 
well-drained, fertile soils subject to comparatively light 
rainfall, it tends to be sweeter (and is consequently called 
sweetveld) than elsewhere, where it is commonly called 
sourveld. Sweetvelds are more palatable to livestock than 
sourvelds, the latter being usable as fodder only in winter.

The drier South African Middle Veld favours both red 
grass and drought-resistant species of grasses. These grasses 
are less luxuriant and the ground cover less complete than 
those of the Highveld. As the aridity increases to the west 
and north, the cover becomes sparser, and grassveld grad- 
ually loses ground to thomveld (consisting of such types as 
thomy acacias and aloes), dwarf, drought-resistant bushes, 
and desert shrub.

In Zimbabwe the Highveld and Middle Veld consist of 
open woodland savanna, dominated by leguminous, fire- 
resistant species of trees belonging to the Brachystegia 
genus. Tall perennial grasses and flowering herbs, which 
readily catch fire during the dry season, occupy most of 
the open ground.

The Lowveld everywhere supports a parklike plant cover. 
In the higher areas the characteristic trees are acacias and 
marula, an intoxicating plumlike fruit. The open ground 
is dominated by red grass. In the lower areas, such as the 
Sabi and Limpopo valleys, tufted finger grasses, euphor- 
bias, and other succulents replace red grass; the acacias 
increase in number; and the mopane tree, the baobab, and 
the tall fan palm occur.
Animal life. Mass siaughier, trophy hunting, and the 

encroachments of farmers and pastoralists have thinned 
out every major species of mammal and reptile and several 
species of bird in the veld. The South African and Zim- 
babwean govemments have, however, set aside vast tracts 
of veld, such as the Kruger National Park in Transvaal, 
as wildlife reserves. The lion, leopard, cheetah, giraffe, ele­
phant, hippopotamus, oryx, kudu, eland, sable antelope, 
and roan antelope survive only in or near such protected 
areas. The smaller mammals, most of the reptiles, and 
almost all of the birds—except the ostrich, which has vir- 
tually been eliminated from the veld—are still found wild.

The people and economy. The veld is believed to be one 
of the world’s oldest regions inhabited by humans and their 
hominid forebears. Fossil evidence indicates that members 
of the hominid genus Australopithecus occupied the High­
veld some three million years ago and that various Stone 
Age peoples lived there hundreds of thousands of years 
ago. More recently, the San of the Kalahari inhabited parts 
of the grassveld until driven from it by Bantu-speaking 
peoples and the Boers. The generally open character, easy 
gradients, abundant supply of food, and—in the valleys— 
water of the Highveld have long attracted migrants as well 
as settlers. It provided the major routes followed by the 
Bantu-speaking peoples during their recurrent southward 
migrations; and in the 1830s the Voortrekkers (pioneer 
Boer farmers), who moved northward from Cape Colony 
to escape from the power of the British, made the High­
veld their home as well as their highway.

Until the Voortrekker era the veld remained largely in a 
Effects of natural state. The San, never very populous, lived solely 
humans by hunting and gathering. The animal herding and crop 

raising done by the Bantu-speaking peoples were solely for 
subsistence. While much of the veld, especially in Zim­
babwe, retains its natural cover—modified by the selective 
grazing habits of oxen, cattle, and other domesticated 
animals—millions of acres have been brought under the 
plow. Most of South Africa’s corn (maize) crop is now 
grown on the grassveld in Transvaal and Orange Free

State. Most of the Zimbabwean com crop and almost all 
of its tobacco crop are grown on the Highveld. The major 
population centres of these two countries and of Botswana, 
as well as their major commercial and industrial activi­
ties, are also located on the Highveld, which, by virtue of 
terrain, climate, and mineral and ecological endowment, 
forms one of the areas most suitable for settlement on the 
African continent.

Study and exploration. M odem study o f the veld has 
centred on its economie, ecological, and archaeological 
assets. In the economie area, the emphasis has been on 
Conservation and management o f ecosystems, the topics 
including general geography, Vegetation, soils, ecology, 
geology, and geomorphology. One major focus of inves- 
tigation has been determining the nutritional potential of 
various natural Vegetation forms in terms of their use in 
livestock raising and wildlife management.
The discovery of australopithecine fossils on the South 

African Highveld in the first half of the 20th Century 
sparked great anthropological interest in the region. Since 
then it has become one of the major centres of hominid 
exploration and research, and many specimens—includ­
ing those of other hominid species—have been recovered.
In addition, the remains of Stone Age cultures have been 
found on both the Zimbabwean and the South African 
veïds, and thousands of San rock engravings on the kopjes 
of the Highveld in Zimbabwe, Transvaal, Lesotho, and 
Botswana are known. (G.H.T.K/Jo.Co./C.E.F.)

Drainage Systems and waterways
LAKE CHAD
Lake Chad (French: Lac Tchad) is a freshwater lake lo­
cated in the Sahelian zone of west-central Africa at the 
conjunction of four countries: Chad, Cameroon, Nigeria, 
and Niger. It is situated in an interior basin formerly 
occupied by a much larger ancient sea that is sometimes 
called Mega-Chad: While the surface area of Lake Chad 
varies greatly, its average area of 6,875 square miles (17,- 
800 square kilometres) ranks it as the fourth largest lake in 
Africa. The surface of the lake is approximately 922 feet 
(281 metres) above sea level. The hydrologie contributions 
and biological diversity of Lake Chad are important re­
gional assets. The region is also noteworthy for important 
archaeological discoveries, its role in trans-Saharan trade, 
and its association with historie African kingdoms.

For map coverage of Lake Chad, see below Niger River.
Physical features. Geology andphysiography. The Chad 

basin is a downwarped section of the Precambrian African 
Shield. Most of the older crystalline rocks are covered by 
more recent deposits. The most significant physiographic 
influence on the basin was the ancient sea. At its maxi­
mum extent, the sea was more than 600 feet deep, occu- The 
pied an area of approximately 154,400 square miles, and ancient sea 
drained into the Atlantic Ocean through the Benue River 
system. It experienced four high stages between 41,000 
and 2,300 years ago. The history of the sea is documented 
in the Stratigraphie record, which includes thick layers of 
diatomaceous earth, lacustrine sands, terraced shorelines, 
and the remains of modem fish and mollusks in now- 
arid tracts of the basin. The floor of the basin dips to the 
northeast of the modem lake, reaching its lowest point in 
the Djourab Depression, some 300 miles away. Lake Chad 
occasionally overflows into the generally intermittent El- 
Ghazal River leading into the depression, but it is usually 
confined by the dune fields of Kanem.

Climate. The climate of the Lake Chad region is strongly 
influenced by the seasonal migration and interaction of 
the dominant air masses of the region: a dry, subsiding 
Continental air mass and a humid, unstable maritime air 
mass. The humid air mass moves northward during the 
summer, wedging beneath the drier air mass. Precipitation 
occurs when the depth of humid air is sufficiently great.
The depth of the air mass varies daily, as well as season- 
ally, accounting for Variation in rainfall. At the end of the 
summer the dominance of the dry Continental air mass 
is reasserted. Evaporation and transpirational losses from 
soil and plants increase, and then they decrease as the 
surface layers of the soil dry and plants lose their leaves.
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The dry season is also the period of the harmattan, a dust­
laden wind that reduces visibility for days at a time. The 
increased insolation, reduced humidity, and desiccating 
winds contribute greatly to water loss in the lake.

Rainfall is greatest from July to September. Annual rain­
fall averages 22 inches (560 millimetres) at the southem 
margin of Lake Chad and about 10 inches at the northem 
margin. Variability during the year is high and increases 
from south to north; variability from year to year is also 
high, and droughts are frequent. Temperatures during the 
rainy season are moderate, with highs of about 90° F 
(32° C). In October and November, during the transition 
to the dry season, daily highs rise above 90° F, and di­
umal ranges are almost double those of the rainy season. 
During December and January daytime highs are lower, 
with nighttime lows sometimes falling to about 47° F 
(8° C). April is usually the hottest month of the year, with 
temperatures occasionally exceeding 110° F (43° C).
Hydrology. Lake Chad is a variable body of water, with 

a surface area that fluctuates from approximately 9,950 
square miles in late October or early November to 3,800 
square miles in late April or early May. The lake is dotted 
with numerous islands. The volume of the lake reflects 
local rainfall and the discharge of its catchment area, bal- 
anced against losses through evaporation, transpiration, 
and seepage. The lake is fed chiefly (more than 90 percent) 
by the Chari (Shari)-Logone river system. Of the remain- 
ing inflow, most is contributed by the Ebeji (El-Béid) and 
Yedseram rivers. Losses to evaporation and the transpira­
tion of aquatic plants amount to approximately 90 inches 
each year. It is probable that another 10 inches replenish 
groundwater supplies in the adjacent Manga and Kanem 
lowlands and pass as underflow through the El-Ghazal. 

Two pools The lake is divided into two pools partially separated by 
of the lake a low ridge extending roughly northeast-southwest across 

the centre of the lake; the ridge was formed during a 
drought at the beginning of the 20th Century. Depths of 
from 13 to 23 feet are common in the northwestem pool, 
and depths as great as 33 feet occur among the islands 
along the eastem margin of the pool. Because of sediment 
deposition by the Chari River, the southeastem pool is 
generally shallower—ranging in depth from 10 to 13 feet, 
but reaching depths of 36 feet along the archipelago. The 
gentle slope of the lakeshore allows persistent dry-season 
winds to locally affect water levels for short periods of 
time. The salt content of Lake Chad is unusually low for 
a tropical dryland lake with no outlet. As the waters of 
the lake evaporate during the dry season, the salt con­
tent increases, with the highest values recorded along the 
northeastern shoreline.

Travelers reported high-water levels and overflow into the 
El-Ghazal during the 13th and 19th centuries. In 1870, for 
example, Lake Chad covered some 10,800 square miles. 
At the tum  of the 20th Century, the lake began to diminish 
in size, but by the 1920s it had recovered; and in 1956 
it again overflowed into the El-Ghazal. During the 1970s 
and ’80s the amplitude of the lake’s annual variability was 
the highest recorded in the 20th Century, with average 
levels falling below long-term norms. The corresponding 
variability in rainfall appears to have been related to the 
effects of environmental degradation.
Plant life. The well-drained soils around Lake Chad 

once supported a relatively dense woodland, including 
species such as kapok and ebony. Changing patterns of 
land use and progressive degradation have reduced diver- 
sity and resulted in a more open woodland, increasingly 
composed of species adapted to reduced moisture. They 
include several acacias, baobab, desert date, palms, African 
myrrh, and Indian jujube. The periodically inundated 
lands near the lake are more heavily vegetated. Annual 
grasses are increasing at the expense of the more econom­
ically valuable perennial species. Papyms, ambatch, water 
lilies, and reeds dominate aquatic Vegetation.
Animal life. Visitors to the medievai kingdom of 

Kanem in the Lake Chad region described an abundance 
of wildlife; and until the early 20th Century essentially 
the same faunal assemblages were reported. Since then, 
however, habitat loss, hunting, and direct competition 
from livestock have depleted wildlife populations. As with

Vegetation, the trend is toward decreased diversity and 
lower levels of biological productivity. Populations of large 
carnivores, including lions and leopards, have been elim- 
inated in livestock areas; and such game animals as the 
rhinoceros have been reduced or eliminated. Nocturnal 
species have been less affected by these changes; and some 
species, particularly rodents, have benefited from them.

Hundreds of species of birds reside permanently or sea- Birdlife 
sonally in the Lake Chad region. Included are prominent of the 
terrestrial birds—such as the östlich, secretary bird, Nu- region 
bian bustard, and ground hombill—and the water and 
shore birds for which the region is famous—such as gar- 
ganey, shoveler, fulvous tree duck, Egyptian goose, pink- 
backed pelican, marabou stork, glossy ibis, and African 
spoonbill. Included among the amphibians and reptiles 
are the Nile crocodile, rock python, and spitting cobra.
The Chad basin remains an important fishery, with more 
than 40 species of commercial importance. Also notewor- 
thy are such ancient species as the lungfish and sailfin.

The people and economy. Settlement history. The Chad 
basin contains the earliest evidence of hominid occupa- 
tion yet found in western Africa, and it appears that the 
Lake Chad region has been continuously settled since 500
bc . Among the major archaeological discoveries of the 
region has been the Sao civilization; it is believed that the 
modern Kotoko, a fishing people on the Chari near Lake 
Chad, are descendants of the Sao.

During the medievai period (9th to 16th Century) the 
Lake Chad region was both an important refuge and an 
area in which diverse populations were Consolidated by the 
authority of powerful kingdoms. The modern Kanembu, 
for example, are composed of several groups Consolidated 
by Kanem in the 9th Century; similarly, the modern Ka- 
nuri emerged from the imposed authority of Kanem’s 
successor state, Bomu, located Southwest of Lake Chad.
Some ethnic groups were not assimilated. The metallur- 
gists of Kanem, for example, were apparently the Danoa 
(Haddad), who currently serve as blacksmiths among the 
Kanembu. Other groups resisted Integration into the me­
dievai kingdoms. The Yedina (Buduma) established them­
selves among the inaccessible islands and along the marshy 
northem shore of Lake Chad, and the Kuri did the same 
in inaccessible areas along the eastem margin of the lake.

Other ethnic groups established themselves on the shores 
of Lake Chad in the more recent past. Arab settlement 
dates from the arrival of the Judam tribes in the 16th 
Century. Some ethnic groups, such as Fulani pastoralists, 
now enter the Lake Chad lowlands on a seasonal basis; 
and Hausa agricultural communities can often be found 
along the lake. The economy of these modem peoples 
of the Lake Chad region is based primarily on fishing, 
subsistence and commercial agriculture, and animal hus- 
bandry—often in combination.
Agriculture and forestry. Subsistence crops include 

sorghum, com (maize), African millet, beans, and vegeta­
bles. Bottle gourds are grown widely for making Utensils.
Polders near Bol, used to grow cash crops, are based on tra­
ditional agricultural practices. Cultivated by the Kanembu 
and Yedina, the polders are devoted chiefly to wheat.

The exploitation of such forest products as gum arabic, 
honey, beeswax, and firewood is of considerable impor­
tance in the region. Production of these, however, has 
been adversely affected by the decline of the forested areas, 
aggravated by the explosive growth of cattle populations.

Livestock and fishing. Cattle are the most important Cattle 
livestock raised. Notable breeds include the Kuri (Chad) 
and several varieties of zebu (Brahman). Milk is a major 
component of local diets, and cattle are an important 
export to the tsetse-infested regions to the south. Large 
numbers of poultry, goats, sheep, camels, horses, and asses 
are also kept.

Fishing is the most important economic activity for the 
peoples of the lake. Much of the catch is dried, salted, or 
smoked. Dried Alestes species, known by the Arabic name 
salanga, and pieces of smoked fish called banda are mar- 
keted, primarily in Nigeria and Cameroon. In addition, 
fresh Nile perch are often exported to major African and 
European cities.
Minerals. Petroleum reserves have been discovered in
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Natron being unloaded along the eastern shore of Lake Chad near 
Baga Sola, Chad.
© Jacques Jangoux— Peter Arnold, Inc.

Chad and Niger. Natron (hydrated sodium carbonate), 
found in depressions along the northeastern shore of the 
lake, has long been economically important. Tradition- 
ally, it is excavated in blocks and shipped across the lake, 
where it enters Nigerian commerce.

T ransportation . Lake Chad is little used for commer­
cial navigation, although there has been intermittent bärge 
traffic between Bol and N’Djamena since the early 1950s. 
A variety of watercraft are used in fishing, including the 
papyrus-reed kadeï of the Yedina and the sewn-plank 
boats of the Kotoko.

Study and exploration. For millennia settlement pat­
terns of peoples of Mediterranean and sub-Saharan origin 
have overlapped in the Sahara, and there is emerging ev­
idence of a long history of interaction between the Lake 
Chad region and other regions of northern Africa. There 
are essentially four periods during which the region was 
strongly affected by extemal influences. The first is ex­
pressed in hints of Egyptian contact with the region; in the 
sub-Saharan commerce of Carthage and the Garamantes; 
and in references in Greek, Roman, and Arabic literature.

The second period was precipitated largely by the expan­
sion of Isläm in North Africa during the 7th Century a d , 
when groups of Arabs and Berbers who resisted conver­
sion sought refuge in the dry lands of the south. The third 
period emerged from trade between Kanem or Bomu and 
Mediterranean Africa, the penetration of Isläm into sub- 
Saharan Africa, and increased Arab interest in geographic 
exploration. It is documented in the many Arabic works 
written in the 9th to 14th centuries and is also reflected in 
Abraham Cresque’s C ata lan  A tla s  (c. 1375).

The fourth period emerged from growing interest in 
Africa within European academie and commercial circles 
and was a prelude to European colonization. Numerous 
descriptions of the Lake Chad region were written by 
19th-century Europeans, and three scientific missions were 
mounted between 1898 and 1909. (J.A.G.)

CONGO RIVER
The Congo (or Zaire) River, with a length of 2,900 miles 
(4,700 kilometres), is longer than any other river in Africa 
except for the Nile. It rises in the highlands of northeastern 
Zambia between Lakes Tanganyika and Nyasa (Malawi) 
as the Chambeshi River at an altitude of 5,760 feet (1,760 
metres) above sea level and at a distance of about 430 
miles from the Indian Ocean. Its course then takes the 
form of a giant counterclockwise arc, flowing to the north­
west, west, and Southwest before draining into the Atlantic

Ocean at Banana (Banane), Zaire. Its drainage basin, cov­
ering an area of 1,335,000 square miles (3,457,000 square 
kilometres), takes in almost the entire territory of Zaire, 
as well as most of that of the People’s Republic of the 
Congo, the Central African Republic, eastem Zambia, and 
northern Angola and parts of Cameroon and Tanzania.

With its many tributaries the Congo forms the conti­
nent’s largest network of navigable waterways. Navigabil- 
ity, however, is limited by an insurmountable obstacle: a 
series of 32 cataracts over the river’s lower course, includ­
ing the famous Livingstone (Inga) Falls. These cataracts 
render the Congo unnavigable between the seaport of 
Matadi, at the head of the Congo estuary, and Malebo 
(Stanley) Pool, a lakelike expansion of the river. It was 
on opposite banks of Malebo Pool—which represents the 
point of departure of inland navigation—that the capitals 
of the former States of the French Congo and the Belgian 
Congo were founded: on the left bank, Kinshasa (formerly 
Léopoldville), now the Capital of Zaire, and on the right 
bank, Brazzaville, now the Capital of the Congo.
The Amazon and Congo are the two great rivers of 

the world that flow out of equatorial zones where heavy 
rainfall occurs throughout all or almost all of the year. 
Upstream from Malebo Pool, the Congo basin receives an 
average of about 60 inches (1,500 millimetres) of rain a 
year, of which more than one-quarter is discharged into 
the Atlantic. The drainage basin of the Congo is, however, 
only about half the size of that of the Amazon; its rate of 
flow— 1,450,000 cubic feet (41,000 cubic metres) per sec­
ond at its mouth—is considerably less than the Amazon’s 
flow of more than 6,350,000 cubic feet per second.
While the Chambeshi River, as the remotest source, may 

form the Congo’s original main stream in terms of the 
river’s length, it is another tributary—the Lualaba, which 
rises near Musofi in the Shaba (formerly Katanga) region 
of Zaire—that carries the greatest quantity of water and 
thus may be considered as forming the Congo’s original 
main stream in terms of water volume.
When the river first became known to Europeans at the 

end of the 15th Century, they called it the Zaire, a corrup- 
tion of a word that is variously given as nzari, nzali, njali, 
nzaddi, and niad i and that simply means “river” in many 
African dialects. It was only in the early years of the 18th 
Century that the river was first called the “Rio Congo,” a 
name taken from the kingdom of Kongo that had been 
situated on the lower part of the river’s course. In 1971, 
when the Democratie Republic of the Congo changed its 
name to Zaire, the govemment also renamed the river 
as the Zaire. As the river, however, has an international 
status, it continues to be known throughout the world as 
the Congo. To the literary-minded the river is evocative 
of the famous 1902 short story “Heart of Darkness” by 
Joseph Conrad. His book conjured up an atmosphere 
of foreboding, treachery, greed, and exploitation. Today, 
however, the Congo appears as the key to the economic 
development of the central African interior.

Physical features. P hysiography. The expression Congo 
basin refers, strictly speaking, to the hydrographic basin. 
This is not only vast but is also—with the exception of 
the sandy plateaus in the Southwest—covered with a dense 
and ramified network of tributaries, subtributaries, and 
small rivers.

The Congo basin is the most clearly distinguished of 
the various geographic depressions situated between the 
Sahara to the north, the Atlantic Ocean to the south and 
west, and the region of the East African lakes to the 
east. In this basin, a fan-shaped web of tributaries flows 
downward along concentric slopes that range from 900 to
1,500 feet in altitude and that enclose a central depression. 
The basin itself Stretches for more than 1,200 miles from 
north to south (from the Congo-Lake Chad watershed to 
the interior plateaus of Angola) and also measures about 
1,200 miles from the Atlantic in the west to the Nile- 
Congo watershed in the east.

The central part of the Congo basin—often called the 
cuvette (literally, “saucer,” or “shallow bowl”)—is an im­
mense depression containing Quatemary alluvial deposits 
that rest on thick Sediments of Continental origin, consist- 
ing principally of sands and sandstones. These underlying
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Sediments form outcrops in valley floors at the eastern 
edge of the cuvette. The filling of the cuvette, however, be­
gan much earlier. Boreholes have revealed that since late 
Precambrian times (i.e., since at least 570 million years 
ago) considerable sediment has accumulated, derived from 
the erosion of formations situated around the periphery 
of the cuvette. The arrangement of surface relief, thick 
depositional strata, and substratum in amphitheatre-like 
fashion around the main Congo channel, which has been 
uniform across time, is evidence of a persistent tendency 
to subsidence in this part of the continent. This subsidence 
is accompanied by uplifting on the edges of the cuvette, 
principally on its eastem side—which has also been influ- 
enced by the formation of the Western Rift Valley.

From its sources to its mouth, the Congo River system 
has three contrasting sections—the upper Congo, middle 
Congo, and lower Congo.

The upper reaches are characterized by three features— 
confluences, lakes, and waterfalls or rapids. To begin with, 
several streams of approximately equal size unite to form 
the river. In a little more than 60 miles, the upper Lualaba 
joins the Luvua and then the Lukuga. Each stream for 
part of its course undergoes at least a lacustrine type of 
expansion, even when it does not form a lake. Thus, Lake 
Upemba occurs on the upper Lualaba; Lakes Bangweulu 
and Mweru occur on the Chambeshi-Luapula-Luvua Sys­

tem; and finally Lake Tanganyika, which is fed by the 
Ruzizi (flowing from Lake Kivu) and by the Malagarasi, 
itself flows into the Lukuga. Rapids occur not only along 
the headstreams but also several times along the course of 
the main stream. Navigation thus is possible only along 
sections of the upper Congo by vessels of low tonnage; 
even so, these Stretches are in danger of being overgrown 
by aquatic Vegetation, particularly water hyacinths.

Kisangani (formerly Stanleyville)—located just down- 
stream of the Boyoma (Stanley) Falls, a series of seven 
cataracts—marks the real beginning, upriver, of the navi- 
gable Congo. This central part of the river flows steadily 
for more than 1,000 miles to within 22 miles of Kinshasa. 
Its course at first is narrow but soon grows wider, after 
which many islands occur in midstream. This change in 
the character of the river corresponds to its entry into its 
alluvial plain. From that point onward, with the exception 
of a few rare narrow sections, the Congo divides into sev­
eral arms, separated by strings of islands. It increases from 
a width of more than three and a half miles downstream 
from Isangi (where the Lomami enters the Congo) to a 
width of from five to seven miles and on occasion—for 
example, at the mouth of the Mongala—to eight miles. 
Beyond the natural levees (formed by silt deposits) occur- 
ring on either bank, some areas are subjected to extensive 
flooding that increases the river’s bounds still further. (It

The Congo River basin and its drainage network.
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is not always easy to distinguish such areas from the “rain 
swamps” in regions lying between rivers.) The middle 
course of the Congo ends in a narrow section called the 
Chenal (Channel), or Couloir (Corridor). Between banks 
no more than half a mile to a mile wide, the riverbed 
deepens, and the current becomes rapid, flowing through 
a valley that cuts down several hundreds of yards deep 
into the soft sandstone bedrock of the Batéké Plateau. 
Along this central reach the Congo receives its principal 
tributaries, primarily the Ubangi and the Sangha on the 
right bank and the Kwa on the left bank. An enormous 
increase in the average rate of flow results, rising from less 
than 250,000 cubic feet a second at Kisangani to nearly 
its maximum flow at Kinshasa.

Upon leaving the Chenal, the Congo divides into two 
branches, forming Malebo Pool, a vast lacustrine area 
about 15 miles by 17 miles, which marks the end of 
the middle Congo. Immediately downstream occur the 
first waterfalls of the final section of the river’s course. 
Cataracts and rapids are grouped into two series, separated 
by a fairly calm central reach, in which the altitude drops 
from a little less than 900 feet to a few yards above sea 

Mouth of level. The Congo’s estuary begins at Matadi, downstream 
the Congo from the rapids that close off the interior Congo; 83 miles 

in length, it forms the border between Angola and Zaire. 
At first the estuary is narrow (less than half a mile to 
about a mile and a half in width) with a central channel 
65 to 80 feet deep, but it widens downstream of Borna. 
There, the river, obstructed by islands, divides into sev­
eral arms, and in some places the depth does not exceed 
20 to 25 feet, which makes dredging necessary to allow 
oceangoing vessels to reach Matadi. Beyond the estuary’s 
mouth, the course of the Congo continues offshore as a 
deep underwater canyon that extends for a distance of 
about 125 miles.
Hydrology. The Congo has a regulär flow, which is fed 

by rains throughout the year. At Kinshasa the flow has for 
years remained between the high level of 2,310,000 cubic 
feet per second, recorded during the flood of 1908, and 
the low level of 756,000 cubic feet per second, recorded 
in 1905. During the unusual flood of 1962, however, by 
far the highest for a Century, the flow probably exceeded
2,600,000 cubic feet per second.
At Brazzaville and Kinshasa, the river’s regime is char­

acterized by a main maximum at the end of the year and 
a secondary maximum in May, as well as by a major 
low level during July and a secondary low level during 
March and April. In reality, the downstream regime of 
the Congo represents climatic influence extending over 
20° of latitude on both sides of the equator, a distance 
of some 1,400 miles. Each tributary in its course modifies 
the level of the main stream. Thus, for example, the low 
level in July at Malebo Pool results from two factors: a 
drought that occurs for several months in the southem 
part of the basin at that time, as well as a delay before 
the floods of the Ubangi tributary flowing down from 
the north arrivé, which does not happen before August. 
The Congo basin is so vast that no single meteorologie 
circumstance is capable of disturbing the slow movement 
of the waters’ rise and fall. The annual fluctuations may 
alter drastically, however, when floodwaters from different 
tributaries that normally coincide with each other arrivé 
at different times.

Lake Tanganyika, apart from brief seiches caused by 
wind drift and sudden changes in atmospheric pressure, 
may experience considerable variations in its water level 
from year to year. In 1960, for example, its waters flooded 
parts of Kalemi, Zaire, and Bujumbura, Burundi. A se­
ries of particularly rainy years, followed by a blocking 
of the outlet by floating Vegetation, may explain this 
phenomenon.

Climate. Typical of the climate in regions through 
which the Congo flows is that of Yangambi, a town situ­
ated on the river’s right bank slightly north of the equator 
and a little downstream of Kisangani. Humidity remains 

The high throughout the year, and annual rainfall amounts to
rainfall 67 inches and occurs fairly regularly; even in the driest 
pattem month the rainfall totals more than 3 inches. Tempera­

tures are also uniformly high throughout the year, and

there is little diumal variability. The average temperature 
at Yangambi is 76° F (24° C).

From the pluviometric equator (an imaginary east-west 
line indicating the region of heaviest rainfall), which is sit­
uated slightly to the north of the geographic equator, the 
amount of rainfall decreases regularly in Proportion to the 
latitude. The northemmost points of the basin, situated 
in the Central African Republic, receive only from eight 
to 16 inches less during the course of a year than points 
near the equator; the dry season, however, lasts for four 
or five months, and there is only one annual rainfall max­
imum, which occurs in summer. In the far southem part 
of the basin—at a latitude of 12° S, in the Shaba region— 
the climate becomes definitely Sudanic in character, with 
marked dry and wet seasons of approximately equal length 
and with rainfall of about 49 inches a year.
Plant life. The equatorial climate that prevails over a 

significant part of the Congo basin is coextensive with a 
dense evergreen forest. The Congolese forest spreads out 
over the central depression, extending continuously from 
about 4° N to about 5° S; it is interrupted only by Clear­
ings, many of which have a natural origin. The forest re­
gion is bordered on either side by beits of savanna (grassy 
parkland). The forest and savanna often meet impercep- 
tibly, blending together in a mosaic pattem; more rarely, 
strips of forest invade the grassland. Farther away from 
the equator, and to the extent that the Sudanic features of 
the climate become evident, the wooded savanna region, 
with its thin deciduous forest, is progressively reached.

As it courses through the solid mass of the Congolese for­
est, the Congo and its tributaries are bordered by discon- 
tinuous grassy strips. Meadows of Echinochloa (bamyard 
grass), papyrus, and Cyperaceae (sedge) occupy abandoned 
river channels, fringe the banks, or, behind a curtain of 
forest, blanket the depressions in the centre of the islands; 
they also spring up on sandbanks, as well as on the down­
stream ends of islands that are fertilized by the floods. A 
shrub, Alchornea, frequently marks the transition to the 
high forest that grows on the levees behind the banks.
Animal life. The animal life of the Congo basin is iden- 

tified to a certain extent with that of the equatorial forest, 
which is sharply distinct from the wildlife of the savannas.
Within this equatorial domain, the Congo and its prin­
cipal tributaries form a separate ecological milieu. The 
animal population of the great waterways often has fewer 
affinities with the neighbouring marshes or the forests on 
dry land than it has with other river Systems, whether of 
the Coastal region or the savannas.

Numerous species of fish live in the waters of the Species 
Congo—more than 230 have been identified in the waters of fish 
of Malebo Pool and in the waters that flow into it alone.
The riverine swamps, which often dry up at low water, 
are inhabited by lungfish, which survive the dry periods 
buried and encysted in cocoons of mueus. In the wooded 
marshlands, where the water is the colour of black tea, the 
black catfish there assume the colour of their environment.
The wildlife of the marshes and that of the little parallel 
streams do not mix with the wildlife of the river itself.

The waters of the Congo contain various kinds of rep­
tiles, of which crocodiles are the most striking species. 
Semiaquatic tortoises are also to be found, as are several 
species of water snakes.
The forest birdlife constitutes, together with the birdlife 

of the East African mountains, the most specifically in- 
digenous of that to be found on the African continent.
In the Congo region more than 265 species typical of 
the equatorial forest have been recorded. Occasionally or 
seasonally, however, nontypical birds may be observed.
Seabirds, such as the sea swallow, fly upstream from the 
ocean. Migratory birds from Europe, including the blon- 
gios heron and the Ixobrychus minutus (little bittem), 
pass through the region. Species with a wide distribution 
within Africa, such as the Egyptian duck, also have been 
noted. Ducks, herons, storks, and pelicans, however, are 
abundantly represented.

Aquatic mammals are rare, consisting of the hippopota­
mus, two species of otter, and the manatee (sea cow), 
which lives entirely in the water. The manatee has been 
officially identified only on the Sangha tributary but ap-
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pears to have given rise to some curious legends on the 
lower Congo, including its association with a creature 
called Mami Wata (a kind of siren).

The people and the economy. Life o f the river peoples. 
Three types of environment are found, either juxtaposed 
or in succession, along the river and its tributaries: the 
narrower sections, bordered by firm ground; the wider 
Stretches, dotted with islands and accompanied by back- 
waters; and the zones where flooding occurs or where 
there are extensive marshes.

Almost all the river peoples engage in fishing. Along the 
narrow sections, where rapids often occur, fishing is only 
of interest to a small number of villages. The Enya (Wa- 
genia) of Boyoma Falls and the Manyanga living down­
stream from Malebo Pool attach fish traps to stakes or 
to dams built in the rapids themselves. Fishing of a very 
different nature, notably by poison, is conducted in the 
marshy areas, where the population is more extensive than 
might be imagined. Among these peoples are the “wa­
ter people”—the Ngombe—who inhabit the Itimbiri-Ngiri 
and the triangle formed by the Congo and the Ubangi. 
Other fisherfolk of the marshes dweil in the lagoons and 
the drowned forests of the region where the confluence of 
the Congo and the Alima, Likouala, and Sangha occurs.

Despite unfavourable conditions, all these peoples are 
also cultivators. They raise dikes, often of monumental 
size, to plant cassava on the land thus sheltered from 
flooding. Other crops, such as sweet potatoes, bananas, 
and yams, are of little importance. Although the Congo 
basin has the continent’s most important timber resources, 
the timber industry is still largely undeveloped, mainly 
because the interior is so inaccessible and because the cost 
of transporting timber to the coast is so high.
Few modes of existence have undergone such profound 

changes as a result of contact with the modern world as 
has that of the river’s fisherfolk. The growth of the towns 
on the banks of Malebo Pool as well as the taste of urban 
dwellers for river fish have served to stimulate fishing by 
relating it to a cash economy. It is not just a question 
of villagers smoking fish that they seil to passing traders. 
Increasingly numerous fishing crews sail up the Congo, 
the Ubangi, and the Kasai, well above their confluences, 
to fish in the shallows.

Transportation. The Congo is the most important nav- 
igational system in Africa. Within the territorial limits 
of Zaire alone, there are some 8,700 miles of navigable 
waterway. Of this total, 650 miles are accessible at all sea­
sons to barges with capacities of from 800 to 1,100 tons, 
depending upon the height of the water. The amount of 
goods transported by water—consisting mainly of agricul­
tural produce, wood, minerals, and fuel—is very modest in 
comparison to the traffic on European rivers (for example, 
the commercial traffic from the port of Kinshasa does not

reach a million tons), but river transport remains essential 
for Communications with regions that are inaccessible by 
road, especially in the cuvette. The three principal routes, 
all of which converge on the downstream terminus at Kin­
shasa on the Malebo Pool, run from Kisangani, from Ilebo 
(formerly Port-Francqui) on the Kasai, and from Bangui 
on the Ubangi. River transport, however, falls short of the 
role it could play in development. It has actually declined 
since the States of the Congo became independent in 1960 
because of serious problems with aging equipment, a lack 
of maintenance of the infrastructure, and the poor func- 
tioning of the public waterway agencies. In Zaire only the 
section from Ilebo to Kinshasa is still important, because 
it constitutes the river fink (the other link being a railway 
between Kinshasa and Matadi) by which part of the cop­
per production of Shaba is conveyed to the coast.

This network has fostered economic development in in­
land areas, far from the coast. Varied activities include 
the production of palm oil on the banks of the Kwilu, 
centred on the port of Kikwit, and the establishment of 
plantations of robusta coffee in the Kisangani area.

Before such developments could be undertaken, however, 
it was necessary to overcome the barrier to the sea formed 
by the Congo’s lower course. That feat was accomplished 
in 1898 with the opening of the railway between Matadi Railways 
and Léopoldville (now Kinshasa) and in 1934 by the com- 
pletion of the Congo-Ocean rail line on the right bank 
between Brazzaville and Pointe-Noire.

While the river system facilitates navigation, it also hin- 
ders land transportation. Only a small number of bridges 
cross the Congo and its tributaries. The Kongolo rail and 
road bridge over the Lualaba was reconstructed in 1968, 
and a bridge over the Congo at Matadi was opened in 1983.
Numerous projects to improve the Situation nevertheless 
exist, notably a link between Kinshasa and Brazzaville.
This project has long been under discussion, although to 
financial obstacles are added difficulties caused by political 
dissension. Several times since the two countries gained 
independence in 1960, such dissensions have interrupted 
the ferry traffic between the two capitals.

Power. It has been estimated that the hydroelectric po­
tential of the Congo basin amounts to about one-sixth of 
the known world resources, but only a fraction of this 
potential has been hamessed. The single site of Inga, just 
upriver from Matadi, has a power potential estimated at 
more than 30,000 megawatts. Two hydroelectric projects, 
called Inga I and Inga II, have been completed there since 
Zaire’s independence. Although the combined installed 
capacity of Inga is only a small fraction of the total po­
tential, it is greater than the present power consumption 
of Zaire. Thus, it will be many years before the Congo re- 
gion’s energy needs equal the potential output of the river.

Study and exploration. The problem of the origin of
Superstock

Enya (Wagenia) fishing in the rapids of the Congo River near Kisangani, Zaire.
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the Congo confronted European explorers from the time 
that the Portuguese navigator Diogo Cäo discovered the 
river’s mouth in 1482, which he believed to be a strait 
providing access to the realm of the mythical Prester 
John, a Christian priest-king. It is virtually certain that, 
well before the Welsh explorer Henry Morton Stanley ar- 
rived in 1877, some 17th-century Capuchin missionaries 
reached the shores of Malebo Pool. This exploit, however, 
was not followed up, even by the amply supplied Tuckey 
expedition, which was sent out by the British admiralty in 
1816. The expedition was decimated and had to retrace 
its footsteps even before it had surmounted the cataracts. 
Preposterous hypotheses about the river continued to be 
entertained, connecting, for example, the upper Niger to 
the Congo or maintaining that the Congo and the Nile 
both flowed from a single great lake in the heart of Africa.

Even after the discovery of Lake Tanganyika by the 
British explorers Richard Burton and John Speke (1858), 
then of the Lualaba (1867) and of Lake Bangweulu (1868) 
by the Scottish explorer David Livingstone, uncertainty 

Stanley’s remained—uncertainty that Stanley was to dissipate in the
expedition course of his famous expedition in 1876 and 1877 that 

took him by water over a period of nine months from 
the Lualaba to the Congo’s mouth. In the interior of the 
Congo basin, and above all on the right bank, the final 
blank spaces on the map could not be fiiied in until about 
1890, when the exploration of the upper course of the 
Ubangi was completed. (G.F.S./Ro.Po.)

EAST AFRICAN LAKES
The majority of East African lakes lie within the East 
African Rift System, which forms a part of a series of 
gigantic fissures in the Earth’s crust extending north­
ward from the Zambezi River valley through eastem and 
northeastern Africa and the Red Sea to the Jordan River 
valley in southwestem Asia. In East Africa itself, the 
southem, eastem, and western branches of the system can 
be discemed.

For map coverage of the East African lakes, see above 
East African mountains.

öccupying the Southem Rift Vailey is Lake Nyasa (Lake 
Malawi), which drains into the Zambezi River. Marking 
the course of the Western Rift Valley are Lakes Tan­
ganyika, Kivu, Edward, and Albert (also called Mobutu 
Sese Seko)—the first two of which are situated within the 
drainage basin of the Congo River, while the other two 
constitute part of the Nile River drainage system. With 
the exception of Lake Rudolf (Lake Turkana), the lakes 
found in the Eastem (Great) Rift Valley are smaller than 
those of the Western Rift and constitute several indepen­
dent inland drainage basins.

Located in a shallow downwarping between the Eastem 
and Western Rift highlands is Lake Victoria, which among 
the freshwater lakes of the world has a surface area that is 
second only to that of Lake Superior in North America. 
On a smaller scale, East Africa also includes some fine 
examples of crater lakes, and on Mount Kenya and in 
the Ruwenzori (Rwenzori) Range are found glacial tarns, 
small lakes each of which occupies a basin, or cirque, 
scraped out by a mountain glacier.

The eight Of the eight largest lakes—Victoria, 26,828 square miles
largest (69,485 square kilometres) in area; Tanganyika, 12,700;
lakes Nyasa, 11,430; Rudolf, 2,473; Albert, 2,160; Kivu, 1,040;

Rukwa, 1,000; and Edward, 830—only one, Rukwa, in 
Tanzania, lies wholly within a single political entity. The 
northem shore of Kenya’s Lake Rudolf is in Ethiopia; 
Lake Victoria is divided among Uganda, Tanzania, and 
Kenya. In the west the international boundary between 
Uganda and Zaire runs through the centre of Lake Albert; 
the same boundary places two-thirds of Lake Edward in 
Zaire and the remainder in Uganda. Lake Kivu lies be­
tween Rwanda and Zaire; the waters of Lake Tanganyika 
are shared among Tanzania, Zaire, Burundi, and Zambia. 
Malawi and Mozambique have territorial waters on Lake 
Nyasa, and, since its independence, Tanzania has also 
advanced claims to its territorial waters because it also 
occupies a part of the lakeshore.

Physical features. Physiography. The surface levels of 
the lakes on the irregulär floor of the Eastem Rift Valley

are of varying heights, rising from Lake Rudolf (1,230 feet 
[375 metres] above sea level) through Lake Baringo (3,200 
feet) to Lake Naivasha (6,180 feet), after which there is a 
decrease in height to Lake Magadi (1,900 feet). The Omo 
River from the Ethiopian Plateau is the only perennial 
affluent of Lake Rudolf, which is the lowest of the major 
East African lakes. Although it has the typical elongated 
form of a rift lake, Rudolf is relatively shallow (240 feet at 
its centre, although it reaches about 400 feet in a small de­
pression at the southem end), as are the other lakes of the 
Eastem Rift. Its eastem and southem shores are bounded 
by rocky margins of volcanic origin; the lower western and 
northem shores are mostly composed of sandy Sediments.
South of Lake Magadi the splaying continuation of the 
Eastem Rift into northem Tanzania is indicated by Lakes 
Natron, Manyara, and Eyasi.

In the Western Rift Valley the north western and south- 
eastem shores of Lake Albert are flanked by steep escarp- 
ments; wild ravines and fine cascades form a conspicuous 
feature of these geologically young tectonic (fault-formed) 
landscapes, the scale being greater on the Zaire than on 
the Uganda side. There is a considerable lowland area at 
the northem end of the lake, where, about 20 miles below 
Murchison (Kabalega) Falls, the Victoria Nile enters Lake 
Albert, to leave almost immediately as the northward- 
flowing Albert Nile. The southem end of Lake Albert con­
tains an alluvial flat and a papyrus-choked delta formed 
by the Semliki River, which both carries the outflow from 
Lake Edward and provides drainage from the rain-soaked 
Ruwenzori Range.

Lake Edward, of which the deepest part (367 feet) is 
in the west under the Congo Escarpment, receives the 
Rutshuru River as its principal affluent. On the northeast 
it is connected with Lake George by the 3,000-foot-wide 
Kazinga Channel. At an altitude of approximately 3,000 
feet above sea level, the surfaces of both lakes are nearly
1,000 feet higher than that of Lake Albert.
Separating the basins of Lake Edward and Lake Kivu are 

the Virunga Mountains, which thus divide the drainage The 
system of the Nile River from that of the Congo River. Virunga 
With clear water, a broken shoreline, and a mountainous Mountains 
setting, including the relatively recent volcanoes (Nyamu- 
lagira and Nyiragongo) of the Virunga Mountains, Lake 
Kivu possesses outstanding scenic attractions. Its outflow 
is southward by the turbulent Ruzizi River, which drops 
more than 2,200 feet on its way to Lake Tanganyika.
This latter lake, long and narrow, is second only to the 
Soviet Union’s Lake Baikal in depth, penetrating at its 
maximum to 4,710 feet, which is more than 2,400 feet 
below sea level. Typical, too, are the flanking escarpments, 
which often rise sheer from the lake; the only sizable 
lowland is the lower Ruzizi valley. The drainage of the 
Malagarasi River system enters Lake Tanganyika about 
25 miles south of Kigoma, Tanz.; at its southem end, 
on the frontier with Zambia, the 700-foot Kalambo Falls 
occur where the Kalambo River tumbles over the escarp­
ment. The overflow to the Lualaba River, a tributary of 
the Congo, is via the shallow and sometimes obstructed 
Lukuga River outlet on the western side.
Lake Victoria, with its quadrilateral shape, relative shal- 

lowness (maximim depth of about 260 feet), and an area 
that is more than twice as great, is quite different from 
Lake Tanganyika. Set in a region of erosion surfaces in- 
stead of tectonic escarpments, it is bounded by a shoreline 
of considerable variety: on the west a straight, cliffed 
coast gives way to papyrus swamp; headlands and deep 
indentations mark the intricate northem shores; a major 
inlet, the Winam (formerly Kavirondo) Bay, is located on 
the east; and on the southem shores the Speke, Mwanza, 
and Emin Pasha gulfs lie amid rocky, granitic hills. Uk- 
erewe, situated in the southeast, is the largest island in the 
lake; in the northwest the Sese Islands constitute a major 
archipelago. At the entrance to the channel leading to 
Jinja, Uganda, lies Buvuma Island. There are numerous 
other islands, most being of ironstone formation overlying 
quartzite and crystalline schists. The Kagera River, largest 
of the affluents, may be considered as being the most 
remote headstream of the Nile. The outlet of the lake and 
the conventional source of the Nile is at Jinja, where after
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flowing over the now-submerged Ripon Falls, the Victo­
ria Nile begins its joumey toward the Mediterranean Sea 
through the sluices of the dam at Owen Falls.

Lake Rukwa is situated in a northwest- to southeast- 
trending side rift, parallel with the Southern part of the 
Lake Tanganyika rift and continuing the structural align- 
ment of the northern end of Lake Nyasa. Lying on flat 
alluvium (soil, gravel, sand, and stone deposited by run­
ning water), Rukwa is extremely shallow (20 feet at the 
greatest depth), and any change of surface level causes 
great fluctuations in its area. Southeast of Lake Rukwa, 
beyond the volcanic mass of Rungwe Mountain, Lake 
Nyasa, third in size among the East African lakes, has 
the same characteristics as Lake Tanganyika but in less 
extreme form. It is deepest in the north (2,310 feet), 
where, on the Tanzanian side, the Li vingstone Mountains 
rise precipitously from the lake surface. In the northwest, 
however, there is a well-defined alluvial plain. From the 
east come the waters of the Ruhuhu River, and numerous 
streams flow across the Malawi Plateau to the westem 
shore. In the shallower, southem part there are several 
lake plains and sandy beaches. The Shire River outlet at 
the southemmost end has an extremely small gradiënt in 
its upper section, but in its middle course the river is in- 
temipted by cataracts before emptying into the Zambezi.

Geology. The East African rifts attained their present 
form mainly as a result of Pleistocene earth movements 
from 1,600,000 to 10,000 years ago, and the lakes must 
have been formed after the landscapes in which they are 
set. The shallowness of such lakes as Albert (maximum 
recorded depth 190 feet) and Edward (367 feet) is the 
result of the thick layers of sediment upon which they 
rest. In some lakes, too, volcanic activity has played a 
part in blocking drainage and shaping shorelines. Raised 
beaches indicate that the lake levels were higher and their 
surfaces were more extensive during rainy phases of the 
Pleistocene Epoch. In the Eastern Rift, for instance, Lakes 
Rudolf and Baringo were formerly part of one lake, from 
which there was a link via the Sobat River with the White 
Nile. Subsequent drier conditions caused the eastern lakes 
gradually to dwindle in size, with many fluctuations, to 
their present independent status.

The lakes of the Westem Rift have experienced their own 
geologie changes. Before the geologically recent blocking 
of the rift by the eruption of the Virunga Mountains, the 
drainage of Lake Kivu was probably northward into the 
Nile. The fossil record suggests that the organic content 
of Lakes Edward and George was considerably reduced 
during a period of intense volcanic activity around their 
shores, although several species of fish (e.g., Tilapia nilot- 
ica) appear to have survived. Toward the end of the 
Middle Pleistocene (about 100,000 years ago), when the

rise in the shoulders of the Westem Rift resulted in the 
reversal of the westward-flowing drainage of such rivers 
as the Kagera, Katonga, and Kyoga-Kafu, Lakes Victoria 
and Kyoga were formed by water diverted from the north­
ern section of the rift. Eventually, however, the drainage 
of most of Uganda retumed to the Westem Rift and to 
the Nile. The subsequent reductions in the level of Lake 
Victoria are indicated by a series of strandlines around its 
shores.

Climate. Those East African lakes that lie in inland 
troughs at altitudes of about 2,000 feet or less have a 
hot, dry climatic environment with a high potential evap­
oration. In the higher parts of the rift floors, however, 
climatic conditions approach those of the flanking high­
lands. In the Westem Rift moist air from the Congo basin 
is a source of the more humid conditions prevailing over 
Lakes Tanganyika and Kivu. The glacial tams of Mount 
Kenya and the Ruwenzori Range are in the frigid zone.

Large lakes tend to create or influence their own cli­
mates, and this effect is most marked on the westem and 
northern margins of the immense mass of Lake Victoria. 
There, in a zone 30 to 50 miles wide, temperatures rarely 
rise above 80° F (27° C) or fall below 60° F (16° C), and 
rainfall is well distributed throughout the year. Moreover, 
annual rainfall is high, being heaviest over the lake and 
decreasing inland from an average of 50 to 60 inches 
(1,300 to 1,500 millimetres) at the lake shores. At the 
northem end of Lake Nyasa, an annual rainfall total of 
about 120 inches results from similar influences reinforced 
by air convergence caused by the funnel-shaped relief at 
the head of the lake. Sudden and dangerous storms are 
likely to arise over the waters of all the major lakes.
Hydrology. The levels of the East African lakes are 

perceptibly sensitive to climatic fluctuations. Average sea­
sonal ranges of level are small: no more than a foot 
on Lake Victoria, 1.3 feet on Lake Albert, and three to 
four feet on Lake Nyasa. Longer-term fluctuations, with 
consequential effects on the shorelines, are greater: during 
the 20th Century the extreme range recorded on Lake 
Victoria has been 10.3 feet, compared with 17.3 feet on 
Lake Albert and 18.8 feet on Lake Nyasa. In each case 
the recorded maximum occurred in the early 1960s. The 
effects of drought are enhanced in small, shallow lakes: 
Lake Nakum, in Kenya, dried up completely in 1939-40; 
at the end of 1949 Lake Rukwa was estimated to be one- 
fifth its normal size; and Lake Chilwa, in Malawi, suffered 
a drastic reduction of area in 1967-68.

There is a significant correlation between rainfall and 
variations in the level of Lake Victoria, and Lakes Kyoga 
and Albert follow—with an appropriate time lag—the 
conditions of Lake Victoria. In addition to rainfall, other 
factors affect the longer-term fluctuations of Lakes Tan-

Kay Honkanen— Ostman Agency

Lake Kivu in East Africa between Rwanda and Zaire. The westem escarpment of the 
Western Rift Valley rises on the far side of the lake.

Lake levels
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ganyika and Nyasa. The Lukuga River outlet of Lake 
Tanganyika tends to become blocked intermittently by 
silting, Consolidated by swampy growth. Similarly, in the 
flat valley of the upper Shire River, periods of erosion 
altemate with the building of bars of silt and sand rein­
forced by reeds. As a result, between 1915 and 1935 there 
was virtually no outflow from Lake Nyasa.

Many of the lakes, especially those in the Eastem Rift, 
are brackish, but Baringo and Naivasha are exceptions in 
that they are freshwater lakes and are believed to have sub- 
terranean outlets. At the other extreme of salinity, Magadi 
is a soda lake, in which the continuing source of sodium 
carbonate (natron) appears to be alkaline waters of deep- 
seated origin. Lakes Edward and George have the highest 
salinities among the lakes of the Westem Rift, but the al- 
kalinity is not excessive. The problem of the deeper lakes, 
such as Tanganyika, Nyasa, and Kivu, is that their deeper 
waters are permanently deoxygenated and thus constitute 
a biological desert: 75 percent of the volume of Lake 
Tanganyika and 99 percent of that of Kivu are within this 
category. Moreover, all three lakes contain lethal amounts 
of hydrogen sulfide in their deeper waters, and Lake Kivu 
also contains vast quantities of methane.

P lan t life. The Vegetation setting of the lakes varies 
from the semidesert, in which Lake Rudolf is situated, 
to the patches of closed evergreen forest on the westem 
and northem shores of Lake Victoria. Between the two 
extremes and in accordance with the Position of the indi­
vidual lakes, bushland and thicket, grassland, savanna, or 
open woodland occur. The oil palm, which is character- 
istic of westem Africa and of the Congo region, is found 
on the shores of Lake Tanganyika. Heavily populated and 
intensively cultivated areas marginal to Lakes Victoria 
and Nyasa present Vegetation types that have been much 
modified by human activity. The lakeshores may consist 
of open landscapes of headland or beach or may contain 
plants associated with swamps, such as the giant sedge, 
C yperus pap yru s , which is the most prevalent.

Fish genera A n im a l life. Among the main genera of fish in the East 
African lakes are the mouthbreeders T ilapia , much the 
most important in number of species and in total quan- 
tity; H aplochrom is (which, like the T ilapia , belong to the 
Cichlidae family), a group of small perchlike fish; C larias  
(barbel) and B agrus among the catfish; H ydrocyn u s (tiger 
fish); various carps, including L abeo , B ariliu s, and Bar­
bus; Protopterus, a lungfish; M orm yru s, a member of the 
elephant-snout fish family; and S to lo th rissa  tanganicae  
(dagaa), a small sardinelike fish.

The more strongly saline lakes, such as Nakum, El- 
menteita, Manyara, and, above all, Magadi and Natron, 
have a severely limited fish life. Lake Kivu also has a fish 
population that is neither varied nor abundant. Although 
fish are present in enormous quantities in Lake Rukwa, 
the number of species is not large, and the stock is 
dominated by the endemic T ilap ia  rukw aensis. Successive 
droughts such as that of 1949 explain why there are so few 
species in Lake Rukwa; the years immediately following 
1949, on the other hand, provide an excellent example of 
the amazing recovery powers of tropical fish populations.

The majority of the lakes, though, have a rieh and var­
ied fish life, of which a high proportion of species are 
endemic to the individual lake. The Cichlidae, for exam­
ple, are especially prone to form new species, and there 
are between 100 and 200 species of the family in Lakes 
Victoria and Kyoga.

Lake Albert has a fish life that is related to that of 
the Nile; it includes Nile perch, tiger fish, and P olypterus 
(bichir). The physical barrier of Murchison Falls, situated 
near the northem end of Lake Albert, marks the frontier 
of a separate faunal province formed by Lakes Victoria 
and Kyoga. Several of the Lake Albert genera are not 
found in these two lakes, which contain many unique 
species. Similarly, the rapids on the Semliki River have 
prevented the introduction of fish species from Lake Al­
bert into Lakes Edward and George, which otherwise are 
particularly rieh in fish. On the other hand, the presence 
of Nile perch, tiger fish, and bichir in Lake Rudolf serves 
to indicate its former connection with the Nile. The trans- 
plantation of fish by humans, however, has caused a man-

made Zoogeographie revolution, the full effects o f which 
cannot yet be discemed.

The hippopotamus is ubiquitous around the lakeshores, 
except those of Lake Kivu; the crocodile is also widespread, 
although absent from Lakes Edward, George, and Kivu, 
each of which is sheltered from the spread of this reptile 
by falls in the outflow river, with cool mountain torrents 
and sunless forest as additional deterrents. Traditionally 
there has been an inverse relationship between the density 
of game and that of human settlement. The establishment 
of national parks and game reserves, however, has encour- 
aged the increase of game population, although widespread 
poaching has created serious Problems. Among the variety 
of game to be seen in the neighbourhood of the lakes are 
elephant, buffalo, and various antelopes.

Among the resident and migrant birds in evidence, water- Waterfowl 
fowl are especially noticeable. Several of the Eastem Rift 
lakes—such as Nakum, Elmenteita, and Manyara—are 
famous for their vast congregations of flamingos. Forming 
the basis of a national park in which the emphasis is on 
aquatic birds, Lake Nakum is an omithologist’s paradise;
Lake Edward and the Kazinga Channel are also notably 
rieh in birdlife. The fish-eating birds—cormorants, darters, 
and kingfishers—are also part of the ecology of the lakes.
The people and the economy. Although not all the 

shores of Lake Victoria are well settled, the lands marginal 
to the lake are among the most densely populated in 
Africa. The best-known groups inhabiting these marginal 
lands are the Ganda, Soga, Luhya, Luo, Sukuma, and 
Haya, all of whom, except for the Luo (who are Nilo- 
Saharan speakers), are Bantu-speaking. The eastem mar­
gins of Lake Kivu reflect the high population density of 
Rwanda, and the lowlands at the northem and southem 
ends of Lake Nyasa are also well populated. In general, 
though, the shores of the Eastem and Westem Rift lakes 
are sparsely settled.

R esource exploita tion . Fish constitute one of the major 
resources of the East African lakes, but the degree of ex­
ploitation varies considerably from lake to lake. Uganda, 
for example, possesses one of the largest freshwater fishing 
industries in the world, while production from Kenya is 
appreciably lower. The potential of Lake Rudolf, well- 
stocked with Nile perch, has been only partially realized, 
whereas to the south the waters of the much smaller 
Lake Baringo have been more strongly exploited. Black 
bass and several species of T ilapia, both of which were 
introduced, form the basis of the commercial fishery of 
Lake Naivasha; the lake is also a populär weekend resort 
for Nairobi residents, many of whom are attracted by the 
sport fishing. At Lake Magadi, on the other hand, soda 
ash, which is the leading mineral export of Kenya, is ex- 
tracted and refined.

The strongly developed Ugandan fishery of Lake Kyoga 
is largely based on introduced Nile perch; and although 
Lake Victoria is considered to be essentially a Tilapia  
fishery, there are also important catches of other species, 
including Nile perch. The fisheries of Lake Victoria are 
important as a source of protein for the mral and urban 
population living in the vicinity. The Luo and the Sese 
Isländers have shown a marked interest in the industry, 
which is practiced by independent fishermen, typically us­
ing planked canoes with outboard motors.

Another important resource at Lake Victoria is the Owen 
Falls power station at Jinja, which provides electricity for Hydro- 
use in Uganda and Kenya. In addition, the dam at the electric 
falls enhances the potential of Lake Victoria as a storage power 
reservoir for the Nile River, in the process raising the 
average level of the lake by three feet. The Lake Victoria 
region has great potential for economie growth, although 
greater cooperation among its bordering States is needed 
to realize this potential.

The varied fish life of Lake Albert includes Nile perch 
and two genera of tiger fish, of which one, A lestes, pro­
vides two-thirds of the total weight landed on the Uganda 
shores of the lake. It is believed, however, that the total 
catch is below the maximum sustainable yield of the lake.
A tourist attraction adjacent to Lake Albert is the Murchi­
son Falls (Kabalega) National Park, which extends down 
to the narrowing outlet at the northem end of the lake.
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Lakes Edward and George support remarkably fertile 
fisheries. The Zaire shores of Lake Edward are within the 
Virunga National Park, while the Ugandan portion of the 
lake lies within the Queen Elizabeth (Ruwenzori) National 
Park. Close to the northeastern shore of Lake Edward, 
Lake Katwe, which lies in one of the numerous shallow 
craters within the Edward-George branch of the Westem 
Rift, is a source of salt.
The fisheries potential of Lake Kivu is more limited than 

that of the other lakes of the Westem Rift, but a large 
quantity of natural gas is obtained from the lake each 
year. Tourist attractions are available, and, at the outlet of 
the lake below Bukavu, Zaire, a hydroelectric station on 
the Ruzizi River provides power to the Burundi Capital of 
Bujumbura on the northem shores of Lake Tanganyika.
As a whole, the borderlands of Lake Tanganyika are 

characterized by underdevelopment, although peasant fish­
ermen operate in the northem part of the lake, where fish­
eries are dominated by the exploitation of dagaa. There is 
a secondary output from other species, but in the absence 
of shallow, marginal waters Tilapia do not form a signifi­
cant proportion of the catch. Despite the changes in water 
level to which it is liable and its remoteness from markets, 
Lake Rukwa is third to Lakes Victoria and Tanganyika 
among the freshwater fisheries of Tanzania.

In the northem waters of Lake Nyasa the fish caught 
include catfish and some species of carp, whereas in the 
southem part of the lake shallow, sheltered waters pro­
vide a good habitat for Tilapia and for Labeo mesops 
(a species of carp). The majority of the fishermen also 
practice subsistence agriculture, except on Likoma Island. 
Commercial fishing, however, has intensified the demand 
upon the inshore species, resulting in a reduction of the 
fish population.

Transportation. Most of the East African lakes are rea- 
sonably accessible by road and air. Among the major 
lakes, however, Rudolf remains the least accessible by 
road. With the exception of Lake Albert, the main lakes of 
Uganda are well served by surface Communications. There 
are fairly good road Communications to Lake Kivu, but 
considerable Stretches of the shores of Lakes Tanganyika 
and Nyasa have no proper roads. Scheduled inland-water- 
way services have been developed on Lakes Victoria, Tan­
ganyika, and Nyasa; elsewhere, as on Lake Kivu, there are 
launch services. Otherwise, canoes and, to a small extent, 
dhows transport people and goods.

Fluctuations of the lake level and changing economic 
conditions have brought about the closure of a number of 

Main ports ports on Lake Victoria. The main ports in use are Kisumu 
in Kenya; Musoma, Mwanza, and Bukoba in Tanzania; 
and Port Bell (serving the Kampala metropolitan area) and 
Jinja in Uganda. Entebbe, Uganda, which is no longer a 
lake port, has an international and regional airport; there is 
also an international airport at Bujumbura, Burundis port 
on Lake Tanganyika. Lake services operate on Victoria, 
including those from rail-ferry terminals at Jinja, Kisumu, 
and Mwanza; all three have rail connections with the 
maritime ports. On Lake Tanganyika, a rail line connects 
Kigoma, Tanz.—terminus of the rail line from the Tanza- 
nian Capital of Dar es Salaam—with the Zambian port of 
Mpulungu. In Zaire a Company based at the railway port 
of Kalemi maintains links with Kigoma, Bujumbura, and 
Kalundu (for the town of Uvira). Malawi’s railway System 
provides services on Lake Nyasa and has rail connections 
with Beira and Nacala on the coast of Mozambique, and 
its major ports are Nkhota Kota, Chilumba, and Karonga.

Study and exploration. Following in the track of earlier 
Arab trading expeditions, the British explorers Sir Richard 
Burton and John Hanning Speke reached the eastem 
shore of Lake Tanganyika in 1858. It was there, at Ujiji, 
that David Livingstone, the Scottish explorer-missionary 
who had pioneered the Shire River route to Lake Nyasa 
in 1859, was met by the Welsh explorer Henry Morton 
Stanley in 1871, after which the two subsequently made 
a reconnaissance of the northem part of the lake. Then, 
in 1874, in the course of his east-west traverse of the 
continent, the English traveler Vemey Lovett Cameron 
explored the Lukuga River outlet on the westem shore of 
Tanganyika.

While Burton remained at Tabora in 1858, Speke jour- 
neyed northward and became the first European to view 
the waters of Lake Victoria. In 1862, after he retumed 
to East Africa with a fellow countryman, James Augus­
tus Grant, Speke stood above the Fipon Falls, which he 
proclaimed as the source of the Nile. The details of the 
Lake Victoria shoreline were filled in by Stanley when he 
circumnavigated the lake in 1875.

Meanwhile another Englishman, Samuel White Baker, 
and his wife, Florence, had approached the East African 
lakes from the north, reaching Lake Albert in 1864. In 
1888 to 1889 Stanley, in Company with Mehmed Emin 
Pa§a (or Pasha), the German explorer, traced the Semliki 
River to its source in Lake Edward. Finally, in 1894, 
a German explorer, Adolf von Götzen, became the first 
European to visit Lake Kivu.

During the 1880s Europeans explored the lakes of the 
Eastem Rift. Lakes Magadi and Naivasha were visited by 
a German traveler, Gustav Fischer, in 1883, and in the 
same year the Scottish explorer Joseph Thomson reached 
the shores of Lake Baringo. Five years later Count Samuel 
Teleki and Ludwig von Höhnel reached Lake Rudolf. 
Considerable scientific study of the lakes region has been 
conducted since that time. (S.J.K.B.)

NIGER RIVER
The Niger River, with a length of 2,600 miles (4,200 
kilometres), is the principal river of westem Africa and 
the third longest in Africa after the Nile and the Congo.
It is believed to have been named by the Greeks. Along 
its course it is known by several names. These include 
the Joliba (a Malinke word meaning “great river”) in its 
upper course; the Mayo Baileo and the Isa Eghirren in 
its central reach; and the Kwarra, Kworra, or Quorra in 
its lower stretch.

Physical features. Physiography. The Niger rises in Source of 
Guinea at 9°05' N and 10°47' W on the eastem side of the Niger 
the Fouta Djallon (Guinea) highlands, only 150 miles in­
land from the Atlantic Ocean. Issuing as the Tembi from 
a deep ravine 2,800 feet (850 metres) above sea level, it 
flows due north over the first 100 miles. It then follows 
a northeasterly direction, during the course of which it 
receives its upper tributaries—the Mafou, the Niandan, 
the Milo, and the Sankarani on the right and the Tinkisso 
on the left—and enters Mali. Just below Bamako, Mali’s 
Capital, the Sotuba Dam marks the end of the upper river.
From there the Niger once dropped more than 1,000 feet 
in about 40 miles into a valley formed by tectonic subsi­
dence; but the rapids in this stretch have been submerged 
by the waters backed up by the Markala Dam, located 
some 150 miles downstream of the Sotuba Dam near 
Sansanding. In this stretch, at Koulikoro, the river takes 
a more east-northeasterly direction, and its bed becomes 
fairly free from impediments for about 1,000 miles.

At Mopti the Niger is joined by the Bani, its largest trib­
utary on the right, after which it enters a region of lakes, 
creeks, and backwaters that is often called the “internal 
delta” of the Niger. These lakes are chiefly on the left bank 
and are connected to the river by channels that undergo 
seasonal changes in the direction of flow. At high water 
most of the lakes become part of a general inundation.
Largest of the lakes in this region is Lake Faguibine, which 
is nearly 75 miles long, 15 miles wide, and more than 160 
feet deep in places.

The labyrinth of lakes, creeks, and backwaters comes to 
an end at Kabara, the port of Timbuktu (Tombouctou).
There, the river tums almost due east, passing its most 
northem point at latitude 17°05' N. Some 250 miles 
downstream from Timbuktu, a rocky ridge that obstructs 
the course of the river is pierced by a defile (narrow gorge) 
more than a mile long, with an average width of about 
800 feet and a depth of more than 100 feet in places. At 
low water the strong current there endangers navigation. A 
short way downstream the river tums to the southeast and 
widens considerably, flowing to Gao across a floodplain 
three to six miles wide. This most northerly bend of the 
Niger flows through the southem fringe of the Sahara.

The middle course of the Niger River is navigable to small 
craft during high water as far downstream as Ansongo—
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The Niger 
delta

The Niger River at Mopti, Mali.
©Brian A. Vikander/West Light

some 1,100 miles in all. Below Ansongo, 430 miles down­
stream from Timbuktu, navigability is interrupted by a 
series of defiles and rapids. The river becomes navigable 
to small vessels again at Labbezanga—from which it flows 
into Niger—and continues to be navigable to the Atlantic 
Ocean. Navigation is seasonal, however, because of the 
fluctuations in the water level in the rainy and dry seasons.

Downstream from Jebba, in Nigeria, the Niger enters its 
lower course, flowing east-southeast through a broad and 
shallow valley 5 to 10 miles wide. About 70 miles from 
Jebba it is joined by the Kaduna River—an important 
tributary that contributes about 25 percent to the annual 
discharge of the river below the Niger-Kaduna conflu- 
ence—and about 25 miles above Lokoja the river tums 
to the south. At Lokoja the river receives the water of 
its greatest tributary, the Benue (see below), thereby ap­
proximately doubling the volume of its annual discharge. 
At their confluence the Niger is about three-quarters of 
a mile wide, and the Benue more than a mile. Together 
they form a lakelike stretch of water about two miles wide 
that is dotted with islands and sandbanks. From Lokoja 
downstream to the town of Idah, the Niger flows in a 
restricted valley, enclosed by hills and in some places 
flanked by sandstone cliffs up to 150 feet high. Between 
Idah and Onitsha the banks are lower and the country 
flatter. At Onitsha, the largest town on the Niger’s banks 
in Nigeria and the third largest riverine town after Bamako 
and Niamey (Niger), the valley narrows as the river flows 
through what is probably a fault in the area’s sandstone. 
It emerges at Aboh, separating into many branches before 
reaching the Gulf of Guinea via Africa’s largest delta.
The Niger delta, which Stretches for nearly 150 miles 

from north to south and spreads along the coast for about 
200 miles, extends over an area of 14,000 square miles 
(36,000 square kilometres). Within the delta the river 
breaks up into an intricate network of channels called 
rivers. The Nun River is regarded as the direct continua- 
tion of the river, but some of the other important channels 
include (from west to east) the Forcados, the Brass, the 
Sambreiro, and the Bonny. The mouths of these channels 
are almost all obstructed by sandbars. The Forcados, for 
instance, which supplanted the Nun as the most traveled 
channel in the early 20th Century, was in turn displaced 
by the Escravos River in 1964. The delta is being grad- 
ually extended seaward by the increments of silt brought 
down by the river, and mangrove swamps extend beyond 
its outer edge.
The Benue (meaning “Mother of Water” in the Batta lan­

guage) rises at 4,400 feet above sea level on the Adamawa 
(Adamaoua) Plateau in northern Cameroon at about 7° 40' 
N and 13° 15' E. In its upper course, which extends north- 
northwest to its confluence with the Mayo Kébi, close to

the town of Garoua, it is a mountain torrent, falling more 
than 2,000 feet over a distance of 110 miles. The river 
then tums westward into Nigeria and, for the greater part 
of its course, flows over a broad and fertile floodplain. At 
Yola, a town 600 feet above sea level and some 850 miles 
inland, the width of the river in flood is from 1,000 to 
1,500 yards (910 to 1,370 metres). Near Numan, some 30 
miles downstream from Yola, the Benue is joined on its 
north bank by its most important tributary, the Gongola.
Other important tributaries include the Shemankar, the 
Faro, the Donga, and the Katsina Ala.
Together with its tributaries, the Niger drains a total area 

of some 730,000 square miles. The Niger drainage System 
is bounded in the south by such highlands as the Fouta 
Djallon, the Banfora Cliffs in Burkina Faso, the Plateau of 
Yorubaland, and the Cameroon highlands. This southem 
rampart forms a watershed separating the rivers of the 
Niger system from others that flow directly southward to 
the Atlantic Ocean. With the exception of such highlands 
as the Jos Plateau, the Iforas and Air massifs, and the 
Ahaggar Mountains to the north and east, the northem 
edge of the Niger basin is, however, less clearly defined 
than the southem edge.

Climate. Within the Niger basin climate shows great 
variability. Mean annual rainfall decreases northward from 
more than 160 inches (4,100 millimetres) in the delta area 
to less than 10 inches in Timbuktu. Both the upper and 
the lower Stretches of the river, however, drain areas with 
more than 50 inches of rain per year. The middle Niger 
is an area where rainfall decreases and is also the sector 
where the greatest amount of evaporation takes place. It is 
estimated that in the lake region the Niger loses nearly 65 
percent of the annual volume of discharge that flows past 
Mopti.
Hydrology. Because of climatic variations the annual The annual 

river flood does not occur at the same time in different floods 
parts of the basin. In the upper Niger the high-water dis­
charge occurs in June, and the low-water season is in De­
cember. In the middle Niger, a first high-water discharge— 
the white flood (so called because of the light sediment 
content of the water)—occurs soon after the rainy season 
between July and October; a second rise—the black flood 
(so called because of the greater sediment content)—be- 
gins in December with the arrival of floodwaters from 
upstream. May and June are the low-water months in the 
middle stretch. On the Benue there is only one high-water 
season. Because of the Benue’s more southerly location, 
this normally occurs from May to October—earlier than 
on the middle Niger. The lower Niger below its confluence 
with the Benue consequently has a high-water period that 
begins in May or June—about a month earlier than on 
the middle Niger—and a low-water period that is at least
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a month shorter, as the rains in the south start earlier. In 
January a slight rise occurs due to the arrival of floodwa- 
ters from the upper Niger. The difference between high 
and low water often measures as much as 35 feet.
Plant and animal life. Along its course the Niger tra- 

verses virtually all the vegetational zones of westem Africa. 
The Fouta Djallon plateau, where the Niger rises, is cov­
ered by a type of sedge Vegetation consisting of fine, 
wirelike tufts interspersed with bare rock surfaces. From 
the Fouta Djallon to well below the Niger’s confluence 
with the Benue, the river flows mainly through savanna 
grassland country. In the north the grass is short and 
discontinuous, and thomy shrub and acacia wood occur. 
In the south of the grassland region, tall, tussocky grass is 
interspersed with fairly dense wooded Vegetation. About 
the latitude of Onitsha, the river enters the high rain-forest 
beit, which merges below Aboh with the mangrove swamp 
Vegetation of the delta.

Many varieties of fish are found in the Niger and its 
tributaries; the chief food species are catfish, carp, and 
Nile perch. Other Niger fauna include the hippopotamus, 
at least three different types of crocodile (including the 
much-feared Nile crocodile), and a variety of lizards. There 
is a rieh collection of birds. Geese are found in the lake 
region, and heron, egrets, and storks are found both on 
the river and around the lakes. The striking crown bird 
is found wherever there is open ground in the grassland 
zone, and pelicans and flamingos are particularly associ­
ated with the upper Benue area. Smaller riverine species 
include white-headed plover, crocodile bird, sandpiper, 
curlew, and green-red shank.
The people and the economy. The Niger valley is 

sparsely settled, although there are population concentra­
tions in the lake region and near the confluence of the 
Niger and Benue. In medievai times the valley was the 
heartland of the Mali and Songhai empires, and some of 
the river towns date from this period. The ethnic pattem 
along the course of the river includes larger groups—such 
as the Bambara, the Malinke, the Songhai, and the Zerma 
(Djerma)—occupying both sides of the river above the 
Nigerian boundary, below which there are many small 
ethnic groups.

Fishing Fishing is an important activity along the length of the 
river system, especially during the dry season when the 
deep-sea and Coastal fish catch is smallest. River fishing is 
a specialized occupation for certain peoples, such as the 
Bozo and Somono in the lake region, the Sorko on the 
middle Niger, the Kede and the Kakanda between Jebba 
and Lokoja, and the Wurbo and the Jukun on the Benue. 
The discovery and exploitation of petroleum in the delta 
region, however, has seriously disrupted fishing there; oil 
pollution has killed most of the fish, undermining the 
economy of the Ijo (Ijaw) people of the region.

Irrigation. The irrigation of the Niger valley—for the 
purpose of transforming it into a densely populated, agri­
cultural corridor running through the interior of westem 
Africa—has long been a goal of planners. In the 1930s 
the French colonial administration, for example, began 
to plan the irrigation of large areas in the lake region; a 
barrage at Sansanding that raised the level of the Niger 
was completed in 1947. Feeder canals were constructed, 
and huge tracts of irrigated land now produce rice, cotton, 
sugarcane, and vegetables. The British colonial adminis­
tration also encouraged irrigated rice cultivation in the 
Bida region. In Nigeria large-scale irrigation schemes have 
been developed since the 1960s on the Niger and some of 
its tributaries, notably the Sokoto, Kaduna, and Benue.

The Niger is also a source of hydroelectricity. The largest 
project is the Kainji Dam in Nigeria, completed in the 
late 1960s. A 500-square-mile lake has been created up- 
stream, offering opportunities for fishing and irrigation. 
Other projects include the Sotuba and Markala dams in 
Mali and dams at Jebba (on the Niger) and Shiroro (on 
the Kaduna tributary) in Nigeria.

Transportation. Most of the Niger River—more than 
75 percent of its total length—is used by commercial 
shipping. From the Atlantic Ocean to Onitsha the river is 
navigable by large vessels throughout the year. From Onit­
sha to the confluence of the Benue and the Niger large

vessels can move for 10 months of the year (June-March).
Navigation in this stretch is made possible by the influx 
of water from the Benue River, which is at high level in 
June. From Lokoja to Jebba the Niger is navigable to all 
craft only from October to mid-November. Thus, Jebba 
is in effect the head of navigation of the Niger waterway, 
although extreme fluctuation in water level at times con- 
stitutes a major handicap to vessels plying beyond Lokoja.
Above Jebba the Niger is navigable only to smaller craft 
and is dependent locally on periods when water levels 
are adequate.

Rail and road routes cross the river at many points.
Railway bridges span the river at Kouroussa and Jebba, 
and another crosses the Benue at Makurdi. There are road 
bridges over the Niger at Ségou, Malanville, Kainji, Jebba,
Lokoja, and Onitsha and over the Benue at Makurdi,
Numan, and Yola. Fernes cross the Niger at Bamako,
Gao, Niamey, Yelwa, and Idah and cross the Benue at 
Garoua. The main river ports are Koulikoro, Timbuktu,
Baro, Onitsha, Burutu, and Koko.
The coordination of multinational efforts to develop the 

Niger and its tributaries is the responsibility of the Niger 
River Commission, formed in 1963. The Commission 
has sponsored a study of the navigational possibilities of 
the middle Niger from Gao (Mali) to Yelwa (Nigeria).
Moreover, in Nigeria several river basin development au- 
thorities have been established to develop more irrigation 
and fishing projects.

Study and exploration. It was not until the late 18th 
Century that Europeans made systematic attempts to find 
the source, direction, and outlet of the Niger. In 1795 Mungo 
Mungo Park, a Scottish explorer, traveled overland from Park’s 
the Gambia region and reached the Niger near Ségou, expedition 
where in July 1796 he established that the river flowed 
eastward. In 1805 Park sailed more than 1,500 miles down 
the river, seeking to reach its mouth, but he and his party 
were drowned in the rapids at Bussa (now covered by Lake 
Kainji). In 1822 another Scottish explorer, Alexander G.
Laing, determined but did not visit the source of the river.
In 1830 two English explorers, Richard and John Lander, 
established the iower course of the Niger by canoeing 
down the river from Yauri (now also covered by Lake 
Kainji), to the Atlantic Ocean, via the Nun River passage.
In the second half of the 19th Century two German ex­
plorers, Heinrich Barth and Eduard R. Regel, in separate 
travels established the course of the Benue from its source 
to its confluence with the Niger. (A.L.M.)

NILE RIVER
The Nile, the father of African rivers and the longest 
river in the world, rises south of the equator and flows 
northward through northeastern Africa to drain into the 
Mediterranean Sea. It has a length of about 4,132 miles 
(6,650 kilometres) and drains an area estimated at 1,293,- 
000 square miles (3,349,000 square kilometres). Its basin 
includes parts of Tanzania, Burundi, Rwanda, Zaire,
Kenya, Uganda, and Ethiopia, most of The Sudan, and 
the cultivated part of Egypt. Its most distant source is the 
Kagera River in Burundi.

The Nile is formed by three principal streams, the Blue 
Nile (Arabic: Al-Bahr al-Azraq; Amharic: Abay) and the 
Atbara (Arabic: Nähr Atbarah), which flow from the 
highlands of Ethiopia, and the White Nile (Arabic: Al- 
Bahr al-Abyad), the headstreams of which flow into Lakes 
Victoria and Albert.

The name Nile is derived from the Greek Neilos (Latin: Origin of
Nilus), which probably originated from the Semitic root the name 
nabal, meaning a valley or river valley, and hence, by an 
extension of the meaning, a river. The fact that the Nile— 
unlike other great rivers known to them—flowed from the 
south northward and was in flood at the wärmest time of 
the year was an unsolved mystery to the ancient Egyptians 
and Greeks. The ancient Egyptians called the river Ar or 
Aur (Coptic: Iaro), or “Black,” in allusion to the colour of 
the Sediments carried by the river when it is in flood. Nile 
mud is black enough to have given the land itself its old­
est name, Kern or Kemi, which also means “Black” and 
signifies darkness. In The Odyssey, the epic poem written 
by the Greek poet Homer (7th Century bc), Aigyptos is
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the name of the Nile (masculine) as well as the country 
of Egypt (feminine) through which it flows. The Nile in 
Egypt and the northem Sudan is now called An-Nïl, Al- 
Bahr, and Bahr an-Nïl or Nahr an-Nïl.
Physical features. The Nile River basin, which covers 

about one-tenth of the area of the continent, served as the 
stage for the evolution and decay of advanced civilizations 
in the ancient world. On the banks of the river dwelled 
people who were among the first to cultivate the arts of 
agriculture and to use the plow. The basin is bordered on 
the north by the Mediterranean; on the east by the Red 
Sea Hills and the Ethiopian Plateau; on the south by the 
East African Highlands, which include Lake Victoria, a

The Nile River basin and its drainage network.

Nile source; and on the west by the less well-defined wa­
tershed between the Nile, Chad, and Congo (Zaire) basins, 
extending northwest to include the Marrah Mountains of 
The Sudan, the Al-Jilf al-Kabïr Plateau of Egypt, and the 
Libyan Desert (part of the Sahara).

The availability of water from the Nile throughout the 
year, combined with the area’s high temperatures, makes 
possible intensive cultivation along its banks. Even in 
some of the regions in which the average rainfall is suffi­
ciënt for cultivation, such as in The Sudan, marked annual 
variations in precipitation often make cultivation without 
irrigation risky. The Nile River is also a vital waterway for 
transport, especially at times when motor transport is not 
feasible—e.g., during the flood season. Improvements in 
air, rail, and highway facilities in the 20th Century, how­
ever, have greatly reduced dependency on the waterway.

Physiography. It is thought that in the mid-Tertiary Pe­
riod (approximately 30 million years ago) the early Nile, 
then a much shorter stream, had its sources about lati­
tude 18° to 20° N. Its main headstream may then have 
been the present Atbara River. To the south lay the vast 
enclosed drainage system containing the large Lake Sudd. 
According to one theory on the evolution of the Nile 
system, about 25,000 years ago the East African drainage 
to Lake Victoria developed an outlet to the north, which 
sent its water into Lake Sudd. With the accumulation of 
Sediments over a long period, the water level of this lake 
rose gradually; as a result of the overflow, the lake was 
drained, Spilling over to the north. The overflow waters 
of Lake Sudd, rapidly forming a riverbed, linked the two 
major parts of the Nile system, thus unifying the drainage 
from Lake Victoria to the Mediterranean Sea.

The basin of the present-day Nile falls naturally into 
seven major regions: the Lake Plateau of East Africa, the 
Al-Jabal (El-Jebel), the White Nile, the Blue Nile, the 
Atbara, the Nile north of Khartoum in The Sudan and 
Egypt, and the Nile delta.

The Lake Plateau region of East Africa produces a num­
ber of headstreams and lakes that feed the White Nile. It 
is generally agreed that the Nile has several sources rather 
than one. The furthest headstream may be regarded as 
the Kagera River, which rises in the highlands of Burundi 
near the northem tip of Lake Tanganyika and then flows 
into Lake Victoria. The Nile proper, however, rises from 
Lake Victoria, the second largest freshwater lake in the 
world, which has an area of more than 26,800 square 
miles and forms a huge but shallow lake. The Nile begins 
near Jinja, Uganda, on the north shore of the lake, flowing 
northward over Ripon Falls, which has been submerged 
since the completion of the Owen Falls Dam in 1954. 
The northward stretch of the river, known as the Victoria 
Nile, enters the shallow Lake Kyoga (Kioga) and, passing 
through its swamp Vegetation, flows out in a westerly di­
rection, descending into the East African Rift System over 
Murchison (Kabalega) Falls before entering the northem 
end of Lake Albert. Unlike Lake Victoria, Lake Albert is 
a deep, narrow lake with mountainous sides. There the 
waters of the Victoria Nile unite with the lake waters, 
passing northward as the Albert Nile—a portion of the 
river, somewhat wider and slower, that is fringed with 
swampy growth and is navigable for steamers.

The Nile enters The Sudan at Nimule, and from there to 
Jübä—a distance of some 120 miles—it is called the Al- 
Jabal River (Mountain Nile). This section of the river de- 
scends through narrow gorges and over a series of rapids, 
including the Fula (Fola) Rapids, and receives additional 
water from short tributaries on both banks; it is not com- 
mercially navigable. Below Jübä the river flows over a 
large and very level clay plain, which extends through a 
narrow valley with hill country on either side, lying some 
1,200 to 1,500 feet (370 to 460 metres) above sea level, 
and through the centre of which flows the mainstream. As 
the gradiënt of the Nile there is only 1:13,000, the great 
volume of additional water that arrivés during the rainy 
season cannot be accommodated by the river, and, as a 
result, during those months almost the entire plain be­
comes inundated. This circumstance promotes the growth 
of enormous quantities of aquatic Vegetation—including 
tall grasses and sedges (notably papyrus)—that collectively

Sources of 
the Nile
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is called sudd, literally meaning “barrier,” and the region is 
known as As-Sudd. These great masses of Vegetation, the 
growth of which is exacerbated by the gentle flow of the 
water, break off and float downstream, effectively chok- 
ing the mainstream and blocking the navigable channels. 
Channels have become further choked since the 1950s by 
the rapid spread of the South American water hyacinth.

This basin receives drainage from numerous other 
streams. The Al-Ghazäl (Gazelle) River flows in from the 
southwestem Sudan, joining the Al-Jabal at Lake No, a 
large lagoon where the mainstream takes an easterly di­
rection. The waters of the Al-Ghazäl undergo extensive 
loss through evaporation, and only a small Proportion of 
them ever reach the Nile. A short distance above Malakäl 
the mainstream is joined by the Sobat (Baro in Ethiopia), 
and downstream from there the river is called the White 
Nile. The regime of the Sobat is quite different from the 
steady flowing Al-Jabal, with a maximum flow occurring 
between July and December; the annual flow of the Sobat 
is about equal to the water lost through evaporation in the 
As-Sudd marshes.

The White The White Nile, about 500 miles in length, supplies
and Blue some 15 percent of the total volume entering Lake Nasser
Nile rivers (called Lake Nubia in The Sudan) downstream. It begins

at Malakäl and joins the Blue Nile at Khartoum, receiv- 
ing no tributaries of importance. Throughout this stretch 
the White Nile is a wide, placid stream, often having a 
narrow fringe of swamps. The valley is wide and shallow, 
however, thus causing a considerable loss of water by both 
evaporation and seepage.

The Blue Nile drains from the lofty Ethiopian Plateau, 
where it descends in a north-northwesterly direction from 
a height of about 6,000 feet above sea level. Its reputed 
source is a spring, considered holy by the Ethiopian Or­
thodox Church, from which a small stream, the Abay, 
flows down to Lake Tana (T’ana), a fairly shallow lake 
with an area of about 1,400 square miles. The Abay leaves 
Lake Tana in a southeasterly direction, flowing through a 
series of rapids and plunging through a deep gorge. It is 
estimated that the lake supplies the river with only about 
7 percent of its total flow, but this water is important 
since it is silt-free. The river then flows west and northwest 
through The Sudan to join the White Nile at Khartoum. 
In the greater part of its course from Lake Tana down to 
the Sudanese plains, it runs in a canyon that in places is
4,000 feet below the general level of the plateau. All of 
its tributaries also run in deep ravines. While the White 
Nile at Khartoum is a river of almost constant volume, 
the Blue Nile has a pronounced flood season (late July to 
October) caused by the summer monsoon rains over the 
Ethiopian Plateau and the rapid runoff from its numerous 
tributaries; historically, it was this surge that contributed 
most to the annual Nile floods in Egypt.

The Atbara River, the last tributary of the Nile, flows 
into the mainstream nearly 200 miles north of Khartoum. 
It rises in Ethiopia at heights of 6,000 to 10,000 feet 
above sea level, not far from Gonder, to the north of Lake 
Tana. The two principal tributaries that feed the Atbara 
are the Angereb (Arabic: Bahr as-Salam) and the Tekezo 
(Amharic: “Terrible”; Arabic: Nahr Satït). The Tekezo is 
the most important of these, having a basin more than 
double the area of the Atbara itself. It rises among the high 
peaks of the Ethiopian highlands and flows north through 
a spectacular gorge to join the Atbara in The Sudan. For 
most of its course in The Sudan, the Atbara is well below 
the general level of the plains. Between the plains and 
the river, the ground is eroded and cut into by gullies 
formed by water running off the plains after rainfall. The 
Atbara rises and falls rapidly, like the Blue Nile. In flood 
it becomes a large, muddy river, and in the dry season it 
is a string of pools. The Atbara contributes more than 10 
percent of the total annual flow of the Nile, but almost all 
of this comes in the period of July to October.

Along the stretch of the Nile north of Khartoum, which is 
sometimes called the United Nile, two parts can be distin- 
guished. The first part, which Stretches from Khartoum to 
Lake Nasser, is about 830 miles in length; there the river 
flows through a desert region where rainfall is negligible, 
although some irrigation takes place along its banks. The

second part includes Lake Nasser—which contains the 
water held back by the Aswan High Dam in Egypt—and 
below the dam the irrigated Nile valley and delta region.

Below Khartoum, the Nile flows 50 miles northward un­
til it reaches Sablükah (Sababka), the site of the sixth and The 
highest cataract. There the river cuts through hills for a cataracts 
distance of eight miles. Flowing northward at Barbar, the 
river takes an S-bend, in the middle of which, from Abü 
Hamad to Kürtï and Ad-Dabbah (Debba), the river flows 
southwestward for about 170 miles; the fourth cataract is 
in the middle of this stretch. At the end of this bend, at 
Dunqulah, it again résumés a northerly direction, Crossing 
the third cataract and flowing into Lake Nasser.

For the 800 miles from the sixth cataract to Lake Nasser, 
the riverbed altemates between gentle Stretches and series 
of rapids. Outcropping crystalline rocks that cross the 
course of the Nile cause the five famous cataracts. Because 
of these cataracts, the river is not completely navigable, 
although sections between the cataracts are navigable by 
sailing vessels and by river steamers.

Lake Nasser, the second largest man-made lake in the 
world, has a potential maximum area of 2,600 square 
miles; it inundates more than 300 miles of the Nile’s 
course, including the second cataract near the border 
between Egypt and The Sudan. Immediately below the 
high dam is the first cataract, which was once an area 
of rock-strewn rapids that partially obstructed the flow of 
the river. From the first cataract to Cairo—a distance of 
about 500 miles—the Nile flows northward in a relatively 
narrow, flat-bottomed groove, sinuous in outline and gen­
erally incised into the underlying limestone plateau, which 
averages 10 to 14 miles in width and is enclosed by scarps 
that rise in places to heights of 1,500 feet above the river 
level. For the last 200 miles of its course before reaching 
Cairo, the Nile shows a strong tendency to hug the eastem 
edge of the valley floor, so that the greater part of the 
cultivated land is found on the left bank.

North of Cairo the Nile enters the delta region, a level, 
triangular-shaped lowland. In the Ist Century a d , the
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into seven delta distributaries. The flow has since been 
controlled and redirected, so that the river now flows 
across the delta to the sea through two main distributaries, 
the Rosetta and the Dumyät (Damietta) branches.

The Nile delta, the prototype of all deltas, comprises a 
gulf of the prehistorie Mediterranean Sea that has been 
filled in; it is composed of silt brought mainly from the 
Ethiopian Plateau. The silt varies in its thickness from 50 
to 75 feet and comprises the most fertile soil in Africa.
It forms a monotonous plain that extends 100 miles from 
north to south, its greatest east-west extent being 155 
miles between Alexandria and Port Said; altogether it cov­
ers an area twice that of the Nile valley in Upper Egypt.
The land surface slopes gently to the sea, falling some 52 
feet from Cairo in a gentle gradiënt. In the north, on the 
seaward border, are a number of shallow brackish lagoons 
and salt marshes: Lake Marout (Buhayrat Maryüt), Lake 
Edku (Buhayrat Idkü), Lake Burullus (Buhayrat al-Burul- 
lus), and Lake Manzala (Buhayrat al-Manzilah).

Climate. Almost no area within the Nile basin experi- 
ences a true equatorial or a true Mediterranean type of 
climate. While the Nile basin in The Sudan and Egypt is 
rainless during the northem winter, its southem parts and 
the highlands of Ethiopia experience heavy rain—more Rainfall 
than 60 inches (1,520 millimetres)—during the northern 
summer. Most of the region falls under the influence 
of the northeast trade winds between October and May, 
which causes the prevailing aridity of most of the basin.

Tropical climates with well-distributed rainfall are found 
in parts of the East African lakes region and southwest- 
ern Ethiopia. In the lake region there is little Variation 
throughout the year in the mean temperature, which 
ranges from 60° F to 80° F (16° C to 27° C) depending 
on locality and altitude. Relative humidity, which varies 
similarly, is about 80 percent on the average. Similar cli­
matic conditions prevail over the extreme Southern parts 
of The Sudan, which receive as much as 50 inches of rain 
spread over a nine-month period (March to November), 
with the maximum occurring in August. The humidity



Africa 107

reaches its highest at the peak of the rainy season and 
reaches its low level between January and March. Max­
imum temperatures are recorded during the dry season 
(December to February), with the minimums occurring in 
July and August.

To the north, the rainy season gets shorter, and the 
amount of rainfall decreases. The rainy season, which oc­
curs in the south from April to October, is confined to 
July and August in the northem part of the central Sudan, 
where three seasons may be distinguished. The first of 
these is the pleasant, cool, dry winter, which occurs from 
December to February; this is followed by hot and very dry 
weather from March to June; and this is followed, in tum, 
by a hot rainy period from July to October. The minimum 
temperature occurs in January and the maximum in May 
or June, when it rises to a daily average of 105° F (41° 
C) in Khartoum. Only about 10 inches of rainfall occurs 
annually in the Al-Jazlrah area (between the White and 
Blue Nile rivers), as compared with more than 21 inches 
at Dakar, Senegal, which is at the same latitude. North 
of Khartoum less than five inches of rain falls annually, 
an amount insufficiënt for permanent settlement. In June 
and July the central parts of The Sudan are frequently 
visited by squalls during which strong winds carry large 
quantities of sand and dust. These storms, which are of 
three to four hours duration, are called haboobs.

A desert-type climate exists over most of the remainder 
of the area north to the Mediterranean. The principal 
characteristics of the northem Sudan and the desert of 
Egypt are aridity, a dry atmosphere, and a considerable 
seasonal, as well as diumal, temperature range in Upper 
Egypt. Temperatures often surpass 100° F (38° C); in 
Aswän, for example, the average daily maximum in June 
is 117° F (47° C). While no low temperatures are recorded 
anywhere in The Sudan or Egypt, winter temperatures 
decrease to the north. Thus, only Egypt has what could 
be called a winter season, which occurs from November 
to March, when the daily maximum temperature in Cairo 
is 68° to 75° F (20° to 24° C) and the night minimum is 
about 50° F (10° C). The rainfall in Egypt is of Mediter­
ranean origin and falls mostly in the winter, with the 
amount decreasing toward the south. From eight inches 
on the coast, it falls gradually to a little over an inch in 
Cairo and to less than an inch in Upper Egypt. During the 
spring, from March to June, depressions from the Sahara 
or along the coast travel east, causing dry southerly winds, 
which sometimes results in a condition called khamsin. 
These are sandstorms or dust storms during which the at­
mosphere becomes hazy; on occasion they may persist for 
three or four days, at the end of which the phenomenon 
of a “blue” sun may be observed.
Hydrology. The periodic rise of the Nile remained an 

unsolved mystery until the discovery of the role of the 
tropical regions in its regime. In effect, there was little 
detailed knowledge about the hydrology of the Nile before 
the 20th Century, except for early records of the river level 
that the ancient Egyptians made with the aid of nilometers 
(gauges formed by graduated scales cut in natural rocks 
or in stone walls), some of which still remain. Today, 
however, no other river of comparable size has a regime 
that is so well known. The discharge of the main stream, 
as well as the tributaries, is regularly measured.

The Nile The Nile swells in the summer, the floods rising as a re- 
flood sult of the heavy tropical rains in Ethiopia. In the southem

Sudan the flood begins in April, but the effect is not feit 
at Aswän, Egypt, until July. The water then starts to rise 
and continues to do so throughout August and September, 
with the maximum occurring in mid-September. At Cairo 
the maximum is delayed until October. The level of the 
river then falls rapidly through November and December. 
From March to May the level of the river is at its low- 
est. Although the flood is a fairly regulär phenomenon, 
it occasionally varies in volume and date. Before it was 
possible to regulate the river, years of high or low flood— 
particularly a sequence of such years—resulted in crop 
failure, famine, and disease.
Following the river from its sources, an estimate can be 

made of the contribution of the various lakes and tribu­
taries in the Nile flood.

Lake Victoria forms the first great natural reservoir of 
the Nile system. The heavy rainfall over the lake is nearly 
balanced by surface evaporation, and the outflow from 
the lake—some 812 billion cubic feet (23 billion cubic 
metres)—comes mostly from the rivers draining into it, 
particularly the Kagera. This water then flows via the 
Victoria Nile into Lake Kyoga, where there is little net 
loss of water, and then into Lake Albert. Water lost by 
evaporation is more than balanced by the rainfall over the 
lake and the inflow from other smaller streams, notably 
the Semliki. Thus the annual outflow from Lake Albert to 
the Al-Jabal River is about 918 billion cubic feet.

In addition to the water it receives from the great lakes, 
the torrential tributaries of the Al-Jabal supply it with 
nearly 20 percent of its water. The discharge of the Al- 
Jabal varies little throughout the year because of the reg- 
ulatory effect of the large swamps and lagoons of the As- 
Sudd region. About half of its water is lost in this stage by 
seepage and evaporation, but the flow of the Sobat River 
into the main stream just upstream of Malakäl nearly 
makes up for the loss.

The White Nile provides a regulär supply of water 
throughout the year. During April and May, when the 
main stream is at its lowest level, more than 80 percent 
of its water comes from the White Nile. The White Nile 
obtains its water in roughly equal amounts from two main 
sources. The first source is the rainfall on the East African 
Plateau of the previous summer. The second source is the 
drainage of southwestem Ethiopia through the Sobat (con­
tributed mainly by its two headstreams, the Baro and the 
Pibor) that enters the main stream below As-Sudd. The 
annual flood of the Sobat, a consequence of the Ethiopian 
summer rains, is to a great extent responsible for the 
variations in the level of the White Nile. The rains that 
swell its upper valley begin in April and cause widespread 
inundation over the 200 miles of plains through which the 
river passes, thus delaying the arrival of the rainwater in 
its lower reaches until November-December. Relatively 
small amounts of the mud carried by the Sobat’s flood 
reach the White Nile.

The Blue Nile, the most important of the three great 
Ethiopian affluents, plays an overwhelming part in bring- 
ing the Nile flood to Egypt. It receives two tributaries in 
The Sudan—the Ar-Rahad and the Ad-Dindar—both of 
which also originate in Ethiopia. The regime of the Blue The regime 
Nile is distinguished from that of the White Nile by the of the Blue 
more rapid passage of its floodwater into the main stream. Nile 
The river level begins to rise in June, reaching a maximum 
level at Khartoum in about the first week in September.

The Atbara River draws its floodwater from the rains on 
the northem part of the Ethiopian Plateau, as does the 
Blue Nile. While the floods of the two streams occur at 
the same time, the Blue Nile is a perennial stream, while 
the Atbara, as mentioned, shrinks to a series of pools in 
the dry season.

The swelling of the Blue Nile causes the first floodwaters 
to reach the central Sudan in May. The maximum is 
reached in August, after which the level falls again. The 
rise at Khartoum averages more than 20 feet. When the 
Blue Nile is in flood it holds back the White Nile water, 
tuming it into an extensive lake and delaying its flow. The 
Jabal al-Awliyä’ Dam south of Khartoum increases this 
ponding effect.

The peak of the flood does not enter Lake Nasser until 
late July or August, when the average daily inflow from 
the Nile rises to some 25.1 billion cubic feet. Out of this 
amount the Blue Nile accounts for almost 70 percent, 
the Atbara more than 20 percent, and the White Nile 10 
percent. In early May the inflow drops to its minimum; 
the total discharge of 1.6 billion cubic feet per day comes 
mainly from the White Nile and the remainder from the 
Blue Nile. On the average, about 85 percent of the water 
in Lake Nasser comes from the Ethiopian Plateau, and 
the rest is contributed by the East African Lake Plateau 
system. Lake Nasser has an enormous storage capacity— 
more than 40 cubic miles (about 168 cubic kilometres)— 
although the content of the reservoir varies with the extent 
of the annual flood upstream. Because it is situated in a 
very hot and dry region, however, Lake Nasser can lose
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up to 10 percent of its volume to evaporation annually 
when it is full, decreasing to about one-third that amount 
when it is at minimum capacity.

Plant life. In the areas where no irrigation is practiced, 
different zones of plant life may be roughly divided ac- 
cording to the amount of rainfall.

Tropical rain forest is found along the Nile-Congo di- 
vide, in parts of the Lake Plateau, and in southwestem 
Ethiopia. Heat and copious rainfall produce thick forests 
with a great variety of tropical trees and plants, including 
ebony, banana, rubber, bamboo, and coffee shrub. Mixed 
woodland and grassland (savanna), characterized by a 
sparse growth of thinly foliaged trees of medium height 
and a ground covering of grass and perennial herbs, occurs 
in large parts of the Lake Plateau, in parts of the Ethiopian 
Plateau, in the area that fringes the Blue Nile near Ar- 
Rusayris, and in the southem Al-Ghazäl River region.

On the Sudanese plains, a mixture of thin bush, thorny 
trees, and open grassland prevails. This area is swampy 
during the rainy season, particularly in the Sudd region 
of the south-central Sudan, which has an area of nearly
100,000 square miles. The Vegetation there includes pa­
pyrus, tall bamboolike grasses, reed mace ambatch, or 
turor, water lettuce, a species of convolvulus, and the 
South American water hyacinth.

North of latitude 10° N there occurs a beit of thorny 
savanna or orchard shrub country characterized by small 
scattered tree stands, thombush, and—after rain—grass 
and herbs. North of this, however, rainfall decreases and 
the Vegetation thins out, so that the countryside is dotted 
with small thorny shmbs, mostly acacias. From Khartoum 
northward there is true desert, with scanty and irregulär 
rainfall and no permanent Vegetation at all except for a 
few stunted shmbs. Grasses and small herbs may be scat­
tered along drainage lines after rainfall, but these die away 
in a few weeks. In Egypt the Vegetation near the Nile is 
almost entirely the result of irrigation and cultivation.
Animal life. Many varieties of fish are found in the 

Nile system. Notable among those found in the lower Nile 
system are the Nile perch (which may attain a weight of 
more than 175 pounds), the bolti (a species of Tilapia), 
the barbel, several species of catfish, the elephant-snout 
fish, and the tiger fish, or water leopard. Most of these 
species and the sardinelike Haplochromis, the lungfish, 
and mudfish are found as far upstream as Lake Victoria. 
The common eel penetrates as far south as Khartoum, 
and the spiny eel is found in Lake Victoria.

Leptiles The Nile crocodile, found in most parts of the river, has 
not yet penetrated the lakes of the upper Nile basin. Other 
reptiles found in the Nile basin include the soft-shelled 
turtle, three species of monitor lizard, and some 30 species 
of snakes, of which more than half are venomous. The 
hippopotamus, once common throughout the Nile system, 
is now found only in the As-Sudd region and to the south.

Many schools of fish that fed in the waters of the Nile in 
Egypt during the flood season have been reduced or have 
disappeared since the constmction of the Aswan High 
Dam. Most of the species of the Nile fish were migrants, 
and the dam has prevented many from migrating to Lake 
Nasser. The diminution in the number of anchovies in 
the eastem Mediterranean has also been attributed to the 
serious reduction in the outflow of waterbome nutrients 
due to the dam. Lake Nasser, however, has been devel­
oped into a commercial fishery, where the Nile perch and 
other species thrive.

The people. The Nile flows through regions inhabited 
by a wide variety of peoples, from the Bantu-speaking 
populations of the Lake Victoria area to the Arabs of the 
Sahara and the Nile delta. The wide ethnic and linguistic 
diversity is mirrored in the numerous ecological relation- 
ships between these peoples and the river.

In the southem Sudan are Nilotic-speaking peoples in­
cluding the Shilluk, Dinka, and Nuer. The Shilluk are 
sedentary agriculturists whose land is watered by the Nile. 
The Dinka and Nuer are pastoralists whose movements 
are dictated by the Nile’s seasonal flow. They migrate with 
their herds from the river’s shores during the dry season, 
to high ground during the wet season, and back to the 
river when the dry season returns.

Perhaps nowhere is the relationship between people and 
the river so intense as in the Nile floodplain. The average 
population density in the cultivated parts of the flood­
plain south of the delta is more than 3,320 per square 
mile (1,280 per square kilometre). This great population, 
composed mostly of peasant farmers (fellahin), can sur­
vive only by making the most careful use of the available 
land and water.

Before the completion of the Aswan High Dam, the large 
quantities of silt washed down from the rieh highlands 
of Ethiopia were deposited by the floodwaters in Egypt, 
where the fertility of the riverine lands was maintained 
over the centuries, despite intensive cultivation. Thus, a 
vital feature in the life of the Egyptian people was the 
river’s behaviour, since a good harvest followed a good 
flood, and a poor flood often meant a later food shortage.

The economy. Irrigation. As an aid to cultivation, irri­
gation almost certainly originated in Egypt. A particular 
phenomenon that makes irrigation from the Nile feasi- 
ble is the slope of the land from south to north—which 
amounts to about five inches to the mile—as well as the 
slightly greater slope downward from the riverbanks to the 
desert on either side.

The first use of the Nile for irrigation in Egypt began 
when seeds were sown in the mud left after the annual 
floodwater had subsided. With the passing of time, these 
practices were refined until a traditional method emerged, 
known as basin irrigation. Under this system, the fields Basin 
on the flat floodplain were divided by earth banks into irrigation 
a series of large basins of varying size but some as large 
as 50,000 acres (20,000 hectares). During the annual Nile 
flood, the basins were flooded and the water allowed to 
remain on the fields for up to six weeks. The water was 
then permitted to drain away as the river level feil, and 
a thin deposit of rieh Nile silt was left on the land each 
year. Autumn and winter crops were then sown in the 
waterlogged soil. Under this system only one crop per year 
could be grown on the land, and the farmer was always at 
the merey of annual fluctuations in the size of the flood.

Along the riverbanks and on land above flood level, some 
perennial irrigation was always possible where water could 
be lifted directly from the Nile or from irrigation channels 
by such traditional means as the shadoof (a counterbal- 
anced lever device that uses a long pole); the sakieh, or
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A stand of sugarcane on the west bank of the Nile River, near 
Dandarah, Egypt.
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The Aswan 
High Dam

Persian waterwheel; or the Archimedean screw. Modem 
mechanical pumps have begun to replace such human- or 
animal-operated devices.

Because of the limitations of the basin method of irriga­
tion, perennial irrigation—in which the water is controlled 
so that it can be made to run into the land at regu­
lär intervals throughout the year—has largely replaced it. 
Perennial irrigation was made possible by the completion 
of several barrages and waterworks before the end of the 
19th Century. By the beginning of the 20th Century, the 
canal system had been remodeled and the first dam at 
Aswän had been completed (see below, Dams and reser­
voirs). Since the completion of the Aswan High Dam, 
virtually all formerly basin-irrigated land in Upper Egypt 
has been brought under perennial irrigation.

While the people of The Sudan make use of the waters of 
the Nile for irrigation, reliance on the river is not absolute, 
as a fair amount of rainfall occurs in the southem parts. 
Basin irrigation from the Nile floods is used to a small 
extent, but it is less satisfactory in these areas because the 
surface is more uneven, with less deposition of silt; the 
area inundated also varies from year to year. Since about 
1950, these traditional methods of irrigation have been 
largely displaced by diesel-engined pumps, which are used 
on large tracts on the banks of either the main Nile, or 
above Khartoum, the White Nile.

Perennial irrigation in The Sudan began with the com­
pletion of the combined dam and barrage near Sannär on 
the Blue Nile in 1925. This made possible the irrigation 
of the area of the clay plain called Al-Jazlrah between the 
two Niles south of Khartoum. The success of this attempt 
encouraged the constmction of more dams and barrages 
for large-scale irrigation schemes.
Dams and reservoirs. In 1843 it was decided to build 

a series of diversion dams (barrages or weirs) across the 
Nile at the head of the delta about 12 miles downstream 
from Cairo, so as to raise the level of water upstream 
to supply the irrigation canals and to regulate navigation. 
This delta barrage scheme was not fully completed until 
1861, after which it was extended and improved; it may 
be regarded as marking the beginning of modem irrigation 
in the Nile valley. The Zifta Barrage, nearly halfway along 
the Damietta branch of the deltaic Nile, was added to this 
system in 1901. In 1902 the Asyüt Barrage, more than 
200 miles upstream from Cairo, was completed. This was 
followed in 1909 by the barrage at Isnä (Esna), about 160 
miles above Asyüt, and in 1930 by the barrage at Naj' 
Hammädl, 150 miles above Asyüt.
The first dam at Aswän was constructed between 1899 

and 1902; it has a series of four locks to allow navigation. 
The dam has twice been enlarged—first between 1908 
and 1911 and again between 1929 and 1934—thus raising 
the water level and increasing the dam’s capacity. It is 
also equipped with a hydroelectric plant with an installed 
power of more than 345 megawatts.

The Aswan High Dam is located about 600 miles up­
stream from Cairo and 4 miles upstream from the first 
Aswän Dam. It is built at a place where the river is 1,800 
feet wide and has steep banks of granite. The dam is 
designed to control the Nile water for the expansion of 
cultivation and for the generation of hydroelectric power 
and to provide protection downstream for both crops and 
population against unusually high floods. The work began 
in 1959 and was completed in 1970. The High Dam is 
12,562 feet long at crest level and 3,280 feet wide at the 
base, with a height of 364 feet above the riverbed. It has 
a hydroelectric plant with an installed capacity of 2,100 
megawatts. Lake Nasser Stretches some 310 miles upstream 
from the dam site, extending 125 miles into The Sudan. 
The principal objective behind the constmction of the 

High Dam is to store sufficiënt water in the reservoir in 
order to protect Egypt from the dangers of a series of years 
when the Nile flood is above or below the long-term aver­
age and thus to guarantee a steady flow of water from the 
Nile for both Egypt and The Sudan. An agreement con- 
cluded in 1959 between the two countries sets a maximum 
amount that can be drawn per year and apportions it in a 
ratio of three to one, with Egypt receiving the larger share. 
The quantities of water maintained and apportioned are

based on the estimated worst possible sequence of flood 
and drought events over a period of 100 years; and gen­
erally, one-fourth of the total capacity of Lake Nasser is 
reserved as relief storage for the highest anticipated flood 
during such a period (called “Century storage”).

The High Dam was a source of considerable controversy 
during its constmction, and since it began Operation it has 
continued to have its critics. Opponents have charged that 
silt-free water flowing below the dam has caused erosion 
of the downstream barrages and bridge foundations; that 
the loss of silt downstream has caused Coastal erosion in 
the delta; that the overall reduction in the flow of the Nile 
resulting from the constmction of the dam has caused the 
inundation of the lower reaches of the river by saltwater 
from the Mediterranean Sea, with resulting deposition of 
salt in the delta soils; and that the creation of Lake Nasser 
has caused the water table along the river to rise, resulting 
in waterlogging and an increase in soil salinity in some 
areas. Already the fish population offshore of the delta 
has been reduced dramatically by the loss of the nutrient- 
laden silt. Proponents of the dam have maintained that 
these harmful effects are worth the security of dependable 
water and power supplies; and, indeed, Egypt would have 
suffered a severe water shortage in 1984-88 without the 
dam.

In The Sudan the Sannär Dam on the Blue Nile provides 
water for the Al-Jazirah plain at the time of year when 
the water level of the Blue Nile is low. It also produces 
hydroelectric power. Another dam, at Jabal al-Awliyä’ on 
the White Nile, was completed in 1937; it was built to 
increase the water available to Egypt during the period 
of low water (January to June) and was not intended to 
provide irrigation water for The Sudan. Other dams— 
including one on the Atbara at Khashm al-Qirbah (com­
pleted in 1964) and the Ar-Rusayris Dam on the Blue 
Nile (1966)—have enabled The Sudan to take maximum 
advantage of its allocation of waters from Lake Nasser.

In Uganda, Lake Victoria was made into a reservoir by 
the completion in 1954 of the Owen Falls Dam; the dam 
is situated on the Victoria Nile just below the point where 
the lake waters flow into the river. This permits the storage 
of surplus water in high-flood years to meet the deficit in 
years when the waters are low. The fall from the lake is 
hamessed by a hydroelectric plant that provides power for 
industries in Uganda and Kenya.

Navigation. As already mentioned, the Nile River is 
still a vital waterway for the transportation of people and 
goods, especially in the flood season when motor transport 
is not feasible; river Steamers still provide the only means 
of transport facilities in most of the area, especially in The 
Sudan south of latitude 15° N, where motor transport 
is not usually possible from May to November. Most of 
the towns in Egypt and The Sudan are situated on or 
near riverbanks.

In The Sudan steamer service on the Nile and its trib­
utaries extends for about 2,400 miles. Until 1962 the 
only link between the northem and southem parts of The 
Sudan was by stem-wheel river steamers of shallow draft. 
The main service is from Küstl to Jübä. There are also 
seasonal and subsidiary services on the Dunqulah reaches 
of the main Nile, on the Blue Nile, up the Sobat to Gam- 
bela in Ethiopia, and up the Al-Ghazäl River in the high- 
water season. The Blue Nile is navigable only during the 
high-water season and then only as far as Ar-Rusayris.

Because of the presence of the cataracts north of Khar­
toum, the river is navigable in The Sudan only in three 
Stretches. The first of these is from the Egyptian border to 
the south end of Lake Nasser. The second is the stretch 
between the third and the fourth cataract. The third and 
most important stretch extends from Khartoum south- 
ward to Jübä.

In Egypt the Nile is navigable by sailing vessels and 
shallow-draft river steamers as far south as Aswän; thou­
sands of small boats ply the Nile and delta waterways.

Study and exploration. The ancient Egyptians were 
probably familiär with the Nile as far as Khartoum and 
with the Blue Nile as far as its source in Lake Tana, but 
they showed little or no interest in exploring the White 
Nile. The source of the Nile was unknown to them. The
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Greek historian Herodotus, who visited Egypt in 457 bc, 
traveled up the Nile as far as the first cataract (Aswän). 
About the second Century bc, the Greek scientific writer 
Eratosthenes sketched a nearly correct route of the Nile 
to Khartoum, showing the two Ethiopian affluents, and 
suggested lakes as the source of the river.

In 25 bc , the Greek geographer Strabo and a Roman 
governor of Egypt, Aelius Gallus, also explored the Nile 
as far as the first cataract. A Roman expedition to find 
the source of the Nile that took place in a d  66, during the 
reign of the emperor Nero, was impeded by the As-Sudd, 
and the attempt was therefore abandoned. Ptolemy, the 
Greek astronomer and geographer who lived in Alexan­
dria, wrote in a d  150 that the White Nile originated 
in the high snow-covered Mountains of the Moon (since 
identified with the Ruwenzori Range).

From the 17th Century onward, several attempts were 
made to explore the Nile. In 1613, Pedro Päez, a Spanish 
Jesuit priest, located the source of the Blue Nile. In 1786, 
the Scottish explorer James Bruce visited Lake Tana as 
well as the source of the Blue Nile. (M.M.E1.-K./C.G.S.)

Modem exploration of the Nile basin began with the 
conquest of the northem and central Sudan by the Ot- 
toman viceroy of Egypt, Muhammad CAH, and his sons 
from 1821 onward. As a result of this the Blue Nile was 
known as far as its exit from the Ethiopian foothills, and 
the White Nile as far as the Sobat mouth. Three ex­
peditions under a Turkish officer, Selim Bimbashi, were 
made between 1839 and 1842, and two got to the point 
about 20 miles (32 kilometres) beyond the present port of 
Jübä, where the country rises and rapids make navigation 
very difficult. After these expeditions, traders and mission- 
aries penetrated the country and established stations in 
the southem Sudan. From an Austrian missionary, Ignaz 
Knoblecher, in 1850 came reports of lakes farther south. 
In the 1840s the missionaries Johann Ludwig Krapf, Jo­
hannes Rebmann, and Jacob Erhardt, traveling in East 
Africa, saw the snow-topped mountains Kilimanjaro and 
Kenya and heard from traders of a great inland sea that 
might be a lake or lakes.

These reports led to fresh interest in the Nile source 
and to an expedition by the English explorers Sir Richard 
Burton and John Hanning Speke, who followed a trade 
route of the Arabs from the east coast and reached Lake 
Tanganyika. On the return joumey Speke went north 
and reached the southem end of Lake Victoria, which he 
thought might be the origin of the Nile. This was followed 
in 1860 by another expedition by Speke and James A. 
Grant under the auspices of the Royal Geographical Soci­
ety. They followed the previous route to Tabora and then 
tumed toward Karagwe, the country west of Lake Victo­
ria. There they saw the Virunga Mountains 100 miles to 
the west (they thought that they might be the Mountains 
of the Moon) and discovered the Kagera River. Continu- 
ing around the lake, Speke finally reached the Ripon Falls 
(1862), at which point he wrote, “I saw that old Father 
Nile without any doubt rises in Victoria Nyanza.” Speke 
then made his way northward with Grant, for part of 
the way traveling along the Nile, until the two reached 
Gondokoro, which lies nearly opposite the present Jübä. 
They heard rumours on the way of another large lake 
to the west but were unable to visit it and passed the 
information on to Samuel White Baker, who met them 
at Gondokoro, having come up from Cairo. Baker then 
continued his joumey south and discovered Lake Albert. 
Neither Speke nor Baker had followed the Nile completely 
from the Ripon Falls to Gondokoro; and Baker, who saw 
the northem half of Lake Albert, was told that it extended 
a very long way to the south.

The question öf the source of the Nile was finally settled 
when, between 1874 and 1877, General Charles George 
Gordon and his officers followed the river and mapped part 
of it. In particular Lake Albert was mapped, and Charles 
Chaillé-Long, an American, discovered Lake Kyoga. In 
1875 Henry Morton Stanley traveled up from the east 
coast and circumnavigated Lake Victoria. His attempt to 
get to Lake Albert was not successful, but he marched to 
Lake Tanganyika and traveled down the Congo (Zaire) 
River to the sea. In another memorable joumey in 1889,

taken in order to relieve the German traveler Mehmed 
Emin Pasa (Pasha), Stanley traveled up the Congo and 
across to Lake Albert, where he met Emin and persuaded 
him to evacuate his Equatorial Province, which had been 
invaded by the Mahdist forces. They returned to the east 
coast by way of the Semliki valley and Lake Edward, and 
Stanley saw the snowy peaks of the Ruwenzori Range for 
the first time.

Exploration and mapping has continued over the years: 
it was not until the 1960s, for example, that a detailed 
study of the upper gorges of the Blue Nile was completed.

(H.E.Ht./C.G.S.)

ORANGE RIVER
The Orange River in Southern Africa is one of the longest 
rivers on the continent and one of the longest south 
of the tropic of Capricom. After rising in the Lesotho 
Highlands, less than 125 miles (200 kilometres) from the 
Indian Ocean, the river flows to the Atlantic Ocean in a 
generally westerly direction for some 1,300 miles. The Or­
ange traverses the veld region of South Africa, after which 
it defines the Southern limit of the Kalahari and bisects 
the Southern Namib before draining into the Atlantic at 
Alexander Bay, S. Af. Along its course the river forms 
the boundary between two of South .Africa’s provinces, 
the Orange Free State and Cape Province, as well as that 
between Namibia and South Africa.

The Orange River—together with the Vaal, its principal 
tributary—forms a drainage basin with an area of at least
330.000 square miles (855,000 square kilometres). The 
westem part of the basin is generally dry, flat, and una- 
menable to cultivation without irrigation. The river itself 
is of vital economic importance to the region through 
which it flows. Two projects—the Orange River Project 
and the Lesotho Highland Project, both in various stages 
of constmction—have been designed to meet the water 
demand for irrigation, urbanization, and economic devel­
opment in the central industrial areas of South Africa.

For map coverage of the Orange River, see above 
Kalahari.

Physical features. Physiography. The headwaters of the 
Orange River rise at an altitude of about 10,800 feet 
(3,300 metres) above sea level on a dissected plateau Head- 
formed by the Lesotho Highlands that extends from the waters 
Drakensberg escarpment in the east to the Maloti (Maluti) 
Mountains in the west. The main source of the Orange 
River is officially recognized as the Sinqu (Senqu) River, 
which rises near the plateau’s eastem edge. The Seati 
(Khubedu) headwater rises near Mont aux Sources to the 
north. Still farther north is the lesser-known Malibamatso 
headwater, one site of the Lesotho Highland Project. The 
Lesotho headwaters flow over the turf soil that covers 
Drakensberg lava and cut through the lava to expose 
underlying sedimentary rocks; material eroded from these 
rocks contributes to heavy silt deposits farther down the 
river’s course.

After entering South Africa Southwest of Lesotho, the 
river flows south and west through more open country, 
where sandstones, shales, and mudstones appear on the 
surface and where hard dolerite outcrops form small hills 
and flat-topped mountains. Near Aliwal North, the river 
has eroded a broad valley with a width of some 30 miles 
and a depth of more than 1,000 feet. The river’s channel, 
however, varies greatly in both width and depth because 
of dolerite outcrops that sometimes narrow it to 3,000 or
4.000 feet. The river receives the Caledon as a tributary at 
the head of the Hendrik Verwoerd Reservoir.

From the Hendrik Verwoerd Dam the Orange swings 
to the northwest to its confluence with the Vaal River.
The Vaal, which rises in the eastem Transvaal, flows 
west through the major population and industrial core of 
South Africa before tuming south and joining the Orange 
near the town of Douglas. From there the Orange tums 
Southwest and flows over calcrete and tillite (glacial clayey 
deposit). At Prieska it makes another sharp bend to the 
northwest, and this marks the beginning of its middle 
course. Quartzites and ironstones form a “banier zone” 
through which the river has cut deep gorges. At Upington 
the river—which by then has tumed to the west—spreads
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out over a granite surface. In this area the Orange splits 
up into innumerable channels, between which are islands 
of varying length; and the river attains its greatest width, 
which may reach nearly four miles in places. About 40 
miles downstream from Upington, however, the riverbed 
is suddenly narrowed to about 2,000 feet.

Some 20 miles below Kakamas the Orange—again flow­
ing in several channels—forms the Augrabies Falls. There, 
after descending in a series of rapids, the river plunges into 
a deep pool. The river flows through an almost vertical- 
sided gorge for about 11 miles, emerging again into more 
open country. The lower course of the river, from the 
Augrabies Falls to the sea, is sometimes called the Gorge 
Tract. Where the rock surface is soft, the river valley is 
generally open. Where the river traverses harder igneous 
rock, however, it is confined between almost vertical cliffs 
more than 1,000 feet high in places. Some of the Örange’s 
most rugged passages are found in the last section of the 
river, as it flows along the Richtersveld before tuming 
west to the Namib Coastal desert.

Mouth of The Orange reaches the sea a few miles north of the little
the Orange inlet known as Alexander Bay. The mouth is less than 

three miles wide and is nearly closed by sandbars, which 
are widely breached during high floods. The gap in the 
southem end of the bars is maintained by the outflow of 
water from the river mouth during low tides and by the 
tidal inflow at high tides.

Climate and hydrology. The rainfall patterns in the Or­
ange basin have a direct effect on the river’s rate of flow. 
In Lesotho, above the confluence with the Caledon, the 
rainfall averages 28 to 32 inches (700 to 800 millimetres) 
annually; and, combined with the melted winter snows of 
the highland areas, this small area contributes nearly 60 
percent of the Orange River’s total annual flow. From the 
Caledon to the Vaal annual rainfall decreases to about 11 
to 16 inches a year, and below the Vaal confluence it de­
creases from 9 inches to less than 2 inches in the Namib.

The amount of rainfall reaching the river as runoff de­
creases from about 16 percent in Lesotho to less than one- 
half of 1 percent in the lower Orange catchment. Con- 
versely, summer maximum temperatures increase from 
east to west, the high exceeding 86° F (30° C) on an av­
erage 5 days per year in Lesotho and 150 days per year in 
the west. The result of these phenomena is a tremendous 
increase in the rate of evaporation from east to west. Wa-

Gerard Cubitt— Bruce Coleman Ltd.

The Gorge Tract of the Orange River, near Rosh 
Pinah, Namibia.

ters lost to evaporation may amount to 12 times the total 
precipitation in the lower course of the Orange, and the 
potential storage capacity of reservoirs in the drier regions 
may be reduced by up to 60 percent.

The people and economy. The high valleys of the Or­
ange River’s headwaters are uninhabited, though the ad- 
jacent plateaus are used by the southem Sotho (Basuto) 
people for grazing land. Between the Lesotho border and 
the town of Aliwal North, com (maize) is cultivated, and 
this region is also used as pasturage for cattle and sheep.
The dry shrub country farther downstream is in gen­
eral suitable only for grazing. Irrigated sections, however, 
occur along the river’s course; the largest such area is 
between Upington and the Augrabies Falls, downstream 
of the Boegoeberg Dam (located midway between Prieska 
and Upington), where cotton, alfalfa (luceme), grapes, and 
dates are grown. While scattered farms stand within reach 
of the river’s freshwater supply, there are no large towns 
along the riverbank. This Situation remains little changed 
by the Orange River Project (see below): much of the 
water accumulated by its dams is diverted to the valleys 
of the Fish and Sundays rivers and to the cities of Port 
Elizabeth, Bloemfontein, and Kimberley.

Transportation. Navigation is impossible throughout 
the river’s course because of its irregulär flow, its constant 
interruption by falls and rapids, and the silting that occurs 
in its channels and at the river mouth. Many bridges 
cross the river along its course between Aliwal North and 
Oranjemund, the largest being at Upington.
Irrigation. Large irrigation and hydroelectric projects 

have been hampered on much of the Orange by the enor- 
mous amount of waterbome silt that clogs up reservoirs 
and reduces storage capacity. Efforts to combat this Prob­
lem have included adding sluice gates to the Boegoeberg 
Dam (completed in 1931), which allow much of the silt 
to pass through.

In order to obtain comprehensive control of the river, 
the Orange River Project was located farther upstream, The 
between the Caledon and Vaal confluences. The plan con- Orange 
sists of a number of dam and canal projects; work began River 
in 1962. The completed projects include the Hendrik Ver- Project 
woerd Dam (1972), which has formed the Hendrik Ver­
woerd Reservoir; the P.K. Ie Roux Dam (1977), located 
about 90 miles downstream from the Verwoerd Dam; a 
tunnel some 50 miles long (1975), which carries water 
from the Verwoerd Dam to the Great Fish River; and 
an irrigation canal between the Great Fish and Sundays 
rivers. Among the projects that were still under construc- 
tion in the 1990s were the Van der Kloof irrigation canals 
below the P.K. Ie Roux Dam.

The two dams have also been equipped to deal with heavy 
silt accumulation. They have deep dead-storage areas, and 
their high walls can be raised if necessary to allow for a 
higher water level. The Verwoerd Dam is the major water- 
conservation structure of the project. Its main function is 
to store sufficiënt water in its reservoir for further distribu­
tion via the P.K. Ie Roux Dam or the Orange-Great Fish 
tunnel. The maximum height of the dam is 254 feet above 
the riverbed, it is 3,110 feet long along its crest, and the 
Verwoerd Reservoir has a maximum surface area of about 
140 square miles. The P.K. Ie Roux Dam has a maximum 
height of 351 feet, it is 2,510 feet long along its crest, and 
the reservoir has a maximum surface area of 54 square 
miles. Both dams have hydroelectric power stations, and 
their reservoirs provide water-recreation facilities.

Measures to increase the capacity of the Vaal River have 
also been undertaken. Water has been obtained via the 
Tugela-Vaal Water Project. More water will be supplied 
to the Vaal by the Lesotho Highland Project, which, 
when complete, will consist of several dams and storage 
reservoirs in the basins of the Sinqu, Malibamatso, and 
Senqunyane rivers.

Study and exploration. The first white man known to 
cross the river to the north bank was an Afrikaner elephant 
hunter, Jacobus Coetsee, who forded the Groot River, as it 
was then called, near the river mouth in 1760. Later expe­
ditions across the river in the 18th Century were led by the 
Afrikaner explorer Hendrik Hop; Robert Jacob Gordon, a 
Dutch officer; William Paterson, an English traveler; and
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the French explorer Frangois Le Vaillant They explored 
the river from its middle course to its mouth, and Gordon 
named it in honour of the Dutch house of Orange. Mis­
sion stations were established north of the Orange from 
the late 18th Century. In 1813 John Campbell of the Lon­
don Missionary Society traced the Harts River and from 
its junction with the Vaal followed the latter stream to its 
confluence with the Orange, which he explored as far as 
the Augrabies Falls. The source of the Orange was first 
reached by the French Protestant missionaries Thomas 
Arbousset and Frangois Daumas in 1836.

Throughout the 19th Century, the Orange River marked 
the northem limit of British power in Southern Africa. 
Beginning in the 1830s, the Boers crossed it in search of 
land and freedom from British rule; they named their first 
republic—the Orange Free State—for the river.

(J.H.We./P.S.Ha./Jo.Co.)

SENEGAL RIVER
The Sénégal River, 1,020 miles (1,641 kilometres) long, is 
one of westem Africa’s longest rivers. Its drainage basin 
encompasses some 174,000 square miles (450,000 square 
kilometres). Two of the river’s three headstreams rise in 
the Fouta Djallon highlands in Guinea, after which it 
flows to the northwest and then to the west to drain into 
the Atlantic Ocean. For some 515 miles of its course it 
forms the boundary between Mauritania to the north and 
Senegal to the south.
For map coverage of the Sénégal River, see above N iger  

R iver.
Physical features. P h ysiography a n d  hydrology. Of the 

various headstreams of the river, the Falémé and Bafing 
rise in the sandstones of the Fouta Djallon plateau in 

ormation Guinea, while the Bakoye rises in westem Mali. The Bafing 
•f the and Bakoye meet at Bafoulabé in Mali to form the Séné-
iénégal gal, 650 miles from its mouth. The stream is then joined

by the Falémé near Bakel, Senegal. From there onward the 
Senegal-Mauritania boundary lies on the right (northem) 
bank, so that the river belongs to Senegal; Mauritania, 
however, generally has been permitted to use the river,

From Bakel to Dagana, a distance of 385 miles, the river 
flows through an alluvial valley as much as 12 miles wide. 
Floods come in early September at Bakel, reaching Da­
gana by mid-October. During the flood season the water 
level rises 12 feet (3.5 metres), the flow is some 300 times 
greater than in the dry season, and the river occupies the 
entire valley.

Below Dagana, at Richard-Toll, the Sénégal enters its 
delta. The river’s gradiënt is extremely slight in the delta, 
and, until the completion of the Diama Dam near the 
river’s mouth in 1985, salt water was able to flow upstream 
to Dagana during periods of low water. The mouth of the 
Sénégal has been deflected southward by the offshore Ca- 
nary Current and by trade winds blowing from the north; 
the result has been the formation of a long sandspit, the 
Barbary Tongue (Langue de Barbarie). Saint-Louis lies in

the river’s estuary, which extends for about 10 miles to 
the river’s mouth.

C lim ate. The Bafing and Falémé sources receive about 
80 inches (2,000 millimetres) of rainfall annually, mostly 
from late March to early November; the Bakoye basin 
receives less. The Sénégal valley proper receives 10 to 30 
inches of rain annually, from late May to mid-October, 
with mean maximum temperatures of about 105° F (41°
C) in April, and mean minimum temperatures of about 
62° F (17° C) in January. Rainfall diminishes down­
stream, and the climate of Saint-Louis is similar to that of 
Dakar, the Capital of Senegal, to the south.

P lan t a n d  an im al life. Typical trees of the Sénégal valley 
are acacias, notably A cacia  nilotica, which grows profusely 
on banks, and A. Senegal, which provides the gum arabic 
of commerce and grows on drier slopes. The grass Ve- 
tiveria n igritiana  grows in tufts in wet depressions. In dry 
areas near the valley sides A. a lb ida , B a lan ites aegyptiaca  
(a tree with thorny branches), and grasses are common.

The river is overfished, but Nile perch are common.
Spoonbills, herons, egrets, and weaverbirds are widespread.
Among the animals on the riverbanks hedgehogs, monitor 
lizards, and warthogs are fairly common.

The people and economy. The Sénégal valley below 
Dagana is populated by the Wolof; upstream from Da­
gana to beyond Matam is peopled mainly by the Tukulor 
(Tokolor), after which Soninke (Serahuli) dominate. Vil­
lages average about 300 people except in the delta, which 
is sparsely settled. Throughout the Sénégal River region 
small groups of usually nomadic Fulani (Fulbe or Peul) 
and Mauri (Maure or Moors) are found.

A griculture a n d  irrigation. The best agricultural land 
along the Sénégal River is in the alluvial valley between 
Bakel and Dagana, and this area is the most densely pop­
ulated part of the valley. As the floods retreat each year, a 
variety of crops (including millet, rice, and vegetables) are 
sown, and they grow and mature quickly. Millet is also 
grown on rain-fed lands. Both areas provide pasture for 
the livestock of nomads.
Rice cultivation on lands from which floods have re- Rice 

treated has been locally improved by embankments, with cultivation 
sluices constructed mainly on the Senegalese riverbank; 
diesel pumps have also been used on the Mauritanian 
bank. At Richard-Toll a large area is irrigated by means of 
a dam across the Taoué (Taouey), a tributary stream up 
which Sénégal floods penetrate to Lake Guiers. Rice and, 
more recently, sugarcane have been grown there by the 
use of mechanized equipment and paid labour, although 
rice yields have been lower than expected because of saline 
soils and the depredations of the quelea bird.

In the delta an embankment 50 miles long Controls 
the entry of floodwater to some 120 square miles, part 
of which has been prepared for cultivation. The Diama 
Dam, located about 25 miles upstream from Saint-Louis, 
permits floodwaters to pass through its sluice gates while 
preventing the encroachment of salt water; it has im-
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Boats on the Sénégal River; Kaédi, Mauritania, is on the far shore.
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Route of 
the canal

proved considerably the supply of fresh water in the delta 
region and at the same time has facilitated navigation. 
The hydroelectric potential of the Sénégal has also been 
tapped, with hydroelectric stations at Diama and upstream 
at Manantali in Mali; these projects have been undertaken 
jointly by Mali, Mauritania, and Senegal.

Transportation. Extension of a railway from Kayes, 
Mali, to Dakar (completed in 1923) diverted traffic that 
previously went by river, after which the valley became an 
economic backwater. Local traffic, however, is carried by 
shallow-draft boats from Saint-Louis to Podor, Senegal, 
year-round, and as far as Kayes from early August to mid- 
October. Most traffic plies between the Mauritanian river 
ports of Rosso, Bogué, and Kaédi. Minor fernes exist at 
Rosso and Kayes; there is a dry season causeway across 
the river at Kayes. Saint-Louis was once a seaport, but 
because of the dangerous sandbar there it was supplanted 
by Dakar, 163 miles to the south, after a Dakar-Saint- 
Louis railway link opened in 1885.

Study and exploration. In medievai times reports of the 
Sénégal River’s existence as the “River of Gold” reached 
European navigators. From the 16th to the 20th Century 
the river formed a route of advance for French colonial 
influence. French ships entered the estuary at least as 
early as 1558. From a French fort established in 1638, 
reconnaissance parties went 160 miles upriver to Podor. 
In 1659 a larger fort was erected on N’Dar Island in the 
estuary and named Saint-Louis-du-Sénégal for the French 
king Louis IX (St. Louis). This became a base for French 
exploration of the river and for trade in slaves, gum, gold, 
skins, ivory, beeswax, and ostrich feathers. Andre Brüe 
built a post, Saint-Joseph-de-Galam, 400 miles upstream 
in 1698, and parties sent by him reached the Félou Falls 
above Kayes soon after. Some went up the Falémé, where 
another fort was built. Pierre David penetrated far up 
that river in 1744. In the 20th Century much of the focus 
of activity has been on the development of the Sénégal’s 
resources. Since the 1970s this has been undertaken co- 
operatively by Mali, Mauritania, and Senegal under the 
auspices of the Organization for the Development of the 
Sénégal River. (R.J.H.-C./Ca.C.)

SUEZ CANAL
The Suez Canal (Qanät as-Suways in Arabic), a sea-level 
waterway across the Isthmus of Suez in Egypt connect- 
ing the Mediterranean and the Red seas, provides the 
shortest maritime route between Europe and the lands 
lying around the Indian and Western Pacific oceans. It is 
one of the world’s most heavily used shipping lanes. The 
canal extends 101 miles (163 kilometres) between Port 
Said (Bür Sa'Id) in the north and Suez in the south, with 
dredged approach channels north of Port Said into the 
Mediterranean, and south of Suez. The canal does not 
take the shortest route across the isthmus, which is only 75 
miles, but utilizes several lakes, from north to south, Lake 
Manzala (Buhayrat al-Manzilah), Lake Timsah (Buhayrat 
at-Timsäh), and the Bitter Lakes: Great Bitter Lake (Al- 
Buhayrah al-Murrah al-Kubrä) and Little Bitter Lake (Al- 
Buhayrah al-Murrah as-Sughrä). The Suez Canal is an 
open cut, without locks, and, though extensive straight 
lengths occur, there are eight major bends. To the west 
of the canal is the low-lying delta of the Nile River; to 
the east is the higher, rugged, and arid Sinai Peninsula. 
Prior to constmction of the canal (completed in 1869), the 
only important settlement was Suez, which in 1859 had
3,000 to 4,000 inhabitants. The rest of the towns along its 
banks have grown up since, with the possible exception of 
Al-Qantarah.
Physical features. Geology. The Isthmus of Suez, the 

sole land bridge between the continents of Africa and 
Asia, is of relatively recent geologie origin. Both conti­
nents once formed a single large Continental mass, but 
during Tertiary times (66.4 to 1.6 million years ago) the 
great fault stmetures of the Red Sea and Gulf of Aqaba 
developed, with the opening and subsequent drowning of 
the Red Sea trough as far as the Gulf of Suez and the Gulf 
of Aqaba. In the succeeding Quaternary Period, there was 
considerable oscillation of sea level, leading finally to the 
emergence of a low-lying isthmus that broadened north­

ward to a low-lying open Coastal plain. There, the Nile 
delta once extended farther east—as a result of periods of 
abundant rainfall coincident with the Pleistocene Epoch 
(1,600,000 to 10,000 years ago)—and two river arms, or 
distributaries, formerly crossed the northem isthmus, one 
branch reaching the Mediterranean Sea at the narrowest 
point of the isthmus and the other entering the sea some 
nine miles east of present Port Said.
Physiography. Topographically, the Isthmus of Suez is 

not uniform; there are three shallow, water-filled depres­
sions—Lake Manzala and Timsah, and the Bitter Lakes, 
the last, though distinguished as Great and Little, forming

The Suez Canal.
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one continuous sheet of water. A number of more resis- 
tant bands of limestone and gypsum obtrude in the south 
of the isthmus, and another significant feature is a narrow 
valley leading from Lake Timsah southwestward toward 
the middle Nile delta and Cairo. The isthmus is composed 
of marine Sediments, coarser sands, and gravels deposited 
in the early periods of abundant rainfall, Nile alluvium 
(especially to the north), and windblown sands.

When first opened in 1869, the canal consisted of a 
Original channel barely 26 feet (8 metres) deep, 72 feet wide at
size of the the bottom, and 200 to 300 feet wide at the surface. 
:anal To allow ships to pass each other, passing bays were

built every five to six miles. Constmction involved the 
excavation and dredging of 97 million cubic yards (74 
million cubic metres) of Sediments. Between 1870 and 
1884, some 3,000 groundings of ships occurred because 
of the narrowness and tortuousness of the channel. Ma­
jor improvements began in 1876, and, after successive 
widenings and deepenings, the canal by the 1960s had a 
minimum width of 179 feet at a depth of 33 feet along 
its banks, and a channel depth of 40 feet at low tide. Also 
in that period, passing bays were greatly enlarged and new 
bays constmcted, bypasses were made in the Bitter Lakes 
and at Al-Balläh, stone or cement cladding and steel pil- 
ing for bank protection were almost entirely completed 
in areas particularly liable to erosion, tanker anchorages 
were deepened in Lake Timsah, and new berths were dug 
at Port Said to facilitate the grouping of ships in convoy. 
Plans that had been made in 1964 for further enlargement 
were overtaken by the Arab-Israeli War of June 1967, 
during which the canal was blocked. The canal remained 
inoperative until June 1975, when it was reopened and 
improvements were recommenced.

The economy. Operation. In 1870, the canal’s first full 
year of Operation, there were 486 transits, or fewer than 
2 per day. In 1966 there were 21,250, an average of 58 
per day, with net tonnage increasing from 437,000 (1870) 
to 274,000,000. By the mid-1980s the number of daily 
transits had fallen to an average of 50, but net annual 
tonnage was about 350,000,000.

Originally, passing involved one ship entering a passing 
bay and stopping, but after 1947 a system of convoys 
was adopted. Transit time at first averaged 40 hours; by 
1939 it had been reduced to 13 hours, but as traffic in­
creased after 1942 it went up to 15 hours in 1967, despite 
convoying, reflecting the great growth in tanker traffic at
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Soviet cargo ship in the Suez Canal near Ismailia, Egypt.

that time. Convoys leave daily—two southbound and one 
northbound. Southbound convoys moor at Port Said, Al- 
Balläh, Lake Timsah, and Al-Kabrit, where there are by­
passes that allow northbound convoys to proceed without 
stopping. With reduced overall traffic and some enlarge­
ment of the canal, transit time since 1975 has been about 
14 hours. Upon entering the canal at Port Said or Suez, 
ships are assessed for tonnage and cargo (passengers have 
ridden without charge since 1950) and are handled by one 
pilot (sometimes two) for actual canal transit, which is 
increasingly controlled by radar.

The nature of traffic has greatly altered, especially be­
cause of the enormous growth in oil shipments from the Nature 
Persian Gulf since 1950. In 1913, oil in northbound traffic of canal 
amounted to 291,000 tons; in the peak year of 1966, it traffic 
amounted to 166,000,000 tons. The closure of the canal 
from 1967 to 1975 led to the use of large oil tankers on 
the route around the Cape of Good Hope. Since 1975 
the increased size of tankers—the largest of which cannot 
use the canal—has reduced the canal’s importance in the 
international oil trade. Canal traffic has also been affected 
by the development of sources of crude oil in Algeria,
Libya, Nigeria, the North Sea, and Mexico—all areas Out­
side of the canal route. Competition has also risen from 
new pipelines to the Mediterranean, including the pipeline 
from Suez to Alexandria that was opened in 1977.
From an all-time peak in 1945 of 984,000, passenger 

traffic has declined to negligible numbers because of the 
competition from aircraft, which also now carry high- 
value cargoes of small bulk. Further decline in canal traffic 
resulted from a shift of Australasian trade from Europe 
to Japan and East Asia. Some movement of oil, however, 
from refineries in the Soviet Union, southem Europe, and 
Algeria has continued, chiefly to India, and the shipment 
of dry cargoes, including grain, ores, and metals, has in­
creased. A more recent feature has been the growth of 
container (lighter aboard ship, or LASH) and roll-on roll- 
off traffic through the canal, chiefly destined for the highly 
congested ports of the Red Sea and Persian Gulf. Asia still 
receives large quantities of North American wheat, com 
(maize), and barley through the canal.
The major northbound cargoes consist of crude petroleum 

and petroleum products, coal, ores and metals, and fabri- 
cated metals, as well as wood, oilseeds and oilseed cake, 
and cereals. Southbound traffic consists of cement, fer- 
tilizers, fabricated metals, and cereals. Much southbound 
traffic consists of empty oil tankers, for supertankers with 
a deadweight tonnage of up to 200,000 tons can now 
transit the canal empty but not laden.

Communications and towns. Constmction of the canal 
led to the growth of settlements in what had been, except 
for Suez, almost uninhabited arid territory. More than
70,000 acres (28,000 hectares) were brought under culti­
vation, and about 8 percent of the total population was 
engaged in agriculture, with approximately 10,000 com­
mercial and industrial activities of various sizes. In 1967 
almost all the population was evacuated, and most of the 
settlements were severely damaged or destroyed during 
subsequent warfare. With the reopening of the canal in 
1975, however, reconstruction of the area was begun, and 
most of the population had retumed by 1978. Port Said 
was created a customs-free zone in 1975, and tax-free 
industrial zones have been established along the canal.
The major urban centres are Port Said, with its east-bank 
counterpart, Bür Fu’äd; Ismailia (Al-Ismacïlïyah), on the 
north shore of Lake Timsah; and Suez, with its west-bank 
outport, Bür Tawfïq. Water for irrigation and for domes­
tic and industrial use is supplied by the Nile via the Al- 
Ismä'lllyah Canal.
There are two roads from the pre-1967 period on the Road and 

west bank. Fernes have largely been replaced by four un- railway 
derpasses: north of Suez, south and north of Lake Timsah, connec- 
and at Al-Qantarah. From this last, a road continues along tions 
the east bank to Bür Fu’äd, and another runs eastward 
through the Sinai to Israel. Newer roads on the east bank 
run eastward to the Khutmïyah, Giddi, and Mitla passes, 
which give access to the central Sinai. The railway on the 
west side of the canal was restored in the 1970s. In 1980, 
the Ahmad Hamdi road tunnel was opened, connecting
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Egypt proper with its governorate (mufyäfazah) of Shamäl 
Slnä\ About one mile of the tunnel passes beneath the 
canal itself.
History. Constmction. The first canal in the region 

seems to have been dug in about 1850 bc, when an Irri­
gation channel navigable at flood period was constructed 
into the Wadi Tumelat (at-Tumaylät). This channel was 
extended by the Ptolemies via the Bitter Lakes as far as 
the Red Sea. From the region of Lake Timsah a north­
ward arm appears to have reached a former branch of the 
Nile. Extended under the Romans (who called it Trajan’s 
Canal), neglected by the Byzantines, and reopened by the 
early Arabs, this canal was deliberately filled in by the 
‘Abbäsid caliphs for military reasons in ad  775. Through­
out, the reason for these changes appears to have been to 
facilitate trade from the delta lands to the Red Sea rather 
than to provide a passage to the Mediterranean.

Among the Venetians in the 15th Century and the French 
in the 17th and 18th centuries were writers who specu- 
lated upon the possibility of making a canal through the 
isthmus. A canal there would make it possible for ships 
of their nations to sail directly from the Mediterranean to 
the Indian Ocean and so dispute the monopoly of the East 
Indian trade that had been won first by the Portuguese, 
then by the Dutch, and finally by the English, all of whom 
used the route around the Cape of Good Hope. These 
schemes came to nothing.

It was not until the French occupation of Egypt (1798— 
1801) that the first survey was made across the isthmus. 
Napoleon personally investigated the remains of the an­
cient canal. J.M. Le Père, his chief lines-of-communication 
engineer, erroneously calculated that the level of the Red 
Sea was 33 feet above that of the Mediterranean, and, 
therefore, locks would be needed. Considering the adverse 
conditions under which the French surveyors worked, and 
the prevailing belief in the disparity of levels of the two 
seas, the error was excusable, and Le Père’s conclusion 
was uncritically accepted by a succession of subsequent 
authors of canal projects. Studies for a canal were made 
again in 1834 and in 1846. In 1854 Ferdinand de Lesseps 
received an Act of Concession from the viceroy (khedive) 
of Egypt, Sa'ïd Pasha, to construct a canal; and in 1856 a 

The Suez second act conferred on the Suez Canal Company (Com- 
Canal pagnie Universelle du Canal Maritime de Suez) the right 
Company to operate a maritime canal for 99 years after completion 

of the work. Constmction began in 1859 and took 10 
years instead of the six that had been envisaged; climatic 
difficulties, a cholera epidemie in 1865, and early labour 
troubles all slowed down operations. An initial project 
was the cutting of a small canal (the Al-Ismä'lllyah) from 
the delta along the Wadi Tumelat, with a Southern branch 
(now called the As-Suways al-Hulwah Canal; the two 
canals combined were formerly called the Sweet Water 
Canal) to Suez and a northem one (Al-'Abbäslyah Canal) 
to Port Said. This supplied drinking water in an otherwise 
arid area and was completed in 1863.

At first, digging was done by hand with picks and baskets, 
peasants being drafted as forced labour. Later, dredgers 
and steam shovels operated by European labourers took 
over, and, as dredging proved cheaper than dry excavation, 
the terrain was artificially flooded and dredged wherever 
possible. Other than in the few areas where rock strata 
were met, the entire canal was driven through sand or 
alluvium. In August 1869 the waterway was completed, 
and it was officially opened with an elaborate ceremony 
in November.
Finance. The Suez Canal Company had been incorpo­

rated as an Egyptian joint stock Company with its head 
office in Paris. Despite much early official coolness, even 
hostility, on the part of Great Britain, de Lesseps was 
anxious for international participation and offered shares 
widely. Only the French responded, however, buying 52 
percent of the shares; of the remainder, 44 percent was 
taken up by Sa'Id Pasha. The first board of directors in­
cluded representatives of 14 countries.
In 1875, financial troubles compelled the new viceroy, Is- 

mä'il Pasha, to seil his holding, which (at the instigation of 
the prime minister, Benjamin Disraeli) was at once bought 
by the British govemment. Until that year, the shares had

remained below their issue price of 500 francs each. With 
the British purchase (at 568 francs each), steady apprecia- 
tion took place, to more than 3,600 francs in 1900.

Originally allocated 15 percent of the net profits, Egypt 
later relinquished the percentage and, after the sale of 
Ismä'il’s 176,602 shares, remained unrepresented on the 
board of directors until 1949, when it was, in effect, 
reinstated as a board member and allotted 7 percent of 
gross profits. In that year, it was also agreed that 90 
percent of new clerical jobs and 80 percent of technical 
appointments would be offered to Egyptians and that the 
Canal Company would provide hospitals, schools, and 
other amenities.

In 1956, 13 years before the concession was due to expire, 
the canal was nationalized by Egyptian president Gamal 
Abdel Nasser. Since then, the Egyptian govemment has 
exercised complete control, though the original Company 
continues in Paris as a conglomerate.
International status. Although the canal was built to 

serve, and profit from, international trade, its international 
status remained undefined for many years. In 1888 the 
major maritime powers at the time (except Great Britain) 
signed the Convention of Constantinople, which declared 
that the canal should be open to ships of all nations in 
times of both peace and war. In addition, the convention 
forbade acts of hostility in the waters of the canal and the 
constmction of fortifications on its banks. Great Britain 
did not sign the convention until 1904.

The history of international use of the canal during 
wartime includes denial of passage to Spanish warships 
during the Spanish-American War of 1898 and permission 
of passage by a squadron of the Russian navy during the 
Russo-Japanese War in 1905 and of Italian vessels during 
Italy’s invasion of Ethiopia in 1935-36. Theoretically, the 
canal was open to all belligerents during World Wars I 
and II, but the naval and military superiority of the Allied 
forces denied effective use of the canal to the shipping of 
Germany and its allies.

Following the armistice between Israel and its Arab op- 
ponents in 1949, Egypt denied use of the canal to Israel 
and to all ships trading with Israel. The first of two canal The Suez 
closings occurred during the Suez Crisis of 1956-57, after Crisis 
Israel attacked Egyptian forces and French and British 
troops occupied part of the canal zone. The second closing 
was a consequence of the Arab-Israeli War of June 1967, 
during and after which the canal was the scene of much 
fighting between Egypt and Israel and for several years 
formed the front line between the two armies. With the 
reopening of the canal in June 1975 and the signing of a 
peace treaty between Egypt and Israel in 1979, all ships 
(including those of Israeli registration) again had access to 
the waterway. (W.B.Fi./C.G.S.)

ZAMBEZI RIVER
The Zambezi, together with its tributaries, forms the fourth 
largest river basin of Africa and drains a large portion of 
the south-central region of the continent. It flows eastward 
for about 2,200 miles (3,540 kilometres) from its source 
on the Central African Plateau to empty into the Indian 
Ocean. With its tributaries, it drains an area of more 
than 500,000 square miles (1,300,000 square kilometres).
The Zambezi (meaning “Great River” in the language of 
the Tonga people) includes along its course the Victoria 
Falls, one of the world’s greatest natural wonders, and the 
Kariba and Cabora Bassa dams, two of Africa’s largest hy­
droelectric projects. The river either crosses or forms the 
boundaries of six countries or territories—Angola, Zam­
bia, Namibia, Botswana, Zimbabwe, and Mozambique— 
and the use of its waters has been the subject of a series of 
international agreements.

Physical features. Physiography. The Zambezi rises out 
of a marshy bog near Kalene Hill, Zambia, about 4,800 
feet (1,460 metres) above sea level, and flows some 20 
miles before entering Angola, through which it runs for 
more than 175 miles. In this first section of its course, the 
river is met by more than a dozen tributaries of varying 
sizes. Shortly after reentering Zambia, the river flows over 
the Chavuma Falls and enters a broad region of hum- 
mocky, sand-covered floodplains, the largest of which is
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the Barotse, or Zambezi, Plain. The region is inundated 
during the summer floods, when it receives fertile alluvial 
soils. The main tributaries intersecting the river along the 
plains are the Kabompo River from the east and the larger 
Lungué-Bungo (Lungwebungo) River from the west.

The Zambezi then enters a stretch of rapids that extends 
from Ngonye (Sioma) Falls south to the Katinia Mulilo 
Rapids, after which for about 80 miles it forms the bor­
der between Zambia to the north and the eastern Caprivi 
Strip—an extension of Namibia—to the south. In this 
stretch the river meanders through the broad grasslands 
of the Sesheke Plain until it is joined by the Cuando 
(Kwando) River. Near Kazungula, Zambia, the river, after 
flowing past Botswana territory to the south, tums almost 
due east and forms the frontier between Zambia and 
Zimbabwe. From the Cuando confluence to the Victoria 
Falls, the Zambezi varies considerably in width, from open 
reaches with sand islands to Stretches of rapids through 
narrow channels separated by numerous rock islands.
The Victoria Falls mark the end of the upper course 

of the Zambezi, as its waters tumble with a thunderous 
roar and an enormous cloud of spray. The area around 
the falls was once covered by a thick layer of lava, which 
as it cooled formed wide cracks, or joints, that became 
filled with softer Sediments. As the Zambezi cut its pre­
sent valley it encountered one of these joints, eroded the 
sediment, and created a trench, eventually forcing a gap 
at the lower end of the trench that quickly widened into 
a gorge. The force of the water also created a second gap 
at the upper end of the trench that gradually diverted the 
river until the trench itself was left dry. As the river cut 
backward it repeated the process, scouring eight successive 
waterfalls in the last half million years.

The Zambezi’s middle course extends about 600 miles 
from Victoria Falls to the eastem end of Lake Cabora 
Bassa in Mozambique. It continues to form the bound­
ary between Zambia and Zimbabwe until it crosses the 
Mozambique border at Luangwa. Below the falls a gorge 
some 60 miles long has been formed by the trench-scour- 
ing process, through which the river descends in a series 
of rapids. Just upstream of Lake Kariba the river valley 
widens and is contained by escarpments nearly 2,000 feet 
high. The middle Zambezi is notable for the two man- 
made lakes, Kariba and Cabora Bassa (see below), that 
constitute much of this stretch of the river. Between the

two lakes the Zambezi trends northeast for nearly 40 miles 
before it tums east below the confluence with the Kafue 
River, the Zambezi’s largest tributary. In this section, the 
river mshes through two rocky, narrow gorges, the first 
just below the Kariba Dam, and the other above the con­
fluence with the Luangwa River.
At the dam at the eastem end of Lake Cabora Bassa, the 

Zambezi begins its lower course, during which it descends 
from the Central African Plateau to the Coastal plain. At 
first the hilly country is replaced by flat areas at the head 
of the Tete Basin, and the river becomes more placid. 
About 40 miles downstream the river has cut the Lupata 
Gorge through a range of hills, where it emerges onto 
the Mozambique Plain and occupies a broad valley that 
spreads out in places to a width of three to five miles. 
Near Vila Fontes, the river receives its last great tributary, 
the Shire River, which drains Lake Nyasa (Malawi) some 
210 miles to the north.

At its mouth the Zambezi splits into a wide, flat, and 
marshy delta obstructed by sandbars. There are two main 
channels, each again divided into two. The wider, east­
ern channel splits into the Muselo River to the north 
and the main mouth of the Zambezi to the south. The 
westem channel forms both the Inhamissengo River and 
the smaller Melambe River. North of the main delta, the 
Chinde River separates from the Zambezi’s main stream 
to form a navigable channel leading to a shallow harbour.
Hydrology. The Zambezi, according to measurements 

taken at Maramba (formerly Livingstone), Zambia, expe- 
riences its maximum flow in March or April. In Octo­
ber or November the discharge diminishes to less than 
10 percent of the maximum. The annual average flow 
reaches about 247,000 cubic feet (7,000 cubic metres) per 
second. Measurements taken at Kariba Dam reflect the 
same seasonal pattem; the highest flood recorded there 
was in March 1958, when the flow reached 565,000 cubic 
feet per second.

Climate. The Zambezi River lies within the tropics. 
The upper and middle course of the river is on an upland 
plateau, and temperatures, modified by altitude, are rel­
atively mild, generally between 64° and 86° F (18° and 
30° C). The winter months (May to July) are cool and 
dry, with temperatures averaging 68° F (20° C). Between 
August and October there is a considerable rise in average 
temperatures, particularly in the river valley itself; just be-

Tempera-
tures
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The Victoria Falls Bridge across the Zambezi River, connecting Zambia and Zimbabwe.
© Brian A. Vikander/West Light

fore the rains begin in October temperatures there become 
excessively hot, often reaching 104° F (40° C). The rainy 
season lasts from November to April. Rain falls in short, 
intense thundershowers—the rate sometimes reaching 6 
inches (150 millimetres) per hour—with skies clearing be­
tween downpours. In these months the upper Zambezi 
receives nearly all of its total rainfall, and this accounts for 
the great Variation in the flow of the river throughout the 
year. In all, the upper and middle Zambezi valley receives 
22 to 30 inches of rain per year. Studies have suggested 
that a microclimate in the area of Lake Kariba has created 
a rise in precipitation, possibly as a result of a lake breeze 
blocked by the escarpment that produces thunderstorms.

In the lower course of the river in Mozambique the influ­
ence of the summer monsoon increases the levels of pre­
cipitation and humidity. Temperatures are also higher— 
determined more by the latitude and less by altitude—as 
the river descends from the plateau.

P lan t life. The Vegetation along the upper and middle 
course of the Zambezi is predominantly savanna, with de- 
ciduous trees, grass, and open woodland. Mopane wood­
land (C olophosperm u m  m opane) is predominant on the 
alluvial flats of the low-lying river valleys and is highly 
susceptible to fire. Grass, when present, is typically short 
and sparse. B a ik ia ea  forest, found extensively on sandy 
interfluves between drainage channels, is economically the 
most important Vegetation type in Zambia, for it is the 
source of the valuable Rhodesian teak (B aik iaea  plurijugd). 
Destruction of the B a ik ia ea  forest results in a regression 
from forest to grassland, a slow process involving interme- 
diate stages of scrub Vegetation. The river additionally has 
a distinct fringing Vegetation, mainly riverine forest in­
cluding ebony (D iospyros m espiliform is) and small shrubs 
and fems (e.g., H aem anthu s). In the lower course of the 
Zambezi dense bush and evergreen forest, with palm frees 
and patches of mangrove swamp, is the typical Vegetation.

A n im a l life. The tiger fish is one of the few species 
found both above and below the Victoria Falls. Pike is 
predominant in the upper course of the river, as are yel- 
lowfish and barbel. Bream are now common both above 
and below the falls. Crocodiles abound in the Zambezi, 
though they generally avoid Stretches of fast-running wa­
ter. Hippopotamuses are also found in the upper and 
lower Stretches of the Zambezi. Elephants are common 
over much of the river’s course, particularly in areas such 
as the Sesheke Plain and near the Luangwa confluence. 
Game animals include buffalo, eland, sable, roan, kudu, 
waterbuck, impala, duiker, bushbuck, reedbuck, bushpig, 
and warthog. Of the big cats, lions can be found in the 
Victoria Falls National Park in Zimbabwe and elsewhere 
along the river’s course; cheetahs, although comparatively

rare, can be sighted; and leopards, rarely seen by daylight, 
are common, both in the plains and the river gorges.
Baboons and monkeys abound throughout.
The people. The Lozi (Barotse), who dominate much of The Lozi 

the upper Zambezi, have taken advantage of the seasonal 
flooding of the Barotse Plain for centuries and have an 
agricultural economy that is supplemented by animal hus- 
bandry, fishing, and trade. The main groups of the middle 
Zambezi include the Tonga, Shona, Chewa, and Nsenga 
peoples, all of whom largely practice subsistence agricul­
ture. In Mozambique the riverine population is varied; 
many engage in commercial agriculture—the growing of 
sugarcane and cotton in particular—which was established 
by the Portuguese.

The economy. N avigation. Given its numerous natural 
barriers—sandbars at the mouth, shallowness, and rapids 
and cataracts—the Zambezi is of little economic signifi- 
cance as a trade route. About 1,620 miles of the river, how­
ever, are navigable by shallow-draft steamers. The longest 
stretch of unbroken water runs from the river delta about 
400 miles upstream to the Cabora Bassa Dam. Above the 
dam Lake Cabora Bassa is navigable to its confluence with 
the Luangwa River, where navigation is interrupted again 
to the Kariba Dam. Lake Kariba is navigable, but the 
river again becomes impassable from the end of the lake 
to the Ngonye Falls, some 250 miles upstream. It is again 
navigable by shallow-draft boats for the 300 miles between 
the Ngonye and Chavuma falls and then for another 120 
miles above Chavuma.

The river has four major Crossing points. The Victoria 
Falls Bridge, the first from the head of the river, carries 
rail, road, and foot traffic between Zambia and Zimbabwe.
The dam wall at Kariba is heavily used by road traffic, 
and a road bridge at Chirundu, Zimb., also connects the 
two countries. The fourth major Crossing is the rail and 
road bridge between Mutarara (Dona Ana) and Vila de 
Sena, Mozambique. There are also a number of motor 
fernes Crossing the river at various points.

K a rib a  a n d  C abora B assa  schem es. The Kariba Dam 
harnesses the Zambezi at Kariba, Zimb., 300 miles below 
Victoria Falls. A concrete-arch dam with a maximum 
height of 420 feet and a crest length of 1,900 feet carries 
a road connecting the Zambian and Zimbabwean banks 
of the gorge. Six floodgates permit a discharge of some
335.000 cubic feet of water per second. Both Zambia and 
Zimbabwe obtain most of their electricity from the Kariba 
Dam. Lake Kariba covers an area of about 2,000 square 
miles. The flooded land was previously inhabited by about
51.000 Tonga agriculturalists, who had to be resettled.
The lake Stretches for 175 miles from the dam to Devil’s 
Gorge and is 20 miles across at its widest point. Three
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townships have been built around lakeshore harbours at 
Kariba and at Siavonga and Sinazongwe, Zambia. Tourist 
resorts have also been developed along the lakeshore.

Lake Cabora Bassa was formed by a dam across the 
Zambezi at the head of Cabora Bassa Gorge, about 80 
miles northwest of Tete, Mozambique. The dam, 560 feet 
high and 1,050 feet wide at its crest, impounds the river for 
150 miles to the Mozambique-Zambia border, providing 
hydroelectric power and water for crop irrigation.

Study and exploration. The first non-Africans to reach 
the Zambezi were Arab traders, who utilized the river’s 
lower reaches from the 10th Century onward. They were 
followed in the 16th Century by the Portuguese, who hoped 
to use the river to develop a trade in ivory, gold, and 
slaves. Until the 19th Century, the river, then called the 
Zanbere, was believed to flow south from a vast inland sea 
that was also thought to be the origin of the Nile River. 
Accurate mapping of the Zambezi did not take place until 
the Scottish missionary and explorer David Livingstone 
charted most of the river’s course in the 1850s. Searching 
for a trade route to the East African coast, he traveled 
from Sesheke, 150 miles above Victoria Falls, to the Indian 
Ocean. His map of the river remained the most accurate 
until the 20th Century, when further surveys finally traced 
the Zambezi to its source. (A.N.L.W./NJ.Mo.)
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and B.w.T. MUTHARiKA, Toward Multinational Economic Coop­
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industrialization include oye ogunbadejo, The International 
Politics o f  Africa’s Strategie Minerals (1985); and a .f. ewing, 
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tal problems are covered by neville rubin and William m. 
warren (eds.), D am s in Africa: An Inter-disciplinary Study o f  
M an-made Lakes in Africa (1968); d .f. owen, Man in Tropical 
Africa: The Environmental Predicament (1973); david dalby, 
r.j. harrison church, and FATiMA BEZZAZ (eds.), Drought in 
Africa 2, rev. and expanded ed. (1977); and bonaya adhi go- 
dana, Africa’s Shared Water Resources: Legal and Institutional 
Aspects o f  the Nile, Niger, and Senegal River Systems (1985). 
Agricultural development and the agrarian crisis are presented 
by william Allan, The African Husbandman (1965, reprinted 
1977); PRABHU PINGALI, YVES BIGOT, and HANS BINSWANGER, 
Agricultural Mechanization and the Evolution o f  Farming Sys­
tems in Sub-Saharan Africa (1987); john w. mellor, Christo­
pher l. DELGADO, and Malcolm j. BLACKiE (eds.), Accelemüng 
Food Production in Sub-Saharan Africa (1987); paul harri­
son, The Greening o f  Africa: Breaking Through in the Battle 
for L and and Food (1987); stephen k. commins, Michael f. 
lofchie, and rhys payne (eds.), Africa’s Agrarian Crisis: The 
Roots o f  Famine (1986); and robert h . bates and Michael 
f. lofchie (eds.), Agricultural Development in Africa: Issues o f  
Public Policy (1980). (A.L.M.)

Special geographic features. Landforms: The best general 
treatment of the physical and human geography of the Atlas 
Mountains is jean despois and rené raynal, Géographie de 
l ’Afrique du nord-ouest (1967, reissued 1975). A good overview 
of the region is also offered by j.m. Houston, The Western 
Mediterranean World: An Introduction to Its Regional Land­
scapes (1964). Information on livelihood and environmental 
modifications in the Rif Mountains appears in a short work by 
marvin w. mikesell, Northern Morocco: A Cultural Geogra­
phy (1961, reprinted 1985). The best one-volume survey of the

culture of the peoples of the Atlas region is ernest gellner 
and Charles micaud (eds.), Arabs and Berbers: From Tribe to 
Nation in North Africa (1972). (M.W.M.)

A classic study focused on the East African mountains, in­
cluding some coverage of Ethiopia, is rené jeannel, Hautes 
montagnes d ’Afrique (1950). leslie brown, East African M oun­
tains and Lakes (1971), is also useful. william c. mahaney 
(ed.), Quaternary and Environmental Research on East African 
Mountains (1989), results from more than 20 years of seri- 
ous scientific research, stefan hastenrath, The Glaciers o f  
Equatorial East Africa (1984), a specialized study of the moun­
tains’ glaciers, has a valuable bibliography. david keith jones, 
Faces o f  Kenya (1977), includes chapters on the lakes and the 
mountains. malcolm j. coe, The Ecology o f  the Alpine Zone  
o f Mount Kenya (1967), describes the main plant communities 
and finds them to be more closely related to the mountain’s 
physiography than to altitude. dian fossey, Gorillas in the 
M ist (1983), studies the gorillas that inhabit the slopes of the 
Virunga Mountains. (S.J.K.B.)

An early work on the Ituri Forest is henry m. Stanley, In 
Darkest Africa, 2 vol. (1890, reissued 1913), the tale of his 18- 
month journey up the Congo (Zaire) River from its mouth, 
across the Ituri Forest, and across Tanzania to the coast. colin 
m. turnbull, The Forest People (1961, reissued 1984), con­
tains a beautifully written populär account of the lives and 
feelings of Mbuti living in the central Ituri Forest, emphasiz- 
ing the importance of the forest to their subsistence, ritual, 
and spiritual life. david s. wilkie, “Hunters and Farmers of 
the African Forest,” in julie sloan denslow and Christine 
padoch (eds.), People o f  the Tropical Rain Forest (1988), pp. 
111-126, summarizes how agriculturalists and Bambuti have 
adapted to their tropical forest habitat, robert c. bailey, 
“The Efe: Archers of the Rain Forest,” National Geographic, 
176(5):664-686 (November 1989), is a well-illustrated article 
by an anthropologist who lived in the region for three and a 
half years. paul schebesta, M y Pygm y and Negro Hosts (1936, 
reprinted 1978; originally published in German, 1934), is one 
of the first true anthropological studies of Pygmies and their re- 
lationship with agriculturalists. robert c. bailey and n .r. pea­
cock, “Efe Pygmies of Northeast Zaïre: Subsistence Strategies 
in the Ituri Forest,” in i. de garine and g .a . harrison (eds.), 
Coping with Uncertainty in Food Supply (1988), pp. 88-117, 
studies in detail the diet and subsistence ecology of the Efe and 
discusses the difficulties of living in the tropical forest and the 
implications for the health of forest-living peoples. luigi luca 
cavalli-sforza (ed.), African Pygmies (1986), contains tech- 
nical articles on demography, health status, growth patterns, 
genetic composition, and other biomedical aspects. (R.C.B.)

Early descriptions of the Kalahari and Namib include Charles 
john andersson, Lake N gam i (1856), an account of a four- 
year exploration; Siegfried passarge, D ie Kalahari (1904), a 
thorough study; and Heinrich vedder, South West Africa in 
Early Times (1938, reissued 1966; originally published in Ger­
man, 1934), a detailed history of the region to 1890. frank 
debenham, Kalahari Sand  (1953), reports a modern exploring 
expedition. nicholas luard , The Last Wilderness: A Journey 
Across the Great Kalahari Desert (1981), describes a safari trek 
and includes observations about the desert’s ecological balance 
and the peoples who live there. karen ross, Okavango, Jewel 
o f  the Kalahari (1987), describes this river’s wildlife. Richard 
f. LOGAN, The Central N am ib Desert, South West Africa (1960), 
thoroughly studies the area’s physical and biological geography. 
B.j. HUNTLEY (ed.), The Kuiseb Environment: The Development 
o f  a Monitoring Baseline (1985), contains a set of excellent 
articles covering all phases of the environment of a transdesert 
river valley. Studies of the peoples of the Kalahari include 
robert K. HITCHCOCK, Kalahari Cattle Posts, 2 vol. (1978), a 
general review of Bantu-speaking and San (Basarwa) inhabitants 
of the westem Kalahari. Richard b. lee and irven dcvore 
(eds.), Kalahari Hunter-gatherers: Studies o f  the !Kung San and  
Their Neighbors (1976), collects writings on various aspects of 
San life, mainly in the northwestern Kalahari. Richard b. lee, 
The Dobe !Kung (1984); and lorna marshall, The IKung o f  
Nyae Nyae (1976), are also informative and engaging accounts. 
George B. silberbauer, Hunter and H abitat in the Central 
Kalahari Desert (1981), provides a detailed description of the 
life and ecology of central Kalahari San when they lived as 
autonomous hunter-gatherers. (R.F.Lo./G.Si.)

E.-F. Gautier, Sahara: The Great Desert (1935, reissued 
1987; originally published in French, 2nd ed., 1928), provides 
a wealth of information by an eminent geographer long ac- 
quainted with the desert. A more populär introduction to 
the Sahara, by a naturalist who traveled there extensively, is 
JEREMY Swift, The Sahara (1975), a Time-Life book. Detailed 
discussions of the geologie past and prehistory of the desert are 
contained in martin a .j. Williams and hugues faure (eds.), 
The Sahara and the Nile (1980). The most comprehensive cli- 
matology available for the desert is jean dubief, Le Clim at
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du Sahara, 2 vol. (1959-63). An excellent introduction to the 
Vegetation of the desert is p. quézel, “Analysis of the Flora 
of Mediterranean and Saharan Africa,” Annals o f  the Missouri 
Botanical Garden, 65:479-534 (1978). Animal life is described 
in p.-L. DEKEYSER and j. derivot, La Vie anim ale au Sahara 
(1959). Prehistorie rock art is discussed in henri lhote, The 
Search for the Tassili Frescoes: The Story o f  the Prehistorie 
Rock-paintings, 2nd ed. (1973; originally published in French, 
1973). There are several excellent studies of the peoples of 
the Sahara: julio caro baroja, Estudios saharianos (1955), a 
detailed description of the little-known peoples of the western 
desert; lloyd cabot briggs, Tribes o f  the Sahara (1960), a 
more general study, focusing on the central regions; and Un­
esco, Nom ades et nom adism e au Sahara (1963), discussing the 
nomadic peoples. The most detailed 19th-century travelers’ re­
ports are by henry (heinrich) barth, Travels and Discoveries 
in North and Central Africa, 5 vol. (1857-58, reissued in 3 vol., 
1965; originally published in German, 1857-58); and gustav 
nachtigal, Sahara and Sudan, 4 vol. (1971-83; originally 
published in German, 3 vol., 1879-89). (J.A.G.)

The geology of the veld is discussed by lester c. king, South 
African Scenery, 3rd ed. rev. (1963), and The Natal Monocline: 
Explaining the Origin and Scenery o f  Natal, South Africa, 2nd 
rev. ed. (1982). The veld environment is explored in j.p.h. 
acocks, Veld Types o f  South Africa, 3rd ed. (1988); r.f. fuggle 
and m.a . RABiE (eds.), Environmental Concerns in South Africa 
(1983); n .k. hobson and j.p . jessop, Veld Plants o f  Southern 
Africa (1975); j. stevenson-hamilton, The Low-veld: lts  Wild 
Life and lts  People, 2nd ed. (1934); and n .m. tainton, d .i. 
bransby, and p. de v. booysen, Common Veld and Pasture 
Grasses o f  Natal (1976). Veld & Flora (quarterly) is a useful 
journal. (Jo.Co./C.E.F.)

Drainage Systems and waterways: A general overview of 
Lake Chad is contained in a .t. grove, “Lake Chad,” The 
Geographical M agazine, 37(7):524-537 (November 1964). jean 
maley, “Histoire de la végétation et du climat de l’Afrique 
nord-tropicale au Quaternaire récent,” Bothalia, 14(3-4):377- 
389 (September 1983), presents a long-term view of climate 
change in the Chad basin. The annual Vegetation of the region 
is discussed in h. gillet, “Essai d’évaluation de la biomasse 
végétale en zone Sahélienne (végétation annuelle),” Journal 
d ’agriculture tropicale et botanique appliquée, 14(4-5): 123-158 
(April-May 1967). j.-p. carmouze, j.-r. durand , and c. lév- 
êque (eds.), Lake Chad: Ecology and Productivity o f  a Shallow 
Tropical Ecosystem  (1983). is a lengthy study of the lake’s 
environment and productivity. The fish of Lake Chad and its 
tributaries are described in j. blache and f. miton, Les Pois- 
sons du bassin du Tchad et du bassin adjacent du M ayo Kebbi 
(1964). A particularly useful study of the peoples of the Chad 
basin is albert le rouvreur, Sahéliens et Sahariens du Tchad 
(1962, reissued 1989). The more recently arrived Arab groups 
are discussed in j.c. zeltner, Les Arabes dans la région du Lac 
Tchad: problèmes d ’origine et de chronologie (1977). (J.A.G.)

LESLiE brown, East African Mountains and Lakes (1971), is 
a useful introduction to the region’s scenery and wildlife. l.c. 
beadle, The Inland Waters o f  Tropical Africa, 2nd ed. (1981), 
has a strong East African section and contains an extensive bib- 
liography. david keith jones, Faces o f  Kenya (1977), includes 
chapters on the lakes. paul h . temple, “The Lakes of Uganda,” 
in s.h. OMiNDE (ed.), Studies in East African Geography and 
Development (1971), pp. 86-98, classifies the lakes in physical 
terms, m .j. m ann , “Freshwater Fisheries,” in w.t.w. morgan 
(ed.), East Africa: lts  Peoples and Resources, 2nd ed. (1972), pp. 
229-242, gives a brief account of the fisheries of the individual 
lakes of Kenya, Uganda, and Tanzania, victor c.r. ford, The 
Trade o f  Lake Victoria: A Geographical Study (1955), describes 
against a historical background the international trade achieved 
within this area in the preindependence period. (S.J.K.B.)

gilles sautter, De VAtlantique au fleuve Congo, 2 vol. (1966), 
discusses the Congo basin in general as well as with the river 
itself, covering hydrology, climate, Vegetation, and fishing. g.a . 
boulenger, Les Poissons du bassin du Congo (1901), is a clas­
sic work on ecology. jan vansina, Introduction ä Tethnogra- 
phie du Congo (1966), synthesizes available knowledge on the 
subject, with a section on the relationship between fishing and 
social organization. andré huybrechts, Les Transports fluvi- 
aux au Congo (1965), analyzes the evolution and organization 
of traffic on the middle course of the Congo and its affluents 
in the period 1925-63. Huybrechts’ Transports et structures de 
développement au Congo (1970), studies the role of transporta­
tion in the economie transformation of the Congo-Zaire region 
from 1900 to 1970. jean-claude willame, Zaïre, l ’épopée 
dTnga (1986), critically analyzes the economie and political

implications of the Inga Dam. roland pourtier, “Transport 
et développement au Zaïre,” Afrique contemporaine, 29(153):3- 
26 (1990), discusses current transportation in Zaire, henry m. 
Stanley, Through the Dark Continent, 2 vol. (1878, reissued 
1988), and The Congo and the Founding o f  l ts  Free State, 2 
vol. (1885, reissued 1970), are classic works on African explo­
ration, describing the author’s famous descent of the Congo to 
Malebo (Stanley) Pool and the two upper Congo expeditions. 
An introduction to the river’s history can be found in peter 
forbath, The River Congo (1977). (Ro.Po.)

Accounts of the Niger River environment include y . brunet- 
monet et a l, Monographie hydrologique du fleuve Niger, 2 vol. 
(1986); jean gallais, La Delta intérieur du Niger: étude de 
géographie régionale, 2 vol. (1967); and two essays in bryan 
r. da vies and keith f. walker (eds.), The Ecology o f  River 
Systems (1986), both by r.l. welcomme: “The Niger River 
System,” pp. 9-23, and “Fish of the Niger System,” pp. 25- 
48. Christopher lloyd, The Search for the Niger (1973); and 
sanche de gramont (pseud. for ted morgan), The Strong 
Brown God: The Story o f  the Niger R iver (1975), cover the 
history of the river’s exploration. (A.L.M.)
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wilson, The Suez Canal: l ts  Past, Present, and Future (1933, 
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African Arts

African arts usually refers to the works of black, or 
sub-Saharan, Africa, that part of the continent orig­
inally inhabited by Negro peoples who developed 

cultures quite distinct from those of Caucasian North 
Africa. Within this huge geographic area are regions of 
radically different topography, climate, and natural re­
sources. The economies of these regions, therefore, also 
differ radically from one another, as do the customs, reli- 
gions, languages, and artistic expressions of their peoples. 
There is startling diversity within each of the regions as 
well. It is common to divide sub-Saharan Africa into the 
following geographic regions: the open grasslands of the 
Sudan Stretching across the continent just south of the Sa­
hara, the woodlands and forests of West Africa, the basin 
of the Congo River in Central Africa, the East African sa­
vannas, and the savannas and deserts of southem Africa. 
None of these regions has a uniform culture. The westem 
Sudan, for example, is rieh in sculptural styles and pro­
duction, while sculpture has been little developed in the 
eastem part, where artistic expression is liehest in music 
and oral literature.

The European powers further divided the cultures of 
black Africa by creating colonies with boundaries that had 
little regard for traditional ethnic or linguistic groupings. 
The Contemporary literatures of English-, French-, and 
Portuguese-speaking Africa, therefore, have a uniformity 
of theme and language that corresponds not to geographic 
regions or to ethnic affinities but instead to the rather 
arbitrary manner in which the colonial powers divided 
the continent. Colonization also introduced European re- 
ligion, technology, and politics, which, together with the 
European languages, created a historical division in the 
development of black African arts that may be deeper 
than its regional divisions. Since the 19th Century some 
cultural traditions of precolonial origin have disappeared, 
and, while others survive and indeed flourish, there has 
been every possible compromise with the cultural forms 
of the West.
Despite its variety, African arts can be discussed as a 

whole for several reasons. One reason is that, while the 
artworks of different peoples may differ in form, the

traditional roles of art and of the artist in the cultural 
life of the people are quite similar throughout the conti­
nent—and quite different from their roles in non-African 
cultures. Another reason is that the borders of modem 
African nations do not necessarily correspond to cultural 
borders, so that it is often necessary to discuss the arts not 
of one country but of an entire region. In addition, all 
black African arts, no matter how diverse, went through 
a common process of adapting to foreign cultures. It is a 
mistake to think of the subcontinent as having been iso- 
lated from the rest of the world until only recently. Trade 
across the Sahara is probably as ancient as the current 
stage of desiccation, which began in the 3rd millennium 
bc . Through this trade, Isläm was introduced into and 
spread throughout much of West Africa, while the trade 
networks of the Indian Ocean had a comparable effect in 
East Africa. Coastal trade with Europe, resulting almost 
immediately in the transatlantic slave trade, began in the 
late 15th Century. This long history of contact means that 
all discussion of African arts must address a common 
subject of outside influence.

This article discusses the literature, music, dance, and 
visual art of black Africa, both in their traditional forms 
and in their adaptation to modern Westem ways of life. 
Non-African forms of recent adoption are not discussed. 
For example, this article discusses the thousand-year-old 
influences of Isläm in the literature and architecture of 
East and West Africa and of Christianity in the painting 
of Ethiopia, but it does not discuss Christian musical or 
modemist sculptural forms adopted since the colonial era. 
For a discussion of North African arts, see the article 
isläm ic  a r ts . For a discussion of white South African 
writers, see the Micropcedia, sou th  a frica n  l it er a tu r e . 
For information on the geographic, economic, and his­
torical background of African arts, see the article sou th  
a fr ic a  and the articles on the major regions of the conti­
nent (e.g., CENTRAL AFRICA, SOUTHERN AFRICA).

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, sections 613, 621, and 624- 
629, and the Index. (J.Pi./Ed.)
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or craft

General characteristics

It is difficult to give a useful summary of the main char­
acteristics of the arts of sub-Saharan Africa. The variety 
of forms and practices is so great that the attempt to do 
so results in a series of statements that turn out to be just 
as true, for example, of Western art. Thus, some African 
arts are found to have value as entertainment; some have 
political or ideological significance; some are instrumen­
tal in a ritual context; and some have aesthetic value in 
themselves. More often than not, a work of African art 
combines several or all of these dements. Similarly, there 
are full-time and part-time artists; there are artists who 
figure in the political establishment and those who are 
ostracized and despised; and some art forms can be made 
by anyone, while others demand the devotion of an ex­
pert. Claims of an underlying pan-African aesthetic must 
be viewed as highly contentious.

Some further general points can be made, however, in 
regard to the status of precolonial sub-Saharan art. The 
first is that, in any African language, a concept of art as 
meaning something other than skill would be the exception 
rather than the rule. This is not because of any inherent 
limitation of African culture but because of the historical 
conditions under which European cultures arrived at their 
concept of art. The Westem Separation of fine art from the 
lowlier craft (i.e., useful skill) came out of a sequence of 
social, economie, and iiitellectual changes in Europe that 
did not occur in Africa prior to the colonial period at the 
very earliest. This Separation, therefore, cannot be applied 
without qualification to African traditions of precolonial 
origin. Philosophers of art in the West might agree that 
works of art are simply artifacts made with the intention 
of possessing aesthetic value, and in that sense art, which 
would include craft work as well as works of fine art, 
would indeed be found in all parts of Africa (as indeed 
it is throughout human culture), but even in this case 
African art must be understood through the investigation 
and understanding of local aesthetic values rather than 
through the imposition of categories of external origin. It 
may be a field of well-hoed yam heaps (as, for example, 
among the Tiv people of Nigeria) or a display ox castrated 
in order to enhance its visual effect (as among the Nuer 
and Dinka pastoralists of the southem Sudan), rather than 
a sculpted figure, that constitutes the significant work of 
art in a given area of Africa.
The populär notion of African art in the West, however, 

is very different, for it is thought to comprise sculpture 
and very little eise—except, perhaps, “local colour.” This 
misconception has been caused by the previously men- 
tioned European concept of fine art, but it was also caused 
by a dependence, during the first period of Western in­
terest in African arts, upon collectible artifacts—some of 
which (pieces of sculpture, for instance) fitted neatly into 
the category of fine art, while others (such as textiles and 
pottery) were dismissed as craft work. Painting in Africa 
was long presumed not to exist to any significant extent, 
largely because it was to be found on the skins of human 
bodies, on the walls of houses, and on rock faces—none 
of which were collectible items. Clearly, the aesthetic field 
in Africa is not so limited.
Another misapprehension is that in the West art is cre­

ated for art’s sake, whereas in precolonial Africa art was 
solely functional. But the motive for the creation of any 
work of art is inevitably complex, in Africa as elsewhere, 
and the fact that most of the sculpted artifacts known

from Africa were made with some practical use in mind 
(whether for ritual or other purposes) does not mean that 
they could not simultaneously be valued as sources of 
aesthetic pleasure.

It is also often assumed that the African artist is con- 
strained by tradition in a way contrasting with the freedom 
given to the Western artist. But, although there are tradi­
tions of art in which the expectations of patrons demand 
repetition of a set form in African art, there are also tra­
ditions of precolonial origin that demand a high level of 
inventive originality—for example, Ashanti silk weaving 
and Kuba raffia embroidery. There are other traditions in 
which a Standard form can be embeiiished as elaborately 
as the artist or patron wishes. The important point is that 
particular traditions encourage creativity.

STYLE, TRIBE, AND ETHNIC IDENTITY
A commonplace of African art criticism has been to iden- 
tify particular styles, whether in the performing or visual 
arts, according to supposedly tribal names—for example, 
Ashanti, Kuba, or Nuba. The concept of tribe is problem- 
atic, however, and has generally been discarded. “Tribal” 
names, in fact, sometimes refer to the language spoken, 
sometimes to political entities, and sometimes to other 
kinds of groupings; yet the boundaries between peoples 
speaking different languages or acknowledging different 
chiefs do not necessarily coincide with their respective 
tribal boundaries. Moreover, the very idea of tribe is an 
attempt to impose identity from the outside. That this 
happened is understandable, given the demands of colo­
nial administration, but this historical contingency cannot 
help in understanding the dynamic of stylistic Variation in 
Africa. The sense of identity that individuals and groups

By courtesy of the Metropolitan Museum of Art, New York City, The Michael C. 
Rockefeiler Memorial Collection of Primitive Art, gift of Nelson A. Rockefeiler, 1972

Figure 1: Benin ivory regalia mask, Nigeria. In 
the Metropolitan Museum of Art, New York City. 
Height 23.8 cm.
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undoubtedly have with others, which was misunderstood 
as “tribe” but which is better referred to as “ethnic 
identity,” is something that derives from the relationship 
built up through many different networks: whom one can 
marry, one’s language and religious affiliations, the chief 
whose authority one acknowledges, who one’s ancestors 
are, the kind of work one does, and so forth. Sometimes 
African art plays a part in this, as when a religious cult or 
a chief or a guild employs distinctive artifacts as a mark of 
uniqueness. Sometimes boundaries are based on linguistic 
differences, but this may be coincidental.

Identifying As to differences of style, regularities of form and tradi- 
regional tion do occur such that it is possible to attribute particular
styles African art objects to particular places, regions, or periods.

There seem to be four distinct variables making this kind 
of stylistic identification possible. The first is geography, 
in that, all other things being equal, people in different 
places tend to make or do things in different ways. The 
second is technology, in that in some areas differences 
of style depend on the material employed. The third is 
individuality, in that an expert can identify the works of 
individual artists, inability to do so usually deriving from 
lack of familiarity. The fourth is institution, in that the 
creation of works of art takes place under the influence 
of the social and cultural institutions characteristic of any 
given location. But artifacts can be traded and then copied; 
artists themselves can travel; institutions, complete with 
associated artifacts, can move or spread from one area to 
another, sometimes because they are copied by a neigh­
bouring people, sometimes because they are purchased, 
sometimes as a result of conquest. The end result is a 
stylistic complexity in African art that defies easy Classi­
fication. The names previously understood as referring to 
tribes can continue to be used, however, as convenient 
shorthand as long as it is realized that they all do not 
represent equivalent categories. One tribal name may re- 
fer to a group numbering no more than a few thousand; 
another may refer to the language spoken in a given area; 
yet another may describe an empire comprising peoples 
of distinct historical identities.

AFRICAN ARTS IN THE 20TH CENTURY
African cultures have never been closed to the rest of 
the world, but the radical developments forced on the 
continent as a result of colonialism have made the 20th 
Century a period of unusually rapid change. The majority 
of known “traditional” works are, in fact, products of the 
colonial period; thus, it is impossible to maintain a rigid 
distinction between traditional and modern art forms. It 
is better to think of the 20th Century as a period in which 
the range of options available to the artist has increased as 
new cultural and social institutions have developed. This 
process is better understood for literature than it is for 
the visual arts.

Nevertheless, the continuing development of artistic tradi­
tions of precolonial origin is far more widespread in Africa 
than is commonly realized. In addition, there are roughly 
three kinds of development in which African artists have 
drawn on and adapted European forms. The first is when 
European forms are copied by illiterate or semiliterate 
artists, or at any rate mediated via the marketplace, as 
in populär sign painting or the kind of pamphlet writing 
typified by the Onitsha market literature of Nigeria. The 
second is when the medium of transmitting Westem artis­
tic practice is the university or some other institution of 
higher education, as is the case with Contemporary African 
sculpture and painting or with African writers using Eu­
ropean languages. The third is when traditional forms are 
revamped, or pseudotraditional forms invented, for the 
benefit of foreign tourists and other visitors (for example, 
some of the finest ivory sculptures of West Africa were 
produced in what is now Sierra Leone by Sherbro artists 
and in the kingdom of Benin for Portuguese traders in 
the early 16th Century). Although the forms and materials 
employed in these developments are of external deriva- 
tion, the subject matter and style are manifestly African. 
It is the artists working under these influences who are 
forming the arts distinctive of the particular nation-states 
of modem-day Africa. (J.Pi.)

Literature and theatre

The term African literatures covers traditional oral and 
written literatures together with the mainly 20th-century 
literature written mostly in European languages but also 
to an increasing extent in the many languages of the sub- 
Saharan region. Traditional written literature is limited to 
a smaller geographic area than is oral literature; indeed it 
is most characteristic of those sub-Saharan cultures that 
have participated in the cultures of the Mediterranean. In 
particular, there is literature in both Hausa and Arabic 
from the scholars of what is now northem Nigeria; the 
literature of the likewise Muslim Somali people; and liter­
ature in Ge'ez (or Ethiopic) and Amharic of Ethiopia, the 
one part of Africa where Christianity has been practiced 
long enough to be considered traditional.

The relationship between oral and written traditions and 
in particular between oral and modern written literatures 
is one of great complexity and not a matter of simple 
evolution. Modem African literatures were bom in the 
educational Systems imposed by colonialism, with models 
drawn from Europe rather than existing African traditions.
The modem African writer thus uses tradition as subject 
matter rather than as a means of effecting a continuity 
with past cultural practice.

ORAL TRADITIONS
The poetic and narrative forms of oral tradition among 
those peoples living south of the Sahara are immensely 
rieh and varied. They include myths (in the sense of sym- 
bolic accounts of the origins of things, whether the world, 
particular cultures, lineages, political structures, or gods), 
praise songs, epic poetry, folktales, riddles, proverbs, and 
magical spells. The content of this material also varies 
considerably and includes children’s rhymes and oral his­
tory, as well as symbolic texts of profound intellectual 
significance.
An important feature of African oral traditions is their 

close link with music. Poetry exists almost exclusively in Relation of 
chanted form or as song, and, among West African peo- poetry to 
ples with tonal languages (for example, the Akan and the music 
Yoruba), much poetry is recited in musical form rather 
than spoken or sung.

Myths. African creation stories are as varied and imag­
inative as elsewhere in the world. The Kono of Guinea 
believe that the original force in the world was Death, who 
existed before God; the Lozi of Zambia see God as retreat- 
ing helplessly from the cruelty of man; for the Ijo peoples 
of the Niger Delta, God (there regarded as female) allows 
a person to choose his own fate before birth. The Pangwa 
of Tanzania have a fantastic vision of the world as having 
been created from the excrement of ants. The Yoruba of 
Nigeria teil of a creator who got drunk on palm wine 
and so created cripples and albinos. The most detailed 
cosmology known, requiring seven days for its recitation, 
is that of the Dogon of Mali. An unusually attractive cre­
ation myth is that of the Fulani of Mali, a pastoral, cattle- 
herding people whose mythology centres on milk.
At the beginning there was a huge drop of milk.
Then Doondari came and created the stone.
Then the stone created iron;
And iron created fire;
And fire created water;
And water created air.
Then Doondari descended the second time. And he took the 

five elements
And he shaped them into man.
But man was proud.
Then Doondari created blindness and blindness defeated man.
But when blindness became too proud,
Doondari created sleep, and sleep defeated blindness;
But when sleep became too proud,
Doondari created worry, and worry defeated sleep;
But when worry became too proud,
Doondari created death, and death defeated worry.
But when death became too proud,
Doondari descended for the third time.
And he came as Gueno, the eternal one,
And Gueno defeated death.

(Eng. trans, by Ulli Beier in 
The Origin of Life and Death, 1966)
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The most
widely
used
poetic
form

Animal-
trickster
tales

According to nearly all African mythologies, God first 
agreed to give man etemal life, but his message was per- 
verted through the stupidity or malice of the messenger. 
Several hundred African variants of the myth of the per- 
verted message are known.
The most elaborate pantheons of gods are probably those 

found among the Yoruba of Nigeria and the Fon of Benin. 
These deities (orisha  or vodun) are often seen simulta- 
neously as legendary kings and founders of cities, and as 
supematural spirits and controllers of the elements. Here 
the story of a god must often be gleaned from cryptic 
references embedded in his praise names (orik i, or mlen- 
m len). These are curious mixtures of praise, description, 
joking abuse, and prayer; and, although the phrases have 
been handed down for centuries, the singer is free to add 
new ones. Thus, Shango (the Yoruba god of thunder and 
lightning) is compared to the power and rumbling noise 
of the railway.

Poetry. The praise name is probably the most widely 
used poetic form in Africa. It is applied not only to gods 
but to men, animals, plants, and towns. Most important 
in many African communities are the praise names of 
chiefs and war leaders, as, for example, those of the great 
Zulu chieftain Shaka:

He is Shaka the unshakeable,
Thunderer-whiie-sitting, son of Menzi.
He is the bird that preys on other birds,
The battle-axe that excels over other battle-axes.

(Eng. trans, by Ezekiel Mphahlele)
There are numerous other poetic forms. The Yoruba, 

for example, distinguish between praise names (orik i), the 
poetry of lineages and towns (orile), Oracle verse (ese), 
hunters’ songs (ija la ), the poetry of masqueraders (zw/), 
incantations (ofo), songs (orin), and improvisations (rara). 
Incantations play an important part in all African tradi­
tions. The Igbo diviner, for example, invokes truth before 
Consulting his oracular bones or other apparatus.

A common poetic form is the magie förmula, in which 
the meaning of the words is often obscure. These formulas 
are sacred combinations of words the correct repetition of 
which, accompanied by the proper ritual, is believed to be 
effective both in curing and cursing.

Probably the most elaborate body of poetry is that of 
the Ifa oracle among the Yoruba. Even the most learned 
priest is not expected to know it all, and the recital of the 
most important parts takes a whole night. The poems are 
accompanied by stories that constitute the mythological 
or historical precedents by which the diviner judges his 
client’s case.

Every Situation in African life is accompanied by poetry 
and song. The herdsman praises his bull (“My bull is 
dark like the rain cloud in a storm” [Dinka]); the young 
warrior sings of his bride (“Neither her heel nor her palm 
are rough, but sweet to the touch like liver” [Fulani]); 
children invent a song to comment on an important 
event (“Europeans are little children, at the riverbank they 
shot an elephant, its blood became a canoe and it sank” 
[Nyasa, Malawi]); the widower mourns the death of his 
wife (“What are your wares that they sold out so quickly?” 
[Akan, Guinea Coast]).
Folktales. The best-known type of African folktale is 

the animal-trickster tale. In Bantu Africa (East, Central, 
and Southern Africa) and the westem Sudan, the trickster 
is the hare; in West Africa, the Spider (Ghana, Liberia, 
Sierra Leone) or the tortoise (Benin, Nigeria). The Yoruba 
consciously poke fun at their own faults when they teil 
stories of the tortoise-trickster. Sometimes the tortoise’s 
cunning defeats itself, as, for example, in the tale in which 
the tortoise steals from the gods a calabash that contains 
all the wisdom in the world. He hangs it around his neck 
and is so eager to get home with it that, when he comes 
to a tree trunk lying across the road, he is unable to cross 
it because the calabash gets in his way; in his anxiety 
he fails to think of putting it on his back. Frustrated, 
the tortoise smashes the calabash, and so, ever since that 
day, wisdom has been scattered all over the world in tiny 
pieces. Anansi (the spider-trickster, of whom stories are 
told among the Akan and, as Anancy, in Jamaica) often 
appears as a mythological figure, the fiendish opponent of

the sky god, who steals the sky god’s stories or tricks him 
into allowing disease to enter the world. In this function 
he shows some similarity with the Yoruba trickster god, 
Eshu, who consistently opposes the other gods and thwarts 
their intentions. There are a number of African peoples 
who also have story cycles about human tricksters—for 
example, the stories of Yo in Benin, the Lay cycle of the 
Iraqw in Tanzania, and the Zulu Uhlakanyana stories.
A variant of the trickster tale is the escape story, in 

which the hero extricates himself from an impossible task 
by imposing an impossible condition. One such story teils 
how a cruel king of Benin ordered his subjects on pain of 
death to build a new palace but to start at the top and 
build downward. All were in despair until one wise old 
man went to the King and said that they were now ready 
to begin and asked him, according to tradition, to lay the 
foundation stone.

Stories of another kind, told for entertainment, usually 
on moonlit nights, are dilemma tales, in which the au- 
dience is invited to supply the ending or solution. An 
example of a dilemma tale told among the Wolof (Sene­
gal, The Gambia) is as follows. Three brothers joumey to 
a stränge land and are all married to the same girl, with 
whom they sleep in tum. One night she is murdered by a 
robber, and the eldest brother, with whom she is sleeping, 
is condemned to death on suspicion. He begs leave to visit 
his father before he dies. When he is late in retuming, 
the second brother offers to die in place of him. As he is 
about to be executed, the third brother steps forward and 
“confesses” that he is the murderer. But,* at that moment, 
the eldest brother rides in, just in time to embrace his 
fate. Which of the brothers (the listeners are asked) is the 
most noble?
In another group of tales, prominent features of animals 

are explained (e.g., “ . . .  so that is why the tortoise has a 
broken back”).

Proverbs and riddles. “Proverbs are the palm oil with 
which words are eaten,” an Igbo proverb says. The art of 
conversation and argument depends, in fact, on their use. 
By them the speaker shows his learning. Use of proverbs 
also enables the speaker to attack an opponent obliquely, 
without mentioning his name or the subject of the dispute. 
Proverbs express not only a people’s inherited wisdom and 
code of behaviour (“If a child washes his hands, he will 
eat with kings” [Igbo]) but also imagination and sense of 
humour (“If the earthworm does not dance in front of the 
cock, he will still be eaten, but at least the cock cannot say 
that he was provoked” [Yoruba]). The largest collection of 
African proverbs, made by a Swiss Lutheran missionary,
J.G. Christaller, and published at Basel in 1879, contains 
3,600 in the Twi language of Ghana.
Riddles usually take the form of a Statement, not a ques- 

tion. In the riddle “People run away from her when she 
is pregnant, but they rejoice when she has delivered” (the 
answer is a gun), the question “What is it?” is understood. 
Often the riddle is an exercise in metaphorical speech, in- 
tended to display the questioner’s imagination rather than 
to test the clevemess of the audience (e.g., the Yomba 
“We tie a horse in the house, but its mane flies above the 
roof,” to which is answered “fire” and “smoke”).

Survival of oral tradition. Many oral traditions, par­
ticularly those associated with traditional ritual, are dis- 
appearing, and poetic forms are gaining new content 
and application (e.g., praise names, applied to politicians; 
songs of abuse during elections, often taking the form of 
incantations). Nationalism and higher education tend to 
make Africans more conscious of their cultural heritage, 
and the collection and Conservation of oral traditions is 
no longer left to foreign anthropologists. Some of the best 
collections are by African writers and scholars, and many 
universities in Africa are engaged in recording and inter- 
polating this material.

African folklore has come most powerfully alive in mod­
ern writing in the works of Arnos Tutuola. The P alm -W in e  
D rin kard  (1952) and M y L ife  in the B ush o f  G hosts (1954) 
are inspired re-creations of the world of Yomba folklore. 
Tutuola, whose long rambling tales are improvisations on 
traditional themes, is a bom storyteller. Better than any 
exact translation, his books convey the rieh inventiveness
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Negritude

of traditional Yoruba folktales, the rather grim humour of 
which is often mingled with fear, pain, and other extremes 
of sense or impression.

MODERN LITERATURES IN EUROPEAN LANGUAGES
Though the written literatures in African languages an- 
tedate in origin those in European languages, they are 
discussed after the more widespread modem literatures in 
French, Portuguese, and English—the so-called metropoli- 
tan languages of Africa.

The body of published African literature written in Eu­
ropean languages is sufficiënt to be studied in its own 
right. Critical opinion within Africa remains divided about 
how authentically African experience can be rendered in a 
language of European origin, but, despite the growth of in- 
digenous language publications, there is no serious threat 
to the survival of literatures in the metropolitan languages.

French. The first Contemporary literature was bom as a 
protest against French mie and the policy of assimilation. 
Its leading figure was Léopold Senghor, who in 1960 was 
elected first president of the Republic of Senegal. In Paris 
during the 1930s he met Negro writers from the French 
Caribbean, such as the poets Aimé Césaire of Martinique 
and Léon Damas of French Guiana. Together, they began 
an examination of Westem values and a reassessment 
of African culture, and in 1947 they founded Présence 
Africaine, Africa’s leading literary joumal. Senghor’s An­
thologie de la nouvelle poésie nègre et malgache (1948; 
“Anthology of the New Negro and Madagascan Poetry”) 
was an important influence in the formation of the idea 
of a Negritude (a term first used by Césaire) that should 
include poets outside Africa—in the French Caribbean 
territories and in Madagascar, for example. Senghor’s po- 
ems are sometimes regarded as examples of 20th-century 
French poetry in the manner of Paul Claudel or St. John 
Perse, but they are, in fact, essentially African: his love po­
etry, in particular, is intensely so in stmcture and tempo. 
Senghor’s themes are those of Negritude: he attacks what 
he sees as the soullessness of Westem civilization (“no 
mother’s breast, but only nylon legs”) and proclaims that 
African culture alone has preserved the mystic warmth of 
a life that could still revive “the world that has died of 
machines and cannons.” This culture, says Senghor, gains 
strength from its closeness to nature and constant con­
tact with “the ancestors”; Westem culture is out of step 
with the world’s natural and ancient rhythm. Therefore, 
he proclaims, “[We are] the leaven that the white flour 
needs.” In his long rhapsodic lines he tries to make the 
French language swing and dance in the rhythms of his 
native Serer language.
Another Senegalese, Birago Diop, has similarly explored 

the mystique of African life in a volume of poems, Leur- 
res et lueurs (1960). His fellow countryman David Diop 
wrote the most violent and full-blooded protest poetry to 
be produced by the Negritude movement: “When civiliza­
tion kicked us in the face, when holy water slapped our 
cringing brows.. . . ”

Two of the most important Francophone novelists are 
the Cameroonians Mongo Beti (pseudonym of Alexandre 
Biyidi), who wrote Le Pauvre Christ de Bomba (1956; The 
Poor Christ o f Bomba), and Ferdinand Oyono, author of 
Une Vie de boy (1956; Houseboy) and Le Vieux Nègre et 
la médaille (1956; The Old Man and the Medaï). All three 
novels aim to explode the French colonial myth of France 
Outre-Mer: that the French West African possessions were 
not really colonies and that educated Africans are thus 
simply “black Frenchmen.”

The second generation of French African writers was less 
concemed with the public rhetoric of Negritude. Thus, 
though the Congolese poet Tchicaya U Tam’si sometimes 
speaks of his people’s sufferings (“My race remembers the 
taste of bronze dmnk hot”), he does not claim to be the 
spokesman of his race. In Le Mauvais Sang (1955; “Bad 
Blood”), Feu de brousse (1957; Brush-Fire), Ä triche- 
coeur (1960; “A Game of Cheat-Heart”), Épitomé (1962), 
and Le Ventre (1964; “The Belly”), he explores his per­
sonal agonies in Surrealist poems in the dense texture 
of which mythological, Christian, and sexual imagery are 
juxtaposed.

Camara Laye became famous with his romantic auto- 
biography L ’Enfant noir (1953; The Dark Child), which 
draws a poetic, idyllic picture of life in a traditional 
African town. His most important work, however, is the 
novel Le Regard du roi (1954; The Radiance o f the King), 
which describes a white man’s quest for personal salvation 
in the mysterious atmosphere of the West African jungle. 
It is regarded as among the most imaginative novels to 
have come from Africa. In a third novel, Dramouss (1966; 
A Dream o f Africa), Laye, who in 1965 became a political 
refugee in Senegal, attacks the harsh methods of Guinea’s 
ruling party. Among Africa’s Socialist intellectuals, Sene- 
gal’s Sembène Ousmane is best known as a film director, 
but his Les Bouts de bois de Dieu (1960; God’s Bits o f 
Wood) is a classic novel about the poor.
In the 1960s there was an important development of 

the philosophical novel in French-speaking Africa, notably 
by Sheikh Hamidou Kane in L ’Aventure ambiguë (1961; 
Ambiguous Adventuré) and by Yambo Ouologuem in Le 
Devoir de violence (1968; jSound to Violencé). Both writers 
belong to the Islämic westem Sudan and present their 
novels partly in the form of “dialogues,” either between 
Islam and Westem materialism or between traditional au- 
tocracy and Christian compassion. Remarkable as women 
writers in a hitherto male world were Mariama Bä, re­
cipiënt of the first Noma Award for Publishing in Africa 
for Une Si Longue Lettre (1980; So Long a Letter), and 
Aminata Sow Fall, a fellow Senegalese, who eamed praise 
for La Grève des battu ou les déchets humains (1979; The 
Beggar’s Strike), an ironie novella of great skill.

Portuguese. The 20th-century poetry of former Por­
tuguese Africa, first widely known through the Angolan 
Mario de Andrade’s Antologia da Poesia Negra de Ex- 
pressäo Portuguesa (1958), is mainly extremely militant. 
Both Andrade and the more important Agostinho Neto 
became actively engaged in the Angolan liberation move­
ment, Neto serving as the first president of the People’s 
Republic of Angola from 1975 until his death in 1979.

The Mozambican José Craveirinha, an assimilado (i.e., 
assimilated to Portuguese culture and Roman Catholi- 
cism), like all the African writers who have published 
work in former Portuguese Africa, is yet deeply concemed 
with problems of race and discrimination. Mozambique’s 
Capital of Maputo (Lourengo Marques), the centre of a 
considerable literary and artistic activity, has also pro­
duced Luis Bernardo Honwana, one of Africa’s outstand- 
ing short-story writers. In 1980 an Angolan writer of 
stature emerged, Pepetela (Artur Carlos Mauricio Pestana 
dos Santos), whose novel Mayombe is regarded as the 
major work of African fiction to have derived from guer­
rilla experience.

English. Although a genuine African literature in En­
glish did not emerge until the 1950s, writing in English 
by Africans goes back to the 18th Century. Perhaps the 
most remarkable of the works published in England by 
West Africans sold into or bom in slavery and later freed 
is The Interesting Narrative o f the Life and Adventures o f 
Olaudah Equiano or Gustavus Vassa, the African (1789; 
3rd ed., enlarged, 1790), the first known English account 
by an African of his native country. In the 19th Century, 
with the spread of missionary schools, several Africans 
published prose works in English, among them Samuel 
Adjai Crowther (who in 1844 translated part of the Gospel 
According to Luke), Africanus Horton, and Edward Bly- 
den. In the early 20th Century, the Ghanaian minister of 
religion the Reverend Carl Christian Reindorf wrote one 
of the first works by an African to make use of oral tradi­
tions, The History o f the Gold Coast and Asante (c. 1911); 
and Joseph E. Casely-Hayford, also a Ghanaian, wrote 
Ethiopia Unbound (1911), a mixture of novel, autobiogra- 
phy, and pamphlet that is a forerunner of Negritude.
In the 1940s the populär novelettes of the Onitsha mar­

ket literature, named after the famous market where they 
were sold, began to be written, and a number of pioneer 
writers—among them Michael Dei-Anang and Raphael 
Armattoe of Ghana, Dennis Osadebay of Nigeria, and 
Edwin Barclay of Liberia—began to publish poems that, 
technically often emde and somewhat didactic in theme, 
prepared the way for later poets.
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The institution in 1948 of university colleges at Ac­
cra, Ghana, and Ibadan, Nigeria, gave impetus to poetry, 
the novel, and drama in the 1950s and ’60s. The most 

Literary intense activity was in Nigeria, the Igbo proving particu- 
activity in larly prolific. Cyprian Ekwensi, who began as an Onitsha 
Nigeria pamphleteer, enjoyed great popularity with Jagua Nana 

(1961), the story of a prostitute. Onuora Nzekwu explored 
the relationship of the educated Igbo to his traditional 
culture in Wand o f Noble Wood (1961), Blade Among 
the Boys (1962), and Highlife for Lizards (1965). Nkem 
Nwankwo created the comic figure of Danda (1964), the 
irreverent antihero of a novel perhaps inspired by trickster 
tales. The outstanding Igbo novelist was Chinua Achebe. 
All his novels present the conflict of emergent Africa: in 
Things Fall Apart (1958) he showed the impact of British 
rule on Igbo village life; in No Longer at Ease (1960) 
he analyzed the conflict in the mind of an African civil 
servant in Lagos who is tom between the social pressures 
of upper-class urban life and the demands of his village 
union; in Arrow o f God (1964) he explored the breakup of 
traditional values and the struggle for political power in 
an Igbo village. A Man o f the People (1966) is a bitter, dis- 
illusioned story of political corruption and intimidation in 
independent Nigeria. The same themes emerge in Anthills 
o f the Savannah (1987).
The development of Nigerian literature owed much to 

two related centres in Ibadan. The journal Black Orpheus, 
founded in 1957 with Ulli Beier and Janheinz Jahn as 
its first coeditors, took its name from Jean-Paul Sartre’s 
famous “Orphée noir” (1948), the introduction to Sen­
ghor’s anthology (see above), and from Jahn’s anthology, 
Schwarzer Orpheus (1954). Inspired by Présence Africaine 
and the First Congress of African Writers (Paris, 1956), 
Black Orpheus published the earliest efforts of African 
writers in English to find a literary mode of expression. A 
second influence on the establishment of an independent 
Nigerian culture was the foundation (1961) of the Mbari 
Club (also called the Mbari Mbayo Club), a meeting place 
for new writers and artists that also published the work of 
many poets and playwrights.

Among poets published by Mbari was Christopher 
Okigbo, who, until his early death in 1967 while fight­
ing for Biafran independence, was the most polished and 
prolific Nigerian poet. In Heavensgate (1962) and Limits 
(1964) he developed a sensuous verse using styles bor- 
rowed from African and Western sources.

Like Okigbo, John Pepper Clark was graduated from the 
University of Ibadan. His passionate Poems (1962) and 
Song o f a Goat (1961) were first published by Mbari. Clark 
is the most urgent and immediate of the Nigerian poets. 
Less reflective than Wole Soyinka, less meticulous than 
Okigbo, he works out each poem on the impetus of a single 
lyrical impulse. He has also written successful plays: Song 
o f a Goat (performed in London at the 1965 Common­
wealth Festival) is the tragedy of a childless woman. The 
Ozidi o f Atazi (performed in the early 1960s; published, 
1966) is a stage version of a traditional Ijo ritual play.
One of Nigeria’s most sensitive poets is Gabriel Okara, 

whose novel The Voice (1964) is a fascinating linguistic 
experiment. Okara forces English into the straitjacket of 
Ijo syntax, producing an extraordinary and archaic effect 
that is often as beautiful as it is bizarre.

Africa’s most famous playwright is the Nigerian Wole 
Soyinka (see below African theatre). Apart from his plays, 
Soyinka’s tragic view of life is also expressed in his novel 
The Interpreters (1965). Publication in 1967 of Idanre 
and Other Poems, his first anthology, established him as a 
poet of distinction. Here, too, he explored his tragic sense 
of the difficulties and cost of human progress. Soyinka’s 
autobiography of childhood, Aké  (1981), was masterly in 
its tender recollections of his early years.

Nigerian writing in the 1970s lost some of its momen- 
tum. While many writers were coming to terms with the 
effects of the civil war of 1967-70, new writers emerged 
dealing with other preoccupations. These included Buchi 
Emecheta, who documented the Position of women in 
Nigeria and Britain; Festus Iyayi and Ben Okri, who 
showed the stresses within urban African society; and 
playwrights such as Zulu Sofola.

Among the most important poets outside Nigeria in 
the late 1960s were a Gambian, Lenrie Peters, and a Writers 
Ghanaian, George Awoonor Williams (later known as outside 
Kofi Awoonor). The early work of both was published by Nigeria 
Mbari: Peters’ Poems and Awoonor Williams’ Rediscovery 
and Other Poems (both 1964). Peters brings an unusual 
scientific intelligence to bear in his poetry, while Awoonor 
is deeply concemed with his native Ewe poetic tradition 
and the means of extending this in English.
In 1968 the Ghanaian Ayi Kwei Armah’s novel The 

Beautyful Ones Are Not Yet Born was published. On the 
surface it deals with the dying days of Kwame Nkrumah’s 
govemment, but, on a more universal level, it sums up the 
drift and despair of many African writers in the years after 
the stilling of the dmms that celebrated independence.
Armah’s later work included The Healers (1978), a novel 
set in the 19th Century that, like those of many other writ­
ers, uses the past as a key to understanding the present.

In East Africa in the 1960s, written literature was only 
just coming to birth; and the literary review Transition 
(Kampala, Uganda, 1961-68) played an important part 
in encouraging young writers. In the late 1960s the most 
original talent in East Africa was that of a Ugandan, Okot 
p’Bitek, whose long poem Song o f Lawino (1966) treats the 
conflict of cultures with freshness and imagination, using 
the device of a lament by an iliiterate woman. Already, 
however, Ngugi wa Thiong’o of Kenya had emerged as 
East Africa’s leading novelist, with two novels— Weep Not,
Child (1964) and The River Between (1965)—in which he 
tried to do for his native people, the Kikuyu, what Achebe 
had done for the Igbo. In a third novel, A Grain o f Wheat 
(1967), he reflected profoundly on the meaning of heroism 
and of national independence. His Petals o f Blood (1977) 
is complex in its narrative technique and explicit in its 
call for populär rebellion against the injustices of extemal 
domination. Ngugi’s plays in particular were sufficiently 
outspoken to result in his spending a year in detention.
He turned to writing in Kikuyu as well as in English, 
notably in his novel Devil on the Cross (1982), a scathing 
satirical fantasy.

The emergent work of African and Coioured writers 
born in, though often living in exile from, the Republic of Literature 
South Africa has been dominated by the political fact of by South 
apartheid. Many found the short story the best medium Africans 
of protest, among the most successful writers being Blöke 
Modisane; Todd Matshikiza; Ezekiel Mphahlele; Richard 
Rive; a Coioured writer, Alex La Guma; a journalist, Can 
Themba; and Arthur Maimane. In the late 1950s Drum 
magazine provided an important forum for these writers.
Autobiographies are among the most moving and signif­

icant works by black South Africans. Mphahlele’s Down 
Second Avenue (1959) has become a South African classic; 
and Alfred Hutchinson’s Road to Ghana (1960) and Blöke 
Modisane’s Blame M e on History (1963) are passionate 
documents in which the authors try to overcome the 
humiliation of their experience as blacks living in white- 
dominated South Africa.

The outstanding nonwhite novelist in South Africa in the 
1960s was Alex La Guma. His superb eye for detail makes 
it possible for him to let the horror of a Situation speak 
for itself, so that he never becomes sentimental, prolix, or 
overemotional in describing it. His short novels, including 
A Walk in the Night (1962), And a Threefold Cord (1964),
The Stone-Country (1965), and Time o f the Butcherbird 
(1979), are tense works of protest. The subtlest treatment 
of the recurrent theme of race relations, however, was 
perhaps that by Lewis Nkosi in his extraordinary play The 
Rhythm o f Violence (1964).

The leading South African poets of the 1960s were Mazisi 
Kunene, K.A. Noortje, and Dennis Bmtus. Many writers 
went into exile, but the country continued to produce, 
as a main focus of Opposition to apartheid, some of the 
outstanding black writers on the continent. Prominent 
prose writers in the 1980s included Njabulo Ndebele and 
Mbulelo Mzamane; poets included Sipho Sepamla, Os­
wald Mtshali, and Mongane Serote. A notable playwright 
was Maishe Maponya.

The 1980s saw the emergence of Zimbabwean fiction 
(represented notably by Dambudzo Marechera and Charles
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Mungoshi), at least one major Malawian poet (Jack Ma- 
panje), the Botswanan (formerly South African) novelist 
and short-story writer Bessie Head, and a brilliant So­
mali novelist, Nuruddin Farah. The last two were perhaps 
Africa’s most profound Interpreters of women.

(U.Be./Ge.Mo./A.N.R.N.)

LITERATURES IN AFRICAN LANGUAGES
Evidence of the indigenous written literatures of Africa 
is in some regions ancient and in others comparatively 
recent. The earliest written African language known is the 
now-dead language of Gecez, from Ethiopia (see below). 
The Latin and Arabic alphabets have had marked influ­
ence on developments in written African literature. Arabic 
was brought to the continent in the 7th Century, when the 
Arabs conquered North Africa, while the Latin alphabet 
was introduced by Christian missionaries largely in the 
19th Century.
In West Africa the beginnings of indigenous written lit­

erature are linked to the campaigns in the early 1800s of 
the Fulani reformer Shaykh Usman dan Fodio; in East 
Africa the earliest extant Swahili text dates from 1652. In 
southem Africa the history of the earliest written litera­
ture, Xhosa, is linked to the printing press of the Lovedale 
Missionary Institution set up by the Glasgow mission 
in the 1820s.

There was a great development in both quantity and 
quality of literary output after World War II, but in many 
cases, because they saw their own career advancement as 
being in English and French and perhaps because they 
regarded those languages as more advanced than their 
own, African elites tended to be indifferent to indigenous 
literatures. Indeed, it is only since the 1970s that the 
dominance of literatures in the metropolitan languages 
has been challenged and that writers such as Ngugi wa 
Thiong’o have begun to write in African languages, with 
translations into English, Swahili, and other languages fol­
lowing publication in the mother tongue. There is in the 
literary, political, and educational circles of some African 
countries a growing sense that the fostering of literature 
in indigenous African languages is important, especially 
in the drive to create new national models closer to the 
culture and history of the people.

The success of such a venture depends greatly on govern- 
ment policy. Somalia is a striking example of a country in 
which such a policy has been successfully applied. The role 
of publishers is also crucial; in spite of the severe financial 
constraints that operate in most African countries, some— 
such as Nigeria, Ghana, Tanzania, and Zimbabwe—now 
have indigenous Publishing houses serving local readers. In 
some cases international Publishing houses with African 
interests also participate in Publishing African-language 
texts. The rate of illiteracy in Africa is still high, which 
limits the potential readership for texts in African as well 
as other languages. However, the huge popularity of stage 
and radio dramas in a number of countries (for instance, 
Nigeria, South Africa, Kenya, Somalia, and Tanzania) 
makes clear the great populär interest in forms of verbal 
art that both entertain and comment on Contemporary life.

The dominant theme in much of the literature in African 
languages is the conflict between traditional cultures and 
modemization. In the novel and the short story, although 
the influence of modern European literary forms is clear, 
so too is that of the oral narrative. Sharp political com­
ment on corruption and inefficiency is also prevalent. In 
general the role of public comment on national problems, 
and on wider topics such as African unity and racism, is 
a highly developed and important one, just as it is in the 
metropolitan languages.
West Africa. Yoruba. The rieh oral literature of the 

Yoruba, who live mainly in Nigeria and Benin, consists of 
myths, legends, folktales, and song. It is still flourishing, 
particularly in the rural areas, and has exerted a consider­
able influence on the written literature. Yoruba orthogra- 
phy was standardized in 1875 by the Church Missionary 
Society, in Lagos. The Bible was translated in 1900 and 
was widely used in Yorubaland. It was followed in 1911 
by a translation of John Bunyan’s The Pilgrim’s Progress, 
which has probably exerted more influence on African-

language writers than any other English work. The first 
written poetry, Iwe Ekini Sobo (“Sobo’s First Book”), 
came in 1905 from the pen of the prolific and populär J. 
Sobowole Sowande. Sowande wrote several more collec- 
tions (the last in 1934), Publishing most of them himself. 
The first Yoruba novel did not appear until 1938, although 
a few novelettes appeared before then. Daniel Olorunfemi 
Fagunwa’s allegorical novel Ogboju Ode Ninu Igbo Irun- 
male (1950; The Forest o f a Thousand Daemons) was 
widely read and enjoyed. It uses the traditional Yoruba 
themes of virtue, courage, and perseverance and focuses 
on the vices of cruelty and greed. Fagunwa’s first novel 
was Igbo Olodumare (1947; “The Forest of God”). Two 
others in a similar style followed, but his fifth and last 
novel, published in 1961, was considerably more realistic. 
Fagunwa’s allegorical and fantastic adventure tales, full 
of folkloric elements—spirits, monsters, transformation 
flights, gods, magie, and witchcraft—provided a model for 
other writers.

A literary competition held at the time of Nigerian inde­
pendence in 1960 was won by Femi Jeboda’s realistic novel 
Olowolaiyemo (“Mr. People-Rally-Only-Around-the-Well- 
To-Do”), which deals with the hardships of urban life in 
Yorubaland. The trend of Contemporary realism continued 
with Afolabi Olabimtan’s novels. His first, Kekere Ekun 
(1967; “[Lad Nicknamed] Leopard Cub”), depicts the in- 
trigues of a typically polygamous Yoruba home and the 
role of the church and school in a rural community. His 
second novel, Ayanmo (1973; “Predestination”), follows a 
village schoolmaster who studies hard to become a medical 
doctor. Various tempting and sophisticated women almost 
prevent him from achieving his ambition, but in the end 
he manies a girl from his hometown. Another successful 
writer was Akinwunmi Isola. His populär novel, O Le Ku 
(1974; “Heart-Rending Incidents Occurred”), depicts love 
and tragedy in a Contemporary context.
Hausa. There has been a tradition of Arabic writing in 

Hausaland (northem Nigeria and Niger) since the end of 
the 15th Century. The Hausa language has been written in 
the Arabic alphabet since the early 19th Century and in the 
Roman alphabet since the early 20th Century. Islämic in­
fluence is still strong. A key feature of Hausa literature is 
the interaction of the oral and written traditions, and the 
emphasis (as in other literatures, such as Somali) is on 
recitation. Comment on religious, political, and social life 
has always been central to Hausa poetry. Its importance 
as a vehicle for comment is fostered by radio, the press, 
and television.

A key role in the history of Hausa poetry was played 
in the late 18th and early 19th centuries by the Islämic 
warrior and reformer Shaykh Usman dan Fodio. He wrote 
poetry in both Arabic and Hausa, using it to exhort the 
Hausa to follow Isläm. Early religious poetry included 
the mystical writings of the Islämic Süfi brotherhoods. Of 
political and religious importance were the praise poems 
to Muhammad and to secular leaders and the chronicles 
of the city-states, such as Sokoto and Kano. One of the 
best known of early 20th-century poets is Alhaji Umaru. 
His Zuwan Nasara (1903; “Arrival of the Christians”) 
describes the chaos caused to traditional life by the British 
occupation. The tradition of religious poetry has continued 
through the custom of public recitations, often by blind 
beggars who leam by heart the texts of manuscript poems.

Secular poetry flourished after World War II. It remained 
deeply influenced by Isläm, but poets tended to be drawn 
from a wider range of occupations, and poetry became far 
less the preserve of Muslim functionaries. A number of 
well-known poems were composed by the political leader 
Sa’adu Zungur; among the best known is Wakar maraba 
da soja (1957; “Song of Welcome to the Soldiers [on Their 
Return from Burma and India]”). Other eminent poets 
who followed the tradition of commenting on Contempo­
rary life are Mudi Sipikin and Hamisa Yadudu Funtuwa. 
The latter wrote poems on social evils such as drink. In 
his Wakar uwar mugu (1957; “Song of the Mother of 
Evil”) he wrote on the attraction of Prostitution as an 
emancipated alternative for women facing the tedium and 
constriction of polygamous marriage. International polit­
ical relations have also been the subject of poetry, as in
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Garba Gwandu’s “Julius Nyerere” (1971). Akilu Aliyu, 
like many of his fellow poets, wrote and recited poetry on 
the Nigerian civil war and on Contemporary politics.
Novel writing in Hausa is more recent than the tradition 

of written poetry. The first clutch of novels was published 
as the result of a competition held in 1933. Dominant 
interests were heroic figures of the past and aspects of 
traditional life. As in Fagunwa’s fiction, much use was 
made of fantastic figures and allegorical elements from 
oral narrative. Interest in social comment has been less 
marked in fiction than in poetry, but it is still present. A 
theme that occurs often is that of childlessness in marriage 
and its disastrous effects on those involved. Trenchant 
comment on political corruption is featured in Sulaiman 
Ibrahim Katsina’s Turmin Danya (1983; “Hog-Plum Mor- 
tar”). Science fiction is particularly populär with youth; an 
example is Tauraruwa maiwutsiya (1969; “The Cornet”), 
by Umaru Dembo.

Travel writing and biography have also featured in Hausa 
prose. An interesting comment on the individualism of 
European society viewed through African eyes is provided 
by the playwright and biographer Aminu Kano, whose 
Motsi ya fizama (1955; “Moving Is Better than Sitting”) 
is an account of his visit to Europe in 1946.

East Africa. Ethiopian languages. The oldest literary 
language in Ethiopia, Ge'ez, which is related to classical 
Arabic, was first used for the writing of Christian texts in 
the 4th Century a d . It was the literary language of Ethiopia 
until the 19th Century and was used for recording the lives 
of saints (hagiography) and for writing royal chronicles. A 
great deal of religious poetry was also written in Ge'ez.

In Amharic, the official language of Ethiopia, one of the 
founders of modern literature was Blattengeta Hiruy Walda 
Silläse. His two novels, addressed to a new generation 
educated in European-style schools, criticized outmoded 
social customs and dubious religious practices. Thus, he 
focused on child marriage and on the venality of some of 
the lower clergy. Hiruy argued for the adoption of West­
ern technology and for a retum to uncorrupted Christian 
ethics. Equally important as a founder of modern writing 
was Afawarq Gabra lyasus, author of the first Ethiopian 
novel, Libb Wallad Tärik (1908; “Imaginative Story”).
The critical thrust of the new Ethiopian literary trend 

was disrupted by the Italian conquest of 1936. However, 
a novel in the same critical vein, A fäyä, was published in 
1948-49 by Girmäcchaw Takla Häwäryät. The Western- 
educated hero of this work is thwarted by intrigues in 
court and govemment circles when he returns home and 
tries to put his newly leamed Westem skills at the ser­
vice of his people. Historical fiction, based mainly on 
the complex and commanding figure of the 19th-century 
emperor Tewodros II, is also well represented, particularly 
in And Lannätu (1967; “His Mother’s Only Child”), by 
Abbe Gubannä, and Ya-Tewodros Inbä (1966; “The Tears 
of Theodore”), by Birhänu Zarihun. Didactic and socially 
committed writing is common: some touches on social is­
sues such as Prostitution, as in the short story “Abbonas,” 
by Täddasa Libän, in his collection Leläw Mangad (1959; 
“Another Way”). A novel that sympathetically examines 
the dilemma of a woman faced with the challenge of sur­
vival is Setihhä Adäri (1963; “Fallen Woman”), by Innänu 
Aggonäfir (pseudonym of Nagäsh Gabra Märyäm). Häd- 
dis Alamäyyahu’s novel Wanjalahhäw Dännä (1974; “The 
Crooked Judge”) depicts corruption in the govemment of 
Emperor Haile Selassie I, while Fiqir Iska Maqäbir (1958; 
“Love unto the Grave”) is a love story of two people from 
different social backgrounds.

The conflict between old and new and the antagonisms 
in Ethiopian society are explored by writers such as 
playwright Mangistu Lammä (see below African theatre). 
Acculturation and alienation are explored in Täddasa 
Llbän’s short story “Yatabattasa Fire” (“The Seed of the 
Sundering”) in his collection M askaram (1956). Writing 
since the proclamation of socialist Ethiopia is best rep­
resented by Birhanu Zarihun’s trilogy, Mä’ibal (1979-82; 
“Storm”), which describes the revolution and its effects. 
Political problems such as apartheid, Pan-Africanism, and 
the conflict between Somalia and Ethiopia have also been 
featured.

Somali. Besides the centuries-old practice of composing 
religious verse in Arabic, Somalia has a very old and rieh 
tradition of oral literature in Somali, which still flourishes 
and influences the modern written forms. Written Somali 
literature really did not begin until after World War II— 
and even then did not flourish until after 1973, when the 
govemment introduced a Standard orthography based on 
the Roman alphabet. Two periodicals, Sahan (“Recon- 
naissance”) and Hör seed (“Vanguard”), fostered Somali 
writing in the 1960s. The first poet to commit his poems to 
writing was Cali Xuseen Xirsi. Two of his poems appeared 
in Sahan and Horseed, although most reached the public 
in oral form. Cali wrote often on public themes; one of his 
poems, for instance, commented on the political plight of 
Somalis in the late 1950s, and another, composed in 1962, 
protested the importation of foreign automobiles when the 
mass of the people were still living in poverty. The empha- 
sis on oral performance and transmission has continued 
in the era of print and amid a strong campaign for adult 
literacy under the socialist govemment established by the 
military in 1969. Poems may now be written down, but 
they are subsequently recited on the radio or at public or 
private recitals, or they are circulated on audiocassettes. 
Cabdulqaadir Xirsi “Yamyam” became one of the leading 
poets of socialist Somalia. The themes of his and of his 
contemporaries’ poems tend to be public, stressing, for 
example, dedication to the country and its new order and 
support for the feminist stance of the govemment.
In prose, the fiction of Faarax M.I. Cawl, which incorpo- 

rates oral historical narratives and poems, marks a tran- 
sition from oral to written form. His novel Aqoondarro 
waa u nacab jacayl (1974) is highly didactic, exhorting the 
virtue of literacy. It is about an illiterate Dervish warrior 
who is unable to read a vital love letter from a young girl, 
and so the love affair ends tragically—hence the title of 
the novel, translated as Ignorance Is the Enemy o f Love.

Swahili. Written poetry in Swahili—which drew inspi- 
ration from the Islämic literatures in Arabic, Persian, and 
Urdu taken to the east coast of Africa by Oriental traders 
and scribes—goes back at least to the mid-17th Century.

thereafter Latin script became more common and is now 
Standard. The oldest extant epic is the Hamziya (1749), a 
court poem written by Sayyid Aidarusi, who was assigned 
the task by Bwana Mkuw II, ruler of the island of Pate off 
the coast in what is now Kenya. It was written in Arabic 
script in the old Kingozi dialect of Swahili.

Possibly because of the didactic thrust of Islämic po­
etry, Swahili poetry has a strong tradition of public and 
religious commentary. The first well-known poet writing 
in this didactic vein was Mwana Kupona binti Msham, 
from Lamu Island, Kenya. His Utendi wa Mwana Kupona 
(“Poem of Mwana Kupona”) dates from 1858. Another 
poet of the 19th Century is Muyaka bin Haji al-Ghassany, 
from Mombasa, Kenya. Using a variety of styles—includ­
ing lyrical, satiric, and panegyric—his poems presented a 
social and political commentary on urban life.
The acknowledged father of Contemporary Swahili liter­

ature is Shaaban Robert, a Tanganyikan, best known as 
a poet (e.g., for Almazi za Afrika [1960; “African Dia­
monds”]) but also as a novelist and essayist. Robert’s later 
style moved away from fantasy to the realistic portrayal 
of Contemporary problems in novels such as Siku ya Wa- 
tenzi Wote (1968; “The Day of Reckoning”) and Utubora 
Mkulima (1968; “Utubora the Farmer”). The next gen­
eration of poets, among whom the best known are the 
Kenyans Ahmad Nassir and Abdillatif Abdalla, continued 
to focus on public themes.

Social change and the confusion caused by the clash of 
tradition with modemity feature strongly in the Contem­
porary novel. The Tanzanian Euphrase Kezilahabi’s third 
novel, Dunia Uwanja wa Fujo (1975; “The World Is a 
Chaotic Place”), exemplifies this preoccupation. The gen­
eral mood of Contemporary novels is pessimistic. Heroes 
are often unsympathetic characters whose decline and fall 
reflect the difficulties of maintaining a moral stance in 
modern urban society.

Like other African-language literatures, Swahili suffers 
from a Publishing and book famine. Poems on a wide
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range of topical subjects appear regularly in the local 
Swahili-language newspapers, but the publication of nov­
els is hindered by the lack of strong indigenous Publishing 
houses, despite a large potential readership.

Southern Africa. Shona. Writing in Shona, the major 
African language group of Zimbabwe, is fairly recent, lit­
tle of note appearing before the 1950s. In the novel a 
dominant trend has been the imaginative exploration of 
a heroic past. An example is Solomon Mutswairo’s pop­
ulär novel Feso (1956; English translation 1974). Patrick 
Chakaipa’s Pfumo reropa (1961; The Spear o f Blood) also 
explores the workings of Shona society before the ap- 
pearance of whites, while his Rudo ibofu (1962; “Love Is 
Blind”) and Garan dichanya (1963; “I Shall Return”) treat 
the conflict between values of the two cultures. Other writ­
ers have focused on the harmful effects of urban life and 
the alienation that Westem education may cause. John 
Marangwanda’s Kumazi vandadzoke (1959; “Who Goes 
to a Place Perhaps Never Comes Back”) and Mutswairo’s 
novel Murambiwa Goredema (1959; “Murambiwa, Son of 
Goredema”) focus on this urban theme.

Zulu. Early Zulu writing at the beginning of the 20th 
Century comprised mostly historical and religious works. 
Magema Fuze’s reconstruction of the Zulu past, Abantu 
abamnyama lapha bavela ngakhona (“The Black People 
and Whence They Came”) was published in 1922. The 
Zulu-language newspaper, Ilanga läse Natal (“The Natal 
Sun”), founded in Durban, S.Af., in 1903 by John L. Dube, 
helped shape the Zulu readership. One of the paper’s later 
editors, R.R.R. Dhlomo, wrote a series of novels on the 
Zulu kings of the 19th and early 20th centuries: UShaka 
(1936), UDingane (1936), UMpande (1938), UCetshwayo 
(1952), and UDinuzulu( 1968). Dube wrote Insila kaShaka 
(1933; Jeqe, the Bodyservant o f King Shaka), a histori­
cal novel on the powerful theme of Zulu royalty, and 
UShembe (1936), a biography of the charismatic Zulu 

Historical prophet Isaiah Shembe. Fascination with the heroic Zulu 
fiction past continued in works by later writers—for example, 

Leonard Mncwango’s Ngenzeni? (1959; “What Have I 
Done?”). Muntu Xulu’s Simpofu (1969; “We Are Poor”) 
focuses on the struggle between the Zulu king Cetshwayo 
and the white Natal politician Theophilus Shepstone.
The question of how to accept westemization without 

abandoning tradition has always been a dominant theme 
in Zulu fiction. Dhlomo’s novel Indlela yababi (1946; 
“The Way of the Wicked”) shows the disastrous effects of 
urban life on people from the village. J.K. Ngubane’s Uvalo 
Iwezinhlonzi (1957; “The Fear of Authority”) touches on 
the same theme, and C.L.S. Nyembezi’s masterly Inkin- 
sela yaseMgungundlovu (1961; “The Wealthy Man from 
Pietermaritzburg”) portrays the wiles of a city man set 
against the upright morality of country people. Nyem­
bezi’s earlier Mntanami! Mntanami! (1950; “My Child! 
My Child!”) depicts a boy caught in the crime of the city 
who finally returns to his mouming family. A variety of 
themes covering the Zulu past, the clash between tradition 
and modemity, and the benefits and dangers of education 
feature in the short story collections Uthingo Iwenkosazana 
(1971; “The Rainbow”), by D.B.Z. Ntuli, and Amawisa 
(1982; “Fighting Sticks”), by D.B.Z. and C.S.Z. Ntuli.

The finest Zulu poet to date is B.W. Vilakazi, who wrote 
passionately about nature, the Zulu past, and the injustice 
and degradation of apartheid in South Africa (see, for ex­
ample, his famous poem “Ezinkomponi” [“In the Mines”]). 
Vilakazi’s two volumes of poetry, Inkondlo kaZulu (1935) 
and AmaVezulu (1945), are translated together as Zulu 
Horizons. In some instances the traditional praise poem 
has been effectively used to express contemporary expe- 
rience, as in J.C. Dlamini’s collection Inzululwane (1959; 
“Giddiness”) and Phumasilwe Myeni’s Hayani maZulu 
(1969; “ Sing Zulus!”). A poet who uses traditional and 
modem styles, covering both public and private themes, 
is N.J. Makhaye in his collection Isoka lakwaZulu (1972; 
“The Populär Young Man of Zululand”).
Xhosa. As in Zulu literature, the themes of the heroic 

past and of the Opposition between beneficent tradition 
and harsh modernity are much in evidence. The question 
of how best to come to terms with change is also cen­
tral in Xhosa literature. Much important early writing,

expressing Xhosa aspirations and views on Christianity 
and tradition, appeared in the Xhosa-language newspapers 
and joumals of the mid- and late 19th Century: Ikhwezi 
(“The Moming Star”), Isigidimi samaXhosa (“The Xhosa 
Messenger”), Imvo zabantsundu (“Opinions of the Black 
People”) and Izwi labantu (“Voice of the People”). Xhosa 
writers were also concemed with contemporary political 
themes, particularly the struggle against the loss of their 
land and power and their economie subjugation by the 
white South Africans.

The earliest exponents of written poetry were Samuel 
E.K. Mqhayi and J.J.R. Jolobe. While Mqhayi modeled 
his verse on traditional praise poetry, Jolobe experimented 
with such European-inspired forms as rhyme and descrip­
tions of nature, thereby laying the foundations of modem 
Xhosa poetry. Mqhayi’s important novel, Ityala lamawele 
(1914; “The Lawsuit of the Twins”) demonstrated how 
native justice had operated quite successfully before 
whites arrived. It was, however, A.C. Jordan’s Ingqumbo 
Yeminyanya (1940; The Wrath o f the Ancestors) that set 
the principal theme of later Xhosa prose: how to retain The 
the strengths of tradition in the face of inevitable change. theme of 
Some writers, such as Z.S. Qangule and K.S. Bongela, changing 
set the rural-versus-urban conflict in stark polarities. Qan- traditions 
gule’s Izagweba (1972; “Weapons”) depicts the conflict 
between uncompromising traditionalists and westemized, 
urbanized individuals. Bongela’s Alishoni lingenandaba 
(1971; “The Sun Does Not Set Without News”) deals 
with the squalor and corruption of life in the black town- 
ships surrounding the affluent white cities of South Africa.
Some works look critically at tradition—particularly at 
the custom of the bride-price; others, such as Godfrey 
Mzamane’s Izinto zodidi (1959; “Things of Value”) sug- 
gest that synthesis can be achieved. In Mzamane’s novel 
a strong and clever son succeeds in the new urban world, 
whereas his less well-prepared father has been corrupted 
by it and forced to return home. (E.A.W.G.)

AFRICAN THEATRE
The content and style of urban African theatre are influ- 
enced by both African dramatic traditions and Westem 
theatre. The influence of Westem styles is the result of a Westem 
colonial presence, education in European languages, and influence 
the training of artists abroad. The degree and manner of 
foreign influence differ greatly from country to country, 
however. Such influence has hindered the development 
of African theatre in Zimbabwe, for example, where a 
minority continues to produce predominantly commercial 
Western theatre. The accent on Negritude in the theatre 
of French-speaking West Africa in the 1960s, on the other 
hand, was a reaction to the control of French directors, 
who clearly left their mark on production styles, e.g., in 
the Daniel Surano Theatre in Senegal, where the works 
of Aimé Césaire and other leading playwrights are staged.
The plays of Bernard Dadié of Cote d’Ivoire reflect French 
comic traditions, and Jean Pliya of Benin is one of a 
number of playwrights obsessed by colonial history. The 
texts of Western-educated writers have built a literary style 
of theatre, appealing to an elite audience, in which dance 
and music play, if anything, a subsidiary role.
On the other hand, at a populär level, village theatre 

throughout Africa is based on the traditions of music, 
song, dance, and spectacle and has offered a rich platform 
for the development of contemporary urban theatre. The­
atre innovators built onto village traditions of storytelling, 
some borrowing production styles from the colonial music- 
hall entertainment staged in West African cities in the 
1920s and ’30s. Concert parties toured Togo and Ghana, 
and in the 1950s the Ghanaian “Trios” emerged, with Bob 
Cole and his Company delighting audiences in Accra with 
comic dramatizations of local events.

West Africa. The first professional theatres in Nigeria 
were Companies created by actor-managers. The three most 
successful—Hubert Ogunde, Kola Ogunmola, and Duro 
Ladipo—were all Yomba, and all started work as teachers 
involved in dramatizing Bible stories in African Christian 
churches. Ogunde’s first production was The Garden o f 
Eden (1944), staged in the Church of the Lord in Lagos.
It was followed in 1945 by a secular satire, Strike and
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Hunger, inspired by a clash between Nigerian workers and 
their colonial bosses. Ogunde’s success led him to form 
the Ogunde Concert Party, which, in a style borrowed 
from the current British concert parties, staged domestic 
comedies and astute political satires between opening and 
closing “glees” of song and dance unrelated to the plot.

The euphoria of Nigerian independence in 1960 brought 
with it an explosion of creativity in the urban arts oriented 
toward new African forms and a rejection of colonial in­
fluences. This resulted in a Creative confidence in literary 
and populär theatre that was to be influential through­
out Africa. Traveling theatres, loosely known as Yoruba 
Opera Companies, took to the road. Duro Ladipo created 
spectacular productions dramatizing themes from Yoruba 
mythology and history. His trilogy on the history of the 
Kingdom of Oyo, published in 1964 as Three Yoruba Plays 
(Oba Koso [“The King Did Not Hang”], Oba Moro [“The 
King of Ghosts”], and Oba Waja [“The King Is Dead”]), 
has the power and serenity of ancient Greek tragedy.
Kola Ogunmola specialized in domestic comedies fea- 

turing himself as a brilliant actor and mime. He refined 
Ogunde’s techniques, replacing saxophones with Yoruba 
drums and writing tightly constructed yet gentle social 
satires. His most typical play is Ife Owo (c. 1950; Love 
o f Money), but his greatest success was with Omuti Apa 
Kini (1963), an adaptation of Arnos Tutuola’s The Palm- 
Wine Drinkard. Though Ogunmola and Ladipo died in 
the early 1970s, their influence continued through the 
next decade as decorated trucks carried Yoruba Opera 
Companies to one-night stands in towns and villages. The 
Yoruba music-drama Obaluaye (1970), by the composer 
Akin Euba, added a theatrical sophistication to their id- 
iom, and they had a profound influence on the work of 
literary playwrights, particularly Wole Soyinka and Ola 
Rotimi. Soyinka and Rotimi spent years as university 
playwright-directors, and their skills at Staging their own 
works gave them a theatrical viability lacking in the more 
poetic work of John Pepper Clark.

Wole Soyinka, a brilliant critic and satirist who in 1986 
was the first African to win the Nobel Prize for Literature, 
is regarded as Africa’s leading writer. His work refiects the 
complexities facing an African playwright writing in En­
glish, moving from naturalistic treatment of his subjects to 
a profoundly Yoruba view of universal themes. His early 
comic satires The Lion and the Jewel (first performed 
at Ibadan in 1959; published 1963) and The Trials of 
Brother Jero (1960) are populär with all levels of English- 
speaking audiences, but the verbal and philosophical com­
plexities of his later works are for an intellectual elite. The 
Strong Breed (1963) and Death and the King’s Horseman 
(1975) are powerful statements of cultural conflict, while 
Soyinka’s political satires, such as KongVs Harvest (1965), 
are both savage and entertaining. The Road (1965) and A 
Dance o f the Forests (1963) delve into the dramatic con- 
trasts of life in Africa through the complexities of Yoruba 
mythology. In the latter, written for and performed to cel- 
ebrate Nigerian independence in October 1960, Soyinka 
criticized the myth of the glorious African past, rejecting 
the Negritude concept that the revival of African culture 
must be inspired by African cultural heritage alone. His 
drama became increasingly pessimistic—as well as more 
obscure—after the Nigerian civil war, notably in Madmen 
and Specialists (1970). He also tumed to past events— 
for example, in Death and the King’s Horseman—and to 
new versions of old plays. His version of the Bacchae of 
Euripides was staged by the National Theatre in London 
in 1973, and Opera Wonyosi, a version of John Gay’s The 
Beggar’s Opera, appeared at the University of Ife in 1977.
Ola Rotimi evolved a theatrical English enriched by 

African proverbs and idioms. His style of directing made 
brilliant use of dramatic movement and drew an enthusi- 
astic response from both university and populär audiences. 
Rotimi excelled at historical tragedies: Kurunmi (1969) 
deals with the Yomba wars and Ovonramwen Nogbaisi 
(1971) with the sack of Benin. He also had a flair for 
satirical comedy, as shown in Our Husband Is Gone Mad 
Again (1966). As directors, both Soyinka and Rotimi made 
Creative use of music and dance.

In Ghana, intercultural exchange had mixed results. In

the 1960s Saka Acquaye’s The Lost Fisherman, a musical 
based on “highlife” (see below Dance), was a populär suc­
cess, as was Efua Sutherland’s traveling theatre, for which 
she created productions based on village storytelling and 
local themes. Her plays in English use Greek models, as 
do those of Joe de Graaft. Ama Ata Aidoo was the most 
successful Ghanaian playwright after the 1960s. Her The 
Dilemma o f a Ghost (1964) explores the complex cultural 
conflict arising in a Ghanaian village when a young man 
returns from his studies abroad with an Afro-American 
wife. Anowa (1970) deals with African involvement in the 
slave trade and the subservience of women.

Hausa drama generally has a populär appeal and owes 
much to the dramatic style of traditional storytelling; it 
has focused on social problems, particularly those involv- 
ing the Hausa family, with its tradition of polygamy. This 
practice has been criticized in many plays—for example, 
Tabarmar Kunya (1969; “Matter of Shame”) by Adamu 
dan Gogo and Dauda Kano. Some plays satirize the 
dependence of uneducated people on Muslim scholars, 
and some—for example, Umaru Baiarme Ahmed’s Buleke 
(1970)—depict characters who lead a hectic modern life 
but are nevertheless still rooted in tradition. Plays are 
performed often in schools and are featured frequently on 
radio and television.

East Africa. An important Ethiopian playwright is 
Kabbada Mlkael, whose historical play Hannibal was per­
formed at the Festival of Arts in Dakar, Senegal, in 1966. 
The best-known work of Mangistu Lammä is Yalaccha 
Gabbiccha (“Marriage of Unequals”), which deals with 
social inequality; it was staged for the first time in Addis 
Ababa in 1964. A play depicting a family in transition 
from old rural ways to the bleak uncertainty of city life is 
the Pinteresque Yakarmo-saw (1958; “The Origin of Man- 
made Taboo”), by Saggäye Gabra Madhin.

Somali theatre has been firmly established since the 
1950s and is very populär; many scripts still remain to 
be published, however. Shabeelnagood (Leopard Among 
the Women), by Xasan Sheikh Mumin, a play depicting a 
heartless, wily trickster who manies naive young women, 
was published in Sornali with an English translation in 
1974; it was first performed in Mogadishu in 1968 and also 
had a long provincial tour and radio serialization. Somali 
theatre has been compared to that of the Elizabethan era 
in England in its combination of populär entertainment 
with high art and its ability to excite the interest of a 
broad cross section of society.

Swahili drama is particularly populär with school and 
college students, especially when it explores the conflict- 
ing pressures of traditional and modern values. Penina 
O. Mlama’s populär play Pambo (1975; “Decoration”), 
depicting this conflict, ends with the central character’s 
reluctant rejection of self-seeking careerism in the interest 
of his family and community.

Southern Africa. Zulu drama is most successful in se- 
rialized radio plays, which are immensely populär and 
have huge audiences. One of the best-known examples, 
which has been published, is D.B.Z. Ntuli’s Indandatho- 
yesithembiso (1971; “The Engagement Ring”).

Protest theatre in South Africa emerged under inventive 
and dedicated directors—Athol Fugard working through 
Improvisation with John Kani and Winston Ntshona; 
Bamy Simons, the artist behind the Market Theatre for 
Black Artists in Johannesburg; and Maishe Maponya and 
his versatile Soweto Company. The works of these directors 
have no sophisticated sets and may be staged in any venue. 
They speak of the tragedy of South Africa, with twists of 
humour touching on the most dire of situations—a quality 
found throughout Africa in village and urban drama. A 
stark contrast is provided by the officially sponsored va- 
pid extravaganza of the musical Ipi-Tombi. An unofficial 
musical was Poppie Nongena, starring Thuli Dumakude in 
successful seasons in London and New York City in 1984. 
In Zimbabwe the most effective theatre was in the hands 

of small semiprofessional Companies such as The People’s 
Theatre, directed by Ben Sibenke in Harare. In Zambia 
Stephen Chifunyise toured villages with his Company, set­
ting up a dramatic dialogue with his audiences.

(E.A.W.G./P.H.)
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The term African music refers to the musical practices 
of all indigenous peoples of Africa, including the Berber 
in the Sahara and the San (Bushmen) and Khoikhoin 
(Hottentot) in Southern Africa. Not included is the music 
of European settler communities or that of Arab North 
Africa.

HISTORY
It is widely acknowledged that African music has under- 
gone frequent and decisive changes throughout the cen­
turies. What is termed traditional music today is probably 
very different from African music in former times. Nor 
has African music in the past been rigidly linked to spe­
cific ethnic groups. The individual musician, his style and 
creativity, have always played an important role.
The material sources for the study of African music 

history include archaeological and other objects; picto- 
rial sources (rock paintings, petroglyphs, book illustra- 
tions, drawings, paintings); oral historical sources; written 
sources (travelers’ accounts, field notes, inscriptions in 
Arabic and in African and European languages); musical 
notations; sound recordings; photographs and motion pic- 
tures; and videotape.

In ancient times the musical cultures of sub-Saharan 
Africa extended into North Africa. Between c. 8000 and 
3000 bc , climatic changes in the Sahara, with a marked 
wet trend, extended the flora and fauna of the savanna into 
the southem Sahara and its central highlands. During this 
period human occupation of the Sahara greatly increased, 
and along rivers and small lakes Neolithic, or New Stone 
Age, cultures with a so-called aquatic life-style extended 
from the westem Sahara into the Nile Valley region. The 
aquatic cultures began to break up gradually between 5000 
and 3000 bc , once the peak of the wet period had passed. 
The wet climate became more and more restricted to 
shrunken lakes and rivers and, to a greater extent, to the 
region of the Upper Nile. Today remnants survive perhaps 
in the Lake Chad area and in the Nile swamps.
The cultures of the “Green Sahara” left behind a vast 

gallery of iconographic documents in the form of rock 
paintings, among which are some of the earliest internal 
sources on African music. One is a vivid dance scene 
discovered in 1956 by the French ethnologist Henri Lhote 
in the Tassili-n-Ajjer plateau of Algeria. Attributed on 
stylistic grounds to the Saharan period of the Neolithic 
hunters (c. 6000-4000 bc), this painting is probably one 
of the oldest extant testimonies to music and dance in 
Africa (see Figure 2). The body adomment and movement

style are reminiscent of dance styles still found in many 
African societies.

Some of the earliest sources on African music are archae­
ological. Although musical instruments made of vegetable 
materials have not survived in the deposits of sub-Saharan 
climatic zones, archaeological source material on Nigerian 
music has been supplied by the representations of musical 
instmments on stone or terra-cotta from Ife, Yombaland. 
These representations show considerable agreement with 
traditional accounts of their origins. From the 10th to the 
14th Century a d , Igbin drums (a set of footed cylindrical 
drums) seem to have been used. The dündün pressure 
drum, now associated with Yoruba culture and known in 
a broad beit across the savanna region, may have been 
introduced around the 15th Century, since it appears in 
plaques made during that period in the Kingdom of Benin. 
The Yoruba dündün drums are now used as “talking 
drums” in accompaniment to oriki (praise name) poetry 
(see above Literature and theatre: Oral traditions). The 
double iron clapperless bell seems to have preceded the 
talking drum. Pellet bells and tubulär bells with dappers 
were known by the 15th Century.

Other archaeological finds relating to music include iron 
bells excavated in the Shaba region of Zaire and at sev­
eral sites in Zimbabwe. Benin bronze plaques represent 
a further, almost inexhaustible source for music history, 
since musical instruments—such as homs, bells, drums, 
and even bow lutes—are often depicted on them in cere- 
monial contexts.
Among the most important written sources (though su­

perficial analytically) are accounts from the 14th-century 
Arab travelers Ibn Battütah and Ibn Khaldün and from 
the European navigators and explorers Vasco da Gama, 
Jan Huyghen van Linschoten, Joäo dos Santos, Fran­
gois Froger, and Peter Kolbe. Early attempts at notating 
African music were made by T.E. Bowdich (1819) for 
Ghana, Karl Mauch (1872) for Zimbabwe, and Brito 
Capelo and Roberto Ivens (1882) for inner Angola.

Major and minor migrations of African peoples brought 
musical styles and instruments to new areas. The single 
and double iron bells, which probably originated in Kwa- 
speaking West Africa, spread to westem Central Africa 
with Iron Age Bantu-speaking peoples, and from there to 
Zimbabwe and the Zambezi River valley. Earlier migrating 
groups moving eastward from eastern Nigeria and central 
Cameroon to the East African lakes did not know the iron 
bells or the time-line patterns associated with them. Con- 
sequently, both traits were absent in East African music 
until the recent introduction of the time-line patterns of 
Congolese and Zairian electric guitar-based music. With

Migration 
of musical 
styles and 
instru­
ments

Jean-Dominique Lajoux

Figure 2: Rock painting of a dance performance, Tassili-n-Ajjer, Alg., attributed to the Saharan 
period of Neolithic hunters (c. 6000-4000 BC).
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Spread to 
the New 
World

the intensifying ivory and slave trades during the 19th Cen­
tury, the zeze (or sese) flatbar zither, a stringed instrument 
long known along the East African coast, spread into the 
interior to Zambia, the eastem half of Zaire, and Malawi.
Beginning in the 17th and 18th centuries, lamellaphones 

with iron keys, a prominent feature of ancient Zimbabwe 
and neighbouring kingdoms and chieftainships, spread 
from the Zambezi Valley northward to the kingdoms of 
Kazembe and Lunda and to the Katangan and Angolan 
cultures. In the course of migration, some models became 
smaller, because they were used as travel instruments; 
others were modified and gave rise to the numerous types 
present in westem Central Africa during the first half of 
the 20th Century. (For a description of the lamellaphone, 
see below Musical instruments: Idiophones.)
A  small box-resonated lamellaphone, called the likembe 

in Zaire, traveled in the other direction, from the west to 
the east, northeast, and southeast. It was invented in the 
Lower Congo region probably not earlier than the mid- 
19th Century, and thereafter it spread upriver with Lin- 
gala-speaking porters and colonial servants to the northern 
Bantu borderland. The Azande, Ngbandi, and Baya, who 
speak Adamawa-Eastem languages, adopted the likembe.

Stylistic traits of likembe music linking it to its region of 
origin were only gradually modified in the new areas to 
suit local styles. At the beginning of the 20th Century the 
likembe distribution area extended farther to the northeast 
into Uganda, where the Nilotic Alur, Acholi, and Lango 
adopted it. It was later introduced to southem Uganda 
by northem Ugandan workers; there the Bantu-speaking 
Soga and Gwere adopted it and began to construct models 
entirely from metal, even with a metal resonator. The 
likembe also spread southward from the Lower Congo, 
penetrating Angola from the Kasai region of Zaire and 
being adopted as recently as the 1950s by the Khoisan- 
speaking /Kung of Kwando Kubango Province in south- 
eastem Angola.

As a result of migrations and the exchange of musical 
fashions both within Africa and with foreign cultures, 
specific traits of African music often show a puzzling

similar, even identicaï, traits, while adjacent areas may 
have quite different styles. The multipart singing style in 
triads within an equiheptatonic tone system of the Baule 
of Cote dTvoire (Ivory Coast) is so close, if not identicaï, to 
the part singing style of Ngangela-, Chokwe-, and Luvale- 
speaking peoples in eastem Angola that the similarity is 
immediately recognized by informants from both cultures. 
Why this is so is a riddle. The two areas are separated 
by several countries with different approaches to multi­
part singing. Another historical riddle is the presence of 
practically identicaï Xylophone playing styles and instru­
ments among Makonde- and Makua-speaking peoples of 
northem Mozambique and among certain peoples of Cote 
dTvoire and Liberia, notably the Baule and the Km. The 
jomolo of the Baule and the log xylophones of northern 
Mozambique—for example, the dimbila of the Makonde 
or the mangwilo of the Shirima—are virtually identicaï 
instmments.

Diffusionist theories of various kinds have been offered 
to resolve such riddles. The English ethnomusicologist 
A.M. Jones proposed that Indonesian settlers in certain 
areas of East, Central, and West Africa during the early 
centuries ad could have introduced xylophones and cer­
tain tonal-harmonic Systems (equipentatonic, equihepta­
tonic, and pelog scales) into Africa. Ethnohistorians, on 
the other hand, have tended to accentuate the importance 
of Coastal navigation (implying the traveling of hired or 
forced African labour on European ships) as an agent of 
cultural contact between such areas as Mozambique, An­
gola and Zaire, and the West African coast.

Existing historical sources on African music and dance 
are more abundant than might be expected. Sometimes 
historical data can be obtained indirectly from contempo­
rary observation outside Africa, especially in Latin Amer­
ica. It was a mie rather than an exception that people 
brought as slaves from Africa to the New World often 
came from the hinterland of the African Coastal areas. 
Between the European slave traders established on the

coast and the hinterland areas were buffer zones inhabited 
by African “merchant tribes,” such as the Ovimbundu 
of Angola, who are still remembered by eastem Angolan 
peoples as vimbali, or collaborators of the Portuguese. In 
the 18th and 19th centuries the inland areas of Angola 
were not directly accessible to Europeans. But the music 
and dance of these areas became accessible indirectly, as 
European observers saw African captives playing musical 
instmments in New World countries. In Brazil the mu­
sic of the Candomblé religious cult, for example, can be 
directly linked to 18th- and 19th-century forms of orisha 
worship among the Yomba. In a similar manner, Um- 
banda religious ceremonies are an extension of traditional 
healing sessions still practiced in Angola, and Vodun re­
ligious music among the Fon of Benin has extensions 
in the Voodoo of Haiti and elsewhere in the Carribean. 
African instmments have also been modified and some­
times further developed in the New World; examples are 
the Central African friction dmm and the lamellaphone 
(in the Cuban marimbula).
African music as it is known today was also shaped 

by changes in the ecology of the continent, which drove 
people into other lands, thus producing changes in their 
art. With the drying of the Sahara, for example, popula­
tions tended to shift southward. When settled populations 
accepted the intmders, they often adopted musical styles 
from them. Thus, the choral singing style of the Masai had 
a fundamental influence on vocal music of the Gogo of 
central Tanzania, as is audible in their nindo and msun- 
yunho chants.

It is only relatively recently that scholarly attention has 
focused on the various urban populär styles, reflecting a 
blend of local and foreign ingredients, that have emerged 
during the last 50 years or so. The best known of these are 
West African “highlife,” Congolese (or Zairian) dance mu­
sic, tärabu of East Africa, and South African styles. With 
the widespread adoption of Christianity in Africa since the 
19th Century, many new varieties of African church mu­
sic have risen and continue to evolve. For example, with 
altered words, hymns—as well as secular songs—are quite

to political oppression. (G.K./D.K.R.)

MUSICAL INSTRUMENTS
Outsiders have often overlooked the enormous variety 
of musical instmments in Africa in the mistaken be­
lief that Africans play only dmms. Yet even Hanno the 
Carthaginian, who recorded a brief visit to the west coast 
of Africa in the 5th Century bc during a naval expedition, 
noted wind instmments as well as percussion. Of an island 
within the gulf of “Hesperon Keras” he wrote:

By day we saw nothing but woods, but by night we saw many 
fires burning, and heard the sound of flutes and cymbals, and 
the beating of drums, and an immense shouting. Fear there­
fore seized on us, and the soothsayers bid us quit the island.

Ensembles fitting this description may be found over a 
wide area of West Africa today, serving as accompaniment 
to dancing and merrymaking or as an essential ingrediënt 
of ceremonial or cultic activities.

Besides the percussion and wind instmments noted by 
Hanno, there are also stringed instmments of many kinds, 
ranging from the simple mouth bow to more complex vari­
eties of zithers, harps, lutes, and lyres. While the aggregate 
of instmmental resources distributed over the continent is 
vast, each society tends to specialize in a limited assort- 
ment, and there is a wide variety from region to region. In 
some areas interesting new hybrid varieties emerged in the 
20th Century in response to outside influence, notably the 
endingidi spike fiddle of Uganda, malipenga gourd kazoos 
of Tanzania and Malawi, and chordophones such as the 
ramkie and segankuru of South Africa.

Musical instmments in African societies serve a variety Non- 
of roles. Some instmments may be confined to religious or musical 
cultic rituals or to social occasions. Among some peoples function 
there may also be restrictions as to the age, sex, or social of instru- 
status of the player. Among the Xhosa, for example, only ments 
girls play the imported Jew’s harp, a modem replacement 
for the traditional mouth bow, which was formerly their 
prerogative.
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Besides recreational applications, or as accompaniment 
for dancing, instruments may serve many other roles. In 
Lesotho it is claimed that cattle graze more contentedly 
when entertained by the sound of the lesiba mouth bow. 
Among the Shona in Zimbabwe, a local form of lamella­
phone known as likembe dza vadzimu serves in rituals of 
ancestor worship, while in the kingdom of Buganda the 
royal drums formerly held higher status than the king. In 
West and Central Africa, pressure drums may serve for the 
transmission of messages or, together with trumpets, for 
the declamation of praises, by mimicking the tonal and 
rhythmic patterns of speech. All sub-Saharan languages 
(except Swahili) are “tone languages,” in the sense that 
the meaning of words depends on the tone or pitch in 
which they are said. Consequently, instrumental music— 
or even natural sounds such as birdsong—often imitates 
or suggests meaningful phrases of the spoken language. 
Sometimes this is intentional and sometimes it is merely 
fortuitous, but in either case it escapes the notice of unin- 
formed outsiders.
Certain instruments are used solely for song accompani­

ment. Here the interplay between voice and instrument is 
often intricate and delicately balanced. Zulu solo songs, in 
earlier times, were often self-accompanied on the ugubhu 
gourd bow. In such bow songs, while the instrumental 
melody was influenced by the tone requirements of the 
song’s lyrics, the tuning of the bow determined the vo- 
cal scale to which the singer conformed. Today, when 
Zulus use the modern Westem guitar, precisely the same 
antiphonal relationship and mutual interdependence be­
tween voice and instrument is maintained.

Of the principal instmments found in sub-Saharan Africa, 
the following is a brief sampling.

Idiophones. In this dass the substance of the instru­
ment itself, owing to its solidity and elasticity, yields 
sound without requiring strings or stretched membranes. 
Some are sounded by striking, others by shaking, scraping, 
plucking, or friction. Idiophones are numerous and widely 
distributed throughout the continent. On musical grounds 
they may be divided into instmments used mainly for 
rhythm and several varieties tuned and used melodically.
Rhythmic idiophones. Among the vast array of non- 

melodic, rhythmic idiophones, the most common and 
widespread are probably rattles, sounded by shaking. One 
type, the sistmm, which has small metal disks loosely 
suspended on rods, is important in the Ethiopian church 
and is also used in Guinea. More widespread are hollow 
rattles, consisting of a gourd enveloped in a net of Shells 
or beads or of a container such as a calabash with seeds 
or pebbles inside. Besides hand-held varieties, there are 
many other kinds of rattles, often stmng on cords, which 
may be attached to the limbs or other parts of the body 
and shaken while dancing or playing another instmment, 
or which may be fastened onto another instmment, such 
as the lamellaphone, to serve as a supplementary jingling 
device. In Zimbabwe, bottle tops, instead of the traditional 
snail Shells, serve this purpose on the likembe dza vadzimu 
of the Shona.

Stmck and concussion-sounded idiophones are found 
Clappers everywhere. These include stone dappers and multiple 
and bells rock gongs (in Nigeria); wooden clappers and percussion 

beams; and implements such as hoe blades, weapons, and 
shields (in fact, all kinds of domestic items serve as tem- 
porary idiophones when required). Further examples are 
metal or wooden bells, either with internal pellets or clap­
pers or extemally stmck; inverted half calabashes; bottles; 
and clay pots, partially water-filled, which in West Africa 
are stmck with fanlike beaters. Stamping sticks are also 
used in West and Central Africa, as are stamping tubes 
made from bamboo or from long, open-ended gourds. In 
Ghana and Nigeria the latter are used for accompanying 
certain women’s songs. Scraped and friction idiophones 
are quite widely distributed, the most common form being 
a notched stick or piece of bamboo that is scraped by 
another stick.
Slit drums. Falling between rhythmic and melodie in­

struments, the largest and most distinctive member of the 
African stmek-idiophone family is the slit drum, made 
from a hollowed log. By careful thinning of the flanks

at certain places, the instmment may be tuned so as to 
yield as many as four distinct pitches. Besides their use 
for transmitting messages, West and Central African slit 
dmms are often played in combination with membrane 
dmms and other instmments.
Xylophones. Two markedly different species of X y ­

lophone are distinguishable in Africa: one has free, 
unattached keys, and the other has fixed keys. With free- 
key xylophones, found in parts of West and East Africa, 
loose slabs may be laid across the player’s outstretched legs 
or supported on logs or straw bundles, sometimes above 
a resonating pit. In Uganda and Zaire, from two to six 
players may perform together on the same instmment.

Fixed-key xylophones are more elaborate. Mounted be­
low each key, there is usually an individually tuned cal­
abash resonator, often with a mirliton (a vibrating mem­
brane) attached to add a buzzing quality to the sound. A 
mid-14th-century account mentions a calabash-resonated 
Xylophone in the West African kingdom of Mali, and 
similar instmments were reported on the east coast in the 
16th Century. Xylophone ensembles are common in some 
areas, notably among the Chopi of Mozambique, where 
timbila orchestras of up to 40 xylophones, of six different 
sizes, have been reported.

Lamellaphones. These “thumb pianos” are plucked id­
iophones unique to Africa and widely distributed through­
out the continent. In constmction they consist basically of 
a set of tuned metal or bamboo tongues of varying length 
fitted to a board, box, or calabash resonator, their free 
ends being twanged by the player’s thumbs and fingers. 
Supplementary rattling or buzzing devices are often added, 
and board-mounted varieties are often played inside a half 
calabash or bowl to enhance the resonance. They serve 
mainly for song accompaniment. Some common names 
for regional varieties of the instmment are likembe, mbira, 
and timbrh (see Figure 3).

G. Kubik

Figure 3: T im b rh  lamellaphones of the Vute people of 
central Cameroon.

Membranophones. All African dmms except the slit 
dmm fall within this dass, sharing the basic feature of 
having a stretched animal skin as their sounding medium.
The mirliton, or small “singing membrane,” is often added 
to the bodies of dmms and Xylophone resonators as a 
supplementary buzzing device. It is an essential compo­
nent of the malipenga gourd kazoos used in Tanzania and 
Malawi to simulate military band music.

Africa has a wide variety of dmms, which may serve 
in a number of different roles, some of them not pri- Variety of 
marily musical. Their manufacture is often steeped in drums 
ritual and symbolism, and their use may be restricted to 
specific contexts. In many societies only men may play 
them; in others, certain dmms are used only by women 
(as among the Venda, Sotho, and Tswana of Southern
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Africa). Playing techniques differ widely: some drums are 
beaten with the bare hands, others with straight or curved 
sticks. Friction drums are also occasionally found, such as 
the ingungu used in Zulu girls’ nubility rites. Except in 
the extreme south, drums of contrasting pitch and timbre 
are frequently played in ensembles, with or without other 
instruments, to accompany dancing. Though the role of 
drums is usually rhythmic, the entenga drum chime in 
Uganda, comprising a set of tuned drums, plays vocally 
derived melodies.
The body of a drum may be either bowl-shaped, tubu­

lär, or shallow-framed. Bowl-shaped drums include those 
made from gourds and pots as well as the small and large 
kettledrums found in and around Uganda. Tubulär and 
frame drums may have either one skin or two, which 
are either pegged, pinned, glued, or laced onto the body. 
Tubulär drums come in many sizes and shapes, such as 
cylindrical, conical, barrel-shaped, goblet-shaped, footed, 
and hourglass-shaped. The atumpan talking drums of the 
Ashanti are barrel-shaped with a narrow, cylindrical, open 
foot at the base. East African hourglass drums are single- 
skinned. In West Africa double-skinned hourglass drums 
are held under one arm, their pitch rapidly and continu- 
ally changed by as much as an octave by squeezing the 
lacing that joins the two heads. In some areas wax may 
be applied to the centre of the drum skin, and a mirliton, 
Shells, or jingles may be attached to the body to mod- 
ify the tone.

Chordophones. This dass, comprising instruments that 
produce sound from strings stretched between fixed points, 
is well represented in Africa. There is an abundance of 
specimens in the form of zithers, lutes, and harps.
Musical bows. These consist of a string stretched be­

tween the two ends of a flexible stave. There are three 
types: bows with a separate resonator; bows with attached 
resonators; and mouth bows, which use the player’s mouth 

Possible for resonance. Though it is conjectural whether all va-
origin in rieties evolved from the shooting bow, the San of the
the shoot- Kalahari often convert their hunting bows to musical use. 
ing bow Sometimes it is held against the mouth, yielding a range 

of mouth-resonated harmonies, as with the Jew’s harp, 
or it is pressed against a hollow container. Apart from 
adapted shooting bows, more specialized types of musical 
bows are widespread. Most are sounded by plucking or 
striking the string, but the Xhosa umrubhe is bowed with 
a friction stick, the xizambi of the Tsonga has serrations 
along the stave that are scraped with a rattle stick, and the 
Sotho lesiba (like the gora of the Khoikhoin) is sounded 
by exhaling and inhaling across a piece of quill connecting 
the string to the stave. Bows with more than one string are 
rare, but the tingle apho of the Kara people in Southern 
Ethiopia has three.
Besides mouth-resonated bows, the gourd bow, which 

has an attached gourd resonator, is commonly used in 
southem, Central, and East Africa for self-accompanied 
solo singing. The string is stmck with a thin stick or grass 
stem. The Zulu ugubhu is a typical example. Harmonie 
tones are selectively resonated by moving the mouth of 
the gourd closer to or farther from the player’s ehest. The 
fundamental pitch of the string can be altered by finger 
stopping; with other types, like the Swazi makhweyane, a 
noose or brace divides the string so as to yield two differ­
ent “open” notes, and resonated harmonies are selected in 
the same way.

While all the above types of musical bow are simple 
forms of the zither, the so-called ground bow or earth bow 
of Equatorial Africa, which has one end planted in the 
ground, qualifies as a ground harp.

Lutes. Characterized by strings that lie parallel to the 
neck, the lute is found in Africa in several varieties. 
The multiple-necked bow lute, or pluriarc, of central and 
southwestem Africa is the oldest. This has a separate flex­
ible neck for each string and resembles a set of musical 
bows fixed at one end to a sounding box. West African 
plucked lutes such as the konting, khalam, and thé nkoni 
(which was noted by Ibn Battütah in 1353) may have 
originated in ancient Egypt. The khalam is claimed to be 
the ancestor of the banjo. Another long-necked lute is the 
ramkie of South Africa.

Fiddles. The bowed-lute family is represented by three 
types of one-string fiddle, as exemplified by the rebeclike 
goje of Nigeria and the spike fiddles masenqo of Ethiopia 
and endingidi of Uganda—the last being a 20th-century 
invention.

Harp lutes. The sophisticated kora of the Malinke peo­
ple of West Africa is classified as a harp lute. Its strings 
lie in two parallel ranks, rising on either side of a vertical 
bridge, which has a notch for each string. The long neck 
passes through a large, hemispherical gourd resonator cov­
ered with a leather sounding table.
Lyres. These have been termed yoke lutes, the strings 

running from a yoke supported by two side arms. Their 
distribution in Africa is confined to the northeast. In 
Ethiopia two types occur: the large beganna, with eight 
to 10 strings and a box-shaped body (corresponding to 
the ancient Greek kithara); and the smaller six-string krar, 
with a bowl-shaped body (resembling the Greek lyra). The 
latter type, with from four to eight strings and varying in 
size, is also used in The Sudan, Uganda, and Kenya. The 
litungu is a typical specimen.
Harps. These are confined to a beit, north of the Equa­

tor, running from Uganda to Mauritania. All African harps 
(like those of ancient Egypt) are classed as open harps, 
as they have a neck and a resonator with a string holder 
but lack a supporting pillar to complete the triangie. In 
most cases some form of buzzing device is incorporated.
Examples are the ennanga (Uganda), ardin (Mauritania), 
kinde (Lake Chad region), and ngombi (Gabon).
Aerophones. The archaic bull-roarer (a board attached 

by rope to a stick and whirled about in the air) survives in 
various localities, notably in southem Africa among the 
San and neighbouring peoples. Of the wind instmments 
proper, the three main divisions—flutes, reed pipes, and 
trumpets—are all well represented, though the second of 
these is more restricted in distribution than the others.

Flutes. At the southemmost tip of the continent the 
navigator Vasco da Gama in 1497 encountered a band 
of Khoi people (Khoikhoin, later called the Hottentots)
“playing upon four or five flutes of reed.” Ensembles of Playing 
singie-noie stopped flutes playing on the hocket principle, singie-note 
with each flute blowing its note in rotation, have been re- flutes in 
ported from various regions, ranging from southem Africa ensemble 
through eastern Zaire, Uganda, and The Sudan to South­
ern Ethiopia. Panpipe ensembles are less common, but 
notable examples have been witnessed in Central Africa, 
and particularly among the Nyungwe of Mozambique.
There are many other types of open and stopped flutes— 
cylindrical and conical; transverse and end-blown; made 
from bamboo, reed, roots, sterns, wood, clay, bone, and 
horn. Globular flutes made from small spherical gourds 
or from hard-shelled fruits such as the Oncoba spinosa are 
found in southem Africa, Zaire, Mozambique, Uganda,
Guinea, and elsewhere. End-blown notched flutes, with a 
U- or V-shaped embouchure, either with or without fin­
ger holes, are widely distributed across the continent. The 
long Zulu umtshingo has an obliquely cut embouchure; 
there are no finger holes, but a double range of overblown 
harmonies is produced by altemately stopping and un- 
stopping the lower end with a finger. Such instmments 
and many others throughout the continent are played 
singly, but in many areas flutes are played in pairs or in 
combination with other instmments.
Reed pipes. T ransverse clarinets are used throughout the 

West African savanna region, from Guinea to Cameroon.
These are single-reed pipes made from hollow guinea com 
or sorghum sterns, the reed being a flap partially cut from 
the stem near one end. Single and double clarinets are 
found in The Sudan among the Dinka people. Conical 
double-reed instmments of the oboe or shawm type have 
spread around the northeastern and northwestem fringes 
of Africa wherever Isläm has taken root. Despite local 
variations, they are basically related to the Arab zürnä, 
having a disk (or pirouette) below the reed that supports 
the player’s lips.

Trumpets. Lip-vibrated aerophones made from a va­
riety of materials are widespread in Africa. Apart from 
musical uses, some serve for signaling. In West Africa, 
side-blown ivory or horn instmments may transmit verbal
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Figure 4: Hausa musicians at the court of the a m ir  of Zaria, 
northern Nigeria, performing on g a n g a  drums, animal horns, 
and k a k a k i long trumpets.
G. Kubik

praises of chiefs and miers. Among the Hausa, the long 
metal kakaki and wooden farai, both end-blown, fulfill 
this role in combination with dmms (see Figure 4). In 
East and Central Africa the instmments are often made 
from gourds, wood, hide, hom, or a combination of these 
materials. In Buganda, tmmpet sets were part of the royal 
regalia. Throughout Africa, more than one or two notes 
are seldom produced from a single tmmpet, but tmmpet 
ensembles are common, playing in hocket fashion.

(D.K.R.)

MUSICAL STRUCTURE
In Africa it is unrealistic to separate music from dance or 

Complexity from bodily movement. In Europe the body tends to be 
of African used as a single block, while in African and Afro-Ameri- 
music can dance it seems to be “polycentric,” that is, split into 

several independent body areas or “centres.” Likewise, the 
playing of African musical instmments involves a whole 
combination of body movements. This is one reason 
African music is less amenable to notation than Westem 
music; for analytical purposes, sound filming, rather than 
just sound recording, is essential.

In Africa music making is very often collective, involving 
organized collaboration in which performers contribute 
not identicaï, but complementary, constituents. Besides 
polyrhythmic and polymetric procedures, melodie phrases 
are frequently offset against one another, with different 
starting and ending points, either in an antiphonal “call- 
and-response” relationship or in an overlapping relation­
ship that yields polyphony. In addition, melodie phrasing 
and instmmental accompaniment may be deliberately out 
of step—a displacement technique described in 1952 by 
American anthropologist Richard Waterman as “offbeat 
phrasing of melodie accents.” Complementary participa- 
tion is also evident in dmmming and in flute or tmmpet 
ensembles where each player in tum sounds a different, 
single note. The Ghanaian musicologist J.H. Kwabena 
Nketia pointed out the function of this African form of 
hocket technique in “achieving overall effects of conti- 
nuity, [and] for building up interlocking, and sometimes 
complex stmetures, out of relatively simple elements.” 
Timing. In a great many African music and dance 

cultures, movement organization rigidly follows certain 
principles of timing that cannot be equated with Western 
metrical Systems. African Systems of timing are generally 
based on at least four fundamental concepts:
(!) There is an overall presence of a mental background 

pulsation, or “metronome sense,” consisting of equally 
spaced pulse units continuing ad infinitum and often at 
great speed. These so-called elementary pulses serve as a 
basic Orientation screen; they are two or three times faster 
than the beat rate, or gross pulse.
(2) Musical form is organized so that recurring patterns 

and themes are timed against a regulär number of elemen­
tary pulses—usually 8, 12, 16, 24, or their multiples (more

rarely, 9, 18, or 27). The recurring sequences are called 
strophes, or cycles; the number of pulses they contain are 
referred to as their form numbers, or cycle numbers.

(3) Such strophes or cycles are often divisible in more 
than one way, allowing simultaneous combinations of 
contradictory metrical units. For example, 12 pulses— 12 
is the most important form number in African music— 
can be divided by 2, 3, 4, and 6.

(4) Patterns with the same form number can be shifted 
out of phase, so that their starting points and main accents 
do not coincide, resulting in “cross rhythms.” In some 
cases they cross in such a way that they interlock, or 
fall between one another, with no two notes ever sound­
ing together.

Interlocking. Interlocking techniques are a prominent 
feature of many instrumental styles in East and southeast- 
em Africa. From regions in Tanzania and Mozambique 
come the ng’oma drumming of Gogo women and such 
log Xylophone styles as the dimbila of the Makonde, 
the mangwilo of the Shirima, and the mangolongondo of 
the Yao people. The drumming in the ngwayi dance of 
northeastern Zambia, the timbrh lamellaphone music of 
the Vute people of central Cameroon, and many other 
traditions also use interlocking techniques.

A basic characteristic of interlocking is the absence o f  a 
common guide pulse to be taken as a reference point by 
all players. In a Westem music ensemble or a jazz band all 
the players share a “beat,” one common metric point of 
departure. They may even beat their feet to mark it. While 
there are many traditional African musics in which such 
a common reference pulse does exist, in several others 
the musicians in a group relate their parts to individual 
reference pulses, which can stand in various relations to 
one another.
In one type of relation the pulse of one performer or 

group of performers falls exactly in the middle of the oth- 
er’s pulse. This type of interlocking occurs, for example, 
in the music of the amadinda and embaire xylophones of 
Southern Uganda. A special type of notation is now used 
for these xylophones, consisting of numbers and periods. 
A number indicates that a player strikes a note; the num­
ber refers to the note in the scale, as 5, for example, the 
fifth note of the scale. An underlined number should be 
read an octave down; in other words, 5 is an octave below 
5. A period indicates that no note is stmck. Numbers and 
periods both occupy one elementary pulse.

The following is an example of interlocking as played on 
the amadinda. The melodies are actually played in parallel 
octaves; that is, each melody is played at the notated pitch 
and also at the pitch an octave below:
Musician A plays: 4.3.4.1.3.3.4.2.3.4.2.1.4.3., etc.
(in parallel octaves) t
Musician B plays: ...5.3.3.5.5.3.5.2.3.5.I.I., etc.
(in parallel octaves)

t =  place of entrance for musician B

Difference 
between in­
terlocking 
technique 
and
Westem
ensemble
music

In interlocking music of this type, one musician’s positive 
action of striking a note always coincides with a negative 
action, or “non-strike,” of his fellow musician, who at that 
moment lifts his beater. The effect is such that both series 
of equally spaced notes seem to interlock like the teeth of 
a cogwheel. Each of the two musicians, however, feels his 
own series of notes as “on beat.”

In the very fast mangwilo Xylophone music, the interlock­
ing technique is exploited further. In some compositions 
by two virtuoso players, each musician interlocks with 
the right hand only. The left hands play different rhythm 
patterns superimposed over the interlocking pattem.

Triple interlocking is another type, used, for instance, in 
Zambia in dmm music and also in Southern Uganda in 
the music of the akadinda Xylophone. Here a group of 
three musicians plays a short pattem of equally spaced 
notes in parallel octaves. Three musicians sitting opposite 
them interlock with another pattem that fits two equally 
spaced notes between each note of the first group’s pat­
tem. In numerical notation it looks like this:

Three musicians play: 2 . . 4 . . 2 . . 2 . . 1 . . 1 . . 2 . . 5 . .
(in three octaves) t
Three opposite musicians play: . 14.35.14.35.14.35.14.35 
(in three octaves)
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titer- Interlocking techniques allow African instrumentalists
icking to produce resultant pattems—overall patterns formed 
i  perfor- by all the players—that are unbelievably rapid. The re- 
lance sultant pattern of the above akadinda musical example 

is: 214435214235114135214535. This series of 24 notes, 
when played by expert musicians, is at a speed of ap­
proximately 600 notes per minute. But each musician, for 
himself, plays one-third that fast.

Time-line patterns. In certain areas there is yet another 
principle of timing, known as time-line patterns. These 
are struck motional patterns that make up a rhythmic 
ostinato with an asymmetrical inner structure (such as 
5 +  7 or 7 +  9), against which the melodie and rhythmic 
phrasing of other performers is juxtaposed. They are per- 
cussive patterns, produced either by hand clapping or on 
some musical instrument of penetrating sound quality, 
such as a bell, a high-pitched drum, the rim or body of 
a drum, a bottle, an ax blade, a calabash, a percussion 
beam, concussion sticks, or a high-pitched Xylophone key. 
Time-line pattems are a regulative element in many kinds 
of African music, especially dance music along the West 
African coast, in western Central Africa, and in a broad 
belt along the Zambezi River Valley from Zambia into 
Mozambique. Broadly speaking, they are found in those 
parts of Africa covered by the Kwa and Benue-Congo sub­
groups of the Niger-Congo group of languages—with the 
notable exception that they are not found in most areas 
of East Africa or in South Africa.
A time-line pattem represents the structural core of a 

musical piece, something like a Condensed and extremely 
concentrated representation of the rhythmic and motional 
possibilities open to the musicians and dancers. Singers, 
drummers, and dancers in the group find their bearings by 
listening to the strokes of the time-line pattem, which is 
repeated at a steady tempo throughout the performance. 
The following are some of the most important time- 
line pattems:
(1) The 12-pulse seven-stroke pattem 
Version a (mainly West African)

@ [x . x . x x . x . x . x]
Version b (mainly Central African)

(12) ^ [ X. X. X. XX. X. X]
(Distribution: mostly along the West African coast—for 
example, in the music of the Yomba, Fon, and Ewe—but 
also in Zaire, Angola, and Zambia.)
(2) The 12-pulse five-stroke pattem

@  [x . x . x . . x . x . .]
(Distribution: Central Africa, especially in the Congo and 
Zaire; southem Africa, including Zambia and Malawi; 
West Africa—for instance, among the Baule of Cote 
d’Ivoire.)
(3) A 16-pulse time-line pattem

@ [ x . x . x . x x . x . x . x x . ]  
(Distribution: mostly southem Zaire, Angola, and north- 
westem Zambia; an isolated occurrence in Xylophone mu­
sic on the Kenya coast.)

The longest time-line pattem is found among the Pyg­
mies of the upper Sangha River in the Central African 
Republic. It is a 24-pulse pattem of the following stmeture:

@  [ x . x . x . x . x . x x . x . x . x . x . x x . ]
This pattem is stmck on a percussion beam, and the dance 
style accompanying it emphasizes motions of the pelvis. 

Drigins of The asymmetrical time-line pattems of African music are, 
:ime-line no doubt, an ancient cultural heritage along the Guinea 
pattems Coast and in westem Central Africa. They were most 

likely invented by peoples who spoke ancestral forms of 
Niger-Congo languages. It is likely that the area of origin 
was the Guinea Coast. One explanation for the absence 
of time-line pattems in the northem half of East Africa is 
that they were unknown among the first wave of Bantu- 
language speakers moving eastward from the Cross River 
area in eastem Nigeria along the fringes of the equatorial 
forest toward the East African lakes region c. 100-400 bc . 
Another explanation could be the influence in East Africa 
of Nilotic cultures. The knowledge of time-line patterns 
might have been brought to westem Central Africa with a

second migration of Benue-Congo speakers from eastern 
Nigeria during the Early Iron Age, a time when time- 
line patterns had already spread eastward across the Niger 
River. This second migration could have been responsible 
for the introduction into western Central Africa of a set 
of cultural traits that include asymmetrical time-line pat­
terns, the single and double bells, masked dancing, secret 
societies, and certain initiation ceremonies.
With the beginning of the Later Iron Age in Central 

Africa (c. ad 1000), a second nuclear area for time-line 
patterns apparently developed in Southern Zaire; both the 
12- and 16-pulse patterns still play an enormous role in 
the musical traditions of that region. With the third Bantu 
dispersal, this time from Southern Zaire and carrying with 
it trade connections, the practice of time-line patterns 
could have reached the Zambezi Valley and the Nyasa- 
Ruvuma culture area of Tanzania, Malawi, and Mozam­
bique—the only areas in the eastern part of the continent 
where time-line pattems are prominent today.
Inherent note patterns. Closely associated with inter­

locking techniques but not necessarily depending on them 
is the composition of inherent note patterns. These are 
rhythmic and melodie pattems that emerge when series of 
notes in distinct intervals are played at high speed.
The human ear perceives not isolated particles of sound 

but a "'gestalt. ” Wrhen sequences of many notes are played 
rapidly, the ear cannot follow each note. As a result, 
the hearing tends to pick out and regroup the material, 
forming several melodic-rhythmic pattems that seem in­
dependent of one another. Thus, the heard image of the 
music differs from the pattem of notes actually played. In 
a series of notes that are large intervals apart, for exam­
ple, the ear picks out the notes of about the same pitch 
level and perceives them as a group. This psychological 
perception of a gestalt—an inherent note pattem—is an 
important element in listening to and composing some 
kinds of African instmmental music, particularly in Cen­
tral and East Africa.

Inherent note patterns are not accidental or coincidental; Function 
they are recognized and consciously employed by African of inherent 
musicians. In southem Uganda there are even specific note 
terms referring to them. The main function of inherent pattems 
note patterns is to suggest words—text passages of a song 
that is outlined by instmmental accompaniment. Thus, in 
the music of the ennanga harp of Uganda, the inherent 
note pattems suggest certain phrases of the vocal part. In 
a performance of the traditional harp song “Olutalo olw’e 
Nsinsi” (“The Battle of the Nsinsi”) by the former court 
musician Evaristo Muyinda, one inherent pattem seemed 
to speak the words “Batulwanako ab’edda!” (“How They 
Forget Those Ancients!”) long before they were actually 
sung. Muyinda often introducés a new phrase of text by 
first accentuating the corresponding inherent rhythm on 
the ennanga. Once the melody is firmly established as 
a gestalt, it is sung. By slight accentuation or melodie 
Variation during performance, the harpist may bring one 
or another of the already existing inherent pattems into 
prominence. This results in a musical development of 
the song’s text.

Tone Systems and multipart patterns. Tone Systems 
and multipart pattems have a functional interrelationship 
in African music. In other words, the kind of multipart 
pattem occurring in singing or instmmental music is con- 
ditional on the type of tone system, and vice versa.

The tonal material used in African musical traditions 
varies considerably from region to region. Tonal organiza­
tion, tuning procedures, and intervallic stmeture depend 
upon a broad range of human experience. Several fac­
tors have determined the shape of tone Systems actually 
in use. One factor mentioned above (see Musical instru­
ments) is language, especially with regard to the semantic 
and grammatical importance of speech tone. Another is 
the principle of equidistance, the measuring of space or 
time in equal steps. In addition, in some cross-perceptual 
associations, such as from aural to visual and vice versa, 
pitch may be graded in terms of magnitude or altitude. In 
African music different pitches are not conceptualized as 
“high” or “low,” as they are in English and some other 
Germanic languages of Europe, but as “small” and “big”
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or “tiny” and “fat.” Consequently, a lamellaphone of mid­
dle size, producing middle-range notes, is called endongo 
in Lusoga, a Bantu language spoken in an area of Uganda 
east of the former Kingdom of Buganda. Kadongo (with 
the diminutive prefix ka-) is a high-tuned lamellaphone, 
while gadongo (with the augmentative prefix ga-) is a bass 
instrument. Finally, tonal structure may be influenced by 
the human experience of sound in nature and the discov­
ery of acoustics.

Broadly speaking, African tone Systems may be divided 
into the following families and subfamilies: (1) equi-tonal 
Systems, based on the principle of equal intervals; (2) 
monophonic Systems, based on octaves, fifths, and fourths; 
and (3) Systems based on the experience of instrumen­
tal harmonies.
Equi-tonal Systems. Two varieties are found: (1) equi- 

pentatonic (for example, in southem Uganda); and (2) 
equi-heptatonic (for example, in the lower Zambezi Valley 
and in eastem Angola). These tone Systems, with either 
five or seven notes per octave, differ radically from the 
two Westem equal-interval scales, namely the chromatic 
scale of 12 semitones to the octave (which is equi-dodeca- 
tonic) and the whole-tone scale (which is equi-hexatonic). 
Each step in the whole-tone scale involves an interval of 
200 cents (a cent is a measure of frequency, with each 
semitone in the Westem scale equal to 100 cents). In 
equi-pentatonic Systems, on the other hand, the recurrent 
interval is theoretically 240 cents (i.e., 2.4 semitones of 
the Westem scale), and in equi-heptatonic Systems it is 
171 cents (or 1.71 semitones).
In practice, the intervals in African equi-tonal Systems are 

only approximately equal. For example, there is evidence 
that the tonal basis of music in southem Uganda, although 
equi-pentatonic in principle, accommodates a relatively 
wide deviation from the ideal equidistant interval of 240 
cents. The term pen-equidistant has been coined for such 
a system. The cause of deviation is the presence in the 
music of that region of certain consonance principles, 
based on the recognition of simple ratios of fourths and 
fifths. Thus, the southem Ugandan tone system seems 
to have two disparate roots, accommodating both the 
principle of equidistance and the experience of simple 
ratios. In particular, the natural fourth is the only interval 
(besides octaves) recognized as consonant; it is therefore 
used extensively as “harmonie filier” in the interlocking- 
composition method of that region. No simultaneous 
fourths occur, and yet the semblance of a fourth-, fifth-, 
and octave-based “harmony” is established by durational 
overlapping of the notes stmck. Consequently, seconds 
(240 cents), in contrast to fourths (480 cents), are avoided 
to a great extent in interlocking composition.

Similarly, in equi-heptatonic Systems the desire for har­
monie sound may dictate constant adjustments of intona- 
tion away from the theoretical interval of 171 cents. One 
of the most impressive areas in Africa in which a pen- 
equidistant heptatonic scale is combined with a distinc- 
tively harmonie style based on singing in intervals of thirds 
plus fifths, or thirds plus fourths, is the eastem Angolan 
culture area. This music is heptatonic and non-modal; i.e., 
there is no concept of major or minor thirds as distinctive 
intervals. In principle all the thirds are neutral, but in 
practice the thirds rendered by the singers often approxi- 
mate natural major thirds (386 cents), especially at points 
of rest. In this manner, the principles of equidistance and 
harmonie euphony are accommodated within one tonal- 
harmonic System. For the notation of such music, a seven- 
line stave is most appropriate, with each horizontal line 
representing one pitch level.
Monophonic Systems. These tonal Systems, based on 

octaves, fifths, and fourths (i.e., on the simple ratios 1:2, 
2:3, and 3:4), are found in the westem Sudanic beit. There 
are also many pentatonic Systems of this kind in the Sahel 
zone and on the Guinea Coast (such as those of the Fon 
and Oyo-Yomba peoples), where no simultaneous sounds 
occur except octaves.

Systems based on instrumental harmonies. These tone 
Systems may be divided into two subfamilies: (1) that 
based on the selective use of harmonies from a single 
fundamental (for example, the system of the Gogo of cen­

tral Tanzania); and (2) that based on the selective use of 
harmonies from two or more fundamentals (for example, 
the Systems of the Fang in Gabon and of the /Kung in 
southwestem Africa, based on harmonies from two funda­
mentals, and the hexatonic Systems of the Lala, Nsenga,
Swaka, and Shona in Southern and Central Africa, based 
on more than two fundamentals). All musical cultures 
employing this type of tone system practice multipart 
singing. The regions involved are southem Africa, central 
and southwestem Tanzania, and much of westem Central 
Africa.

The actual shape of the System depends upon whether 
the tonal material derives from one fundamental or more, Variety 
upon the conventionalized intervals between these fun- of tonal- 
damentals (if there is more than one), and upon which harmonie 
section of the natural harmonie series is selected to form Systems 
the tone system. Depending upon these variables, com- 
pletely different tonal-harmonic Systems may be encoun- 
tered. The Gogo tone system, illustrated below, is basically 
tetratonic (within one octave) with a pentatonic extension.
It is based on selective use of the sequence of natural 
harmonies from partials 4 to 9, over a single fundamental.

tonal-melodic material of Gogo music 

( - )

partials 

number 4

cents 0

5 6

386 702 9

resulting Gogo harmonies 

( - )

9

204

The old tone system (now obsolete) of the Kisi people 
of Tanzania was hexatonic. It was based on the selective 
exploitation of the sequence of natural harmonies from 
partials 6 to 11 over a single fundamental.

tonal-melodic material of old Kisi music

kJ
partials

number 6 7 8 9 10 11

cents 702 969 0 204 386 551

resulting Kisi harmonies■j. +* » n ^
Tone Systems based on the use of harmonies from two 

fundamentals are frequently encountered in areas where 
the musical bow, particularly the mouth bow in its vari­
eties, is or was an important instrument. Western Central 
Africa and the whole of southem Africa are the most 
prominent distribution areas for mouth bows; they are 
also found in some areas of West Africa.

The tone System of the .Kung people is tetratonic. It 
may manifest itself, however, in three different versions 
with different intervals, leading, as in the first of the Urn­
ings shown below, to a semitone interval (shown as F-E). 
Because the melodie and harmonie results of these partic­
ular tunings are unique, they provide strong evidence of 
San heritage in any southem African music in which they 
occur. In .Kung music the natural harmonie series of each 
fundamental is not used beyond the fourth partial. This 
is why fourths, fifths, and octaves are the characteristic 
simultaneous sounds in K ung polyphony.

(a) musical-bow tuning at intervals of about 400 cents
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(c) musical-bow tuning at intervals of about 200 cents

Where, in addition to the second, third, and fourth par­
tials, the fifth partials of each fundamental are also used, 
hexatonic tone Systems arise. The tonal-harmonic system 
of the Handa-Nkhumbi group in southwestem Angola is 
one example, based on two fundamentals tuned about 200 
cents apart. The resultant chords are thirds and fourths in 
characteristic positions:

tuning

1 “e r
i ii

hexatonic scale

0  i m

harmonies

Jt a  5  A
/ L  m  m  v A  m m
( m  m ^ < m ) my r V

C7

This system also underlies the music of the Xhosa in 
South Africa. It occurs, too, in some of the music of 
their neighbours, the Zulu and Swazi, although these latter 
use a different hexatonic system, based on fundamentals 
tuned about 100 cents apart. This tuning, used on the 
Zulu ugubhu gourd bow, has three semitone intervals:

tuning

Multipart singing. Multipart singing and harmonie con- 
cepts are basic traits of many African musical traditions 
and have been observed by Westem travelers since the 
earliest periods of contact. Contrary to earlier opinions, 
“harmony” in African music is now seen to be not a result 
of acculturation but rather indigenous to many parts of the 
continent. Polyphonic singing styles were almost certainly 
used by prehistorie hunters in Central and Southern Africa. 
Among the San, the discovery of the use of the hunting 
bow as a musical instmment, and with it the discovery 
of the harmonies of a stretched string, constituted a dus­
ter of traits that were probably interdependent. Questions 
raised in the 19th and early 20th centuries as to whether 
the hunting bow or the musical bow was invented first 
are certainly irrelevant in the culture of southem African 
prehistorie hunters.

Multipart singing in African music embraces two entirely 
different approaches, homophonic and polyphonic, with 
the definition of these words adapted to African cultures.

Homophonic vocal styles. In these styles all melodie 
lines, though at different pitch levels, are rhythmically the 
same, and they begin and end together. Individual singers 
conceive of their voice lines—all carrying the same text— 
as identicaï in principle, only sung at different levels. 
Men sing “with a big voice” (i.e., in low voices), women

and children “with small voices” (i.e., high voices). Their 
voices may stand a third, a fourth, a fifth, or an octave 
apart, but they are considered to sing the same tune. In 
practice, though, not only parallel, but also oblique and 
contrary, motion may occur. To what extent the latter is 
permitted depends upon the tolerance within the tonality 
of the particular language. For example, in eastem An­
gola contrary motion is normal practice. In other cultures 
movement is strictly parallel within the stmeture of the 
tone system concerned.

Homophonic multipart singing is found in particular 
concentration along the Guinea Coast. It is also found 
throughout westem Central Africa, among most peoples 
of Angola, Zambia, and Malawi, and in many parts of 
East Africa. In northern Central Africa it is found among 
the Azande and related peoples. In southwestem parts of 
the Central African Republic there is three-part harmonie 
singing with vocal parts shifting chromatically between two 
roots one semitone apart. Homophonic vocal styles are 
often linked to a call-and-response (leader-choms) form.
Polyphonic vocal styles. In these styles the complemen­

tary individual lines differ in their rhythm and phrasing 
and carry different texts or syllables. They may be of 
different length, and their starting and ending points do 
not coincide. Such styles are more restricted geographi- Geographic 
cally. The vocal music of the San communities in south- distribution 
westem Africa is predominantly polyphonic, as are the 
vocal styles of Pygmy groups in the Ituri Forest and the 
upper Sangha River area of the Congo and the Central 
African Republic. (The San and Pygmy peoples, whose 
polyphonic styles and tone Systems are based on different 
principles, have often mistakenly been lumped together 
in evolutionist theories.) In other parts of Africa, isolated 
islands of polyphonic singing occur among or between 
largely homophonic communities. Thus, the otherwise ho­
mophonic Gogo people employ polyphonic techniques in 
their saigwa and msunyunho songs, and Nyakyusa chil­
dren of southwestem Tanzania use yodel and polyphony 
in a song type called kibota.
A distinct style of polyphonic singing is found in much 

of the music of the peoples of the lower Zambezi Valley, 
in parts of Mozambique, and also in Zimbabwe, as exem- 
plified by the Karanga-Shona threshing song shown here:
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This is a diagrammatic transcription showing the relation- 
ships between the five male voice parts (here transposed 
one octave and five semitones higher). In actual perfor­
mance the voices enter consecutively, each starting from 
the double bar in bis particular line and then repeatedly 
backtracking to the beginning of the line. The entry point 
for voices 2 and 3 is one pulse after the commencement of 
the last note of voice 1. When voice 1 repeats his line, his 
second syllable signals the entry point for voices 4 and 5. 
The cycle (which is continually repeated) is 18 pulses long. 
The harmonie scheme comprises a sequence of bichords 
in fourths and fifths, characteristic of much Shona music. 
The roots of these bichords, E A C / E G C, are shown 
above the top staff. The tone system here is hexatonic.

Polyphony is also prevalent in South Africa and Swazi-
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land. In the dance-songs of the Nguni people (including 
the Zulu, Xhosa, Swazi, and Ndebele), two or more voice 
parts, commencing at different points in the cycle, often 
overlap extensively. At least two parts, solo and chorus, 
are always regarded as essential. In fact, a solo vocalist 
singing the entire song usually does not complete a single 
voice part but instead shifts from one part to another 
when he arrivés at the entry point of each part.
The Zulu bow song transcribed below begins with the 

bow phrase, which simulates a chorus part. During repeti- 
tions of this ostinato, the voices (sung in this transcription 
by Zulu princess Constance Magogo kaDinuzulu, her son 
Chief Mangosuthu Gatsha Buthelezi, and several of his 
young children) enter in turn, each beginning at its double 
bar: first, voice 1, then, in subsequent repetitions of the 
16-pulse cycle, voices 2 and 3. The lines shown below the 
song may be rendered by additional singers or by voices 2 
and 3 as occasional variants.

=192-200

3 E F = \ p —p p  ' x  P  0  m * ------- ——--
\ -  * V . ÏT*-----

- V - V - - P - - D  7  \ f  V
3 -qom' abant’ aba - hle, zi - qom’ ama - ge - za; Zi -

start * Ä
r p  «

— p 0  p
— P — p

m 0  0 ___

^  II
~W _L1 : p - -W■ w  -m- w  ~w F * -m- - p r r r

ugubhu 
musical bow

variants

16

16

16

Similar
structures
underlying
different
tone
Systems

This song sounds very different indeed from the previous 
Shona example, mainly on account of its tone system, 
which has two semitone intervals. A pentatonic variant 
of the Zulu hexatonic system cited above, it is based on 
two instmmental roots a semitone apart. The melodie line 
produced on the ugubhu gourd bow employs harmonie 
partials 3 and 4 of the two fundamentals B and C, these 
harmonies being selectively resonated by moving the open 
end of the gourd resonator closer to or farther from the 
player’s ehest.

Despite the marked tonal dissimilarity between the Shona 
and Zulu songs, they clearly share an almost identicaï 
underlying formal structure, based on the principle of de- 
liberately nonaligned, overlapping voice parts that retain 
the same relationship to one another through all successive 
repetitions of the song. The relationships of their parts can 
be demonstrated by concentric circles, in which clockwise 
rotation represents a cycle, or Strophe, of the song, which 
is continually repeated.
All the vocal music considered above has as its basis some 

kind of tone system. Among the Zulu and other Nguni 
peoples, however, certain non-melodic forms of chanting 
coexist alongside melodie styles of performance—even 
among items that fit the same category of “dance-song”—

voice 1 
entry

Karanga-Shona threshing song 
(18-pulse cycle)

start

Zulu part-song 
(16-pulse cycle)

just as some English nursery rhymes are sung while others 
are recited or chanted. In such cases, fixed musical pitches 
are absent, and a singsong form of rhythmical recitation 
is used instead. The close affinity of such pieces with 
melodie songs is confirmed by their sharing of the same 
circular, multipart formal structure.
There is indeed evidence from many different parts of 

Africa of the use of intermediate vocal styles, falling some- 
where between the extremes of speech and song. In many 
African cultures the boundary between the two does not 
tally exactly with the Western, demonstrating that defini- 
tions of music and song are culture-specific.

(G.K./D.K.R.)

Dance
THE CULTURAL POSITION OF DANCE
In African societies, dance serves a complex diversity of so­
cial purposes. Within an indigenous dance tradition, each 
performance usually has a principal as well as a number 
of subsidiary purposes, which may express or reflect the 
communal values and social relationships of the people.
In order to distinguish between the variety of dance styles, 
therefore, it is necessary to establish the purpose for which 
each dance is performed.

Often there is no clear distinction between ritual celebra- 
tion and social recreation in dance performances; one Merging of 
purpose can merge into the other, as in the appearance ritual and 
of the great Efe mask at the height of the Gelede ritual recreation 
festival in the Ketu-Yoruba villages of Nigeria and Benin 
(see Figure 5). At midnight the mask dramatically appears

Frank Speed

Figure 5: A Gelede masquerader dancing in the courtyard of 
the Ibara palace in Abeokuta, Nigeria.
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to the expectant community, its wearer uttering potent 
incantations to placate witches. The dancer then moves 
into a powerful stamping dance in honour of the great 
Earth Mother and the women elders of the community. 
The dance continues as the performer pauses to sing the 
praises of people of rank, carefully observing their order 
of seniority. In this way a ritual act becomes a social 
statement, which then flows into recreation as the formal 
dancing by the Gelede team gives way to free participation 
by spectators until sunrise. The great Efe holds a central 
Position, entertaining his audience with tales that make 
comic and satiric reference to irregulär behaviour within 
the community over the past year.

The more significant the concept expressed in a dance, 
the greater the appreciation of the audience and the more 
insistent their demands for a skillful performance and for 
movements that fit its purpose. Dance is appreciated as a 
social occasion but is simultaneously enjoyed as an activ­
ity in its own right, entertaining and giving pleasure as an 
expression of communal life.

The religious context. Thought Systems traditional to 
African cultures are rooted in a world view in which there 
is continuous interaction between spiritual forces and the 
community. Spiritual beings may inhabit natural elements 
or animals and may also take possession of human medi­
ums. This possession of persons is usually temporary and 
confined to ritual, as when the priest of the Yoruba god 
Shango dances into a state of deep trance at the annual 
festival, expressing the wrath of the god of thunder with 
the lightning speed of his arm gestures and the powerful 
roll of his shoulders (see Figure 6, top). In Zimbabwe the 
Mhondora spirit mediums, who relate the Shona people 
to the guardian spirits of the dead, enter a trance through 
the music of the mbira lamellaphone (or thumb piano), to 
which they sing while performing simple, repetitive foot 
pattems. Thus, the dances of priests and mediums confirm 
their ritual leadership.

Dance is used as therapy by ritual societies in many 
cultures. Hausa women, for example, find healing through 
dance and spirit possession in the Bori cult. Among the 
Jukun of Nigeria, a similar organization is called the Ajun, 
whose elders deal with hysterical disorders in women by 
exorcising evil spirits in initiation ceremonies. During a 
three-month period in a house shrine, the sufferer is 
taught songs and dances that have a therapeutic function 
culminating in a ceremony in which the initiate publicly 
joins the members of the society to perform the Ajun-Kpa 
dance (see Figure 6, bottom). The female spirit mediums 
of the Kalabari in the Niger Delta, using dance and song 
as an essential part of their therapy, are also credited with 
powers of healing.

Many African religions are based on a bond of continuity 
between the living and their dead ancestors, who, in some 
cultures, return as masquerade performers to guide and 
judge the living. The complex web of human relationships 
is continuously renewed and restated at ritual festivals 
through the arts.

Masquerade dancers. Masquerade dancers are a feature 
of religious societies in many areas. Four main types of 
masquerader are identified by the roles they play: those 
who embody deities or nature spirits and to whom sac- 
rifice is made to assure the fertility of land and people, 
those who embody the ancestral spirits, those who placate 
the spirits through their dance, and those who perform 
principally as entertainers.

\nim al Animal masks are a common feature of masking societies
nasks throughout Africa. In Mali the Tyiwara spirit masquer- 

aders of the Bambara people carry formalized carvings of 
antelopes and other wild animals, dancing in imitation 
of their movements to promote the fertility of land and 
community (see Figure 15). The Isinyaso masked dancers 
of the Yao and Maku peoples of Tanzania carry elaborate 
bamboo structures covered with cloth and raffia, which 
sway rhythmically while their Nteepana mask elongates 
to great heights as the embodiment of a powerful animal 
spirit.
The type of mask influences the style of the masquerade 

dance. The Ikpelweme ancestral masqueraders of the Afe- 
mai people of Bendel State, Nigeria, wear richly coioured,

Figure 6: Ritual dancing in Nigeria.
(Top) Yoruba performing a dance in honüuf üf ihe god 
Shango. (Bottom) Jukun women dancing the Ajun-Kpa, which 
exorcises evil spirits and heals members of their cult.

Frank Speed

close-fitting costumes with face masks and elaborate head- 
pieces of embroidered cloth, which allow for a dance that 
accelerates into a climax of rapid, abrupt movement. The 
Nago and Akakayi ancestral masqueraders of the Gwari 
wear close-fitting head and body coverings, which permit 
rapid, staccato movements while dancing at the “second 
burial” (i.e., the post-burial celebrations) of a leader of 
the community. The Egungun ancestral masqueraders of 
Yorubaland appear in a wide variety of loosely flowing 
cloth or palm-leaf costumes, often with carved headpieces. 
The heavier the mask, the less freedom for dance. For 
example, Epa masqueraders of the Ekiti-Yoruba carry 
carved helmet masks with elaborate superstructures whose 
weight allows only the type of movement fitting the stately 
processional dances that confirm the masqueraders’ role 
of ritual leadership. Masked stilt dancers, such as those 
of the Makonde of Tanzania, are largely restricted to 
rhythmic strides and gestures; in contrast, the simple cloth 
costumes of ancestral Egungun Elewe of the Igbomina- 
Yoruba allow for a dance of acrobatie skill, and the light 
raffia Igo masks of the neighbouring Edo people enable 
them to lift their costumes above their heads in a dance 
of whirling tums.

Secular masqueraders who perform as entertainers have 
emerged from the ritual societies. The Egungun entertain­
ers of the Oyo-Yomba, for example, perform at Egungun 
ancestral festivals, but they may be invited to perform for 
a fee as entertainers, often traveling to neighbouring towns 
to eam money (although they are obliged to offer sacrifices 
to their ancestors before performing). The Company mem­
bers usually start with populär acrobatie dances and then 
display their magie powers by changing into a series of 
animal and masked figures. They use an inventive range 
of mime and dance to praise gods and heroes, to sati- 
rize politicians and wrongdoers, and to ridicule strangers,
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Figure 7: Mask representing the mwanapwo, a mythical 
figure of a young woman who died. It is one of the 
prominent figures in masked performances by the Chokwe 
and related peoples in the eastern Angolan-northwestern 
Zambian culture area.
G. Kubik

such as visiting Hausa traders or Europeans, with wit and 
humour. Accompanied by singers and led by a drum en­
semble, they present a form of communal or folk theatre.
Masqueraders may play an individual role, as with the 

circumciser during the initiation rites of the young Nyanga 
men in eastern Zaire. Initially he dances as a masquerade 
to send the boys out of the village to their ritual seclusion, 
where he taunts the initiates before and after the rites of 
circumcision. As an authoritative figure, he inspires awe 
in women and children. In some cultures masquerade 
performance is not allowed to be seen by women, and 
nocturnal performances are often used to control women 
and even threaten them into accepting their social role. 
This is aided by the fact that in many forms of masquerade 
the body of the carrier is entirely covered in order to hide 
his identity, and his voice may be distorted by a kazoo (or 
voice disguiser).
The social context. In all African cultures, dance, mu­

sic, and song help define the role of the individual and 
the group within the community. In hierarchical societies 
a ruler is expected to state his authority in formal dances, 
and failure to meet the required Standard may seriously 
damage his prestige.
At the crowning of an oba (king) in Yorubaland, for 

example, the ruler leads a procession through the town 
as he dances with upright carriage and dignified step, his 
gestures dictated by the nature of his kingly role and 
the insignia he carries. His wives follow, interpreting the 
rhythms in a style suitable to their rank, inclining forward 
from the waist with their attention respectfully directed 
toward the earth. When the oba is seated in state, his war 
chiefs greet him, each with his appropriate dance rhythm. 
The hunters then dance to their rapid and complex beat. 
Palace chiefs and women market chiefs have their own 
distinctive music, song, and dance to praise the ruler, and 
girls, young men, and children honour him with dances 
appropriate to their status.

Children’s Dance is also important as an educational tool. Repet-
dances itive dances teach children physical control and stress 

accepted Standards of conduct. Children may form their 
own dance and masquerade groups, join adults at the end 
of a dance line, or simply have a space allocated to them 
in a performing area at the time of a festival. In some 
places, particularly in West Africa, boys have their own 
masked dances in training for membership in adult soci­
eties. Throughout Africa children enjoy dance games, as 
when Makindu boys of Kenya sing as they play leapfrog 
to a dance rhythm (see Figure 8, top).
In societies that stress horizontal stratification into age 

sets, the qualities proper to a particular age are expressed in 
dances, as in those that keep young men physically fit and

teach them the discipline necessary in warfare. The dances 
of young Zulu and Ndebele men in Southern Africa recall 
the victories of past warriors. Among the Owo-Yoruba the 
stately Totorigi dance is for senior men and women, while 
adolescent boys perform the lively Ajabure with ceremo- 
nial swords. The transition from one age grade to the next 
may be marked by rites and festivities. In initiation rites 
for adolescents, dances may stress sexual fertility as well 
as customary behaviour between the sexes. In the Otufo 
initiation rites for girls among the Ga of Ghana, dance 
is part of their preparation for womanhood and enables 
them to display their charms to suitors. Young Kaka 
men of Cameroon perform their Midimu dance after the 
circumcision rites as a formal precondition of admission 
into the society of adults.

In some areas dances are designed to be performed during 
funeral rites, after burial ceremonies, and at anniversaries.
Dances may be created for a specific purpose, as in the 
Igogo dance of the Owo-Yoruba, when young men use 
stamping movements to pack the earth of the grave into 
place. In Fulani communities in Cameroon, the corpse is 
placed in a sitting Position in a prominent place, and solo 
and communal dances are performed in the deceased’s 
honour. In some areas a circle dance surrounds the men 
performing the required ritual autopsy.

Thus, dance plays a cathartic role during the key transi­
tion from one social state to another: a child is welcomed 
into the community at his naming ceremony; an adoles­
cent is initiated into the responsibilities of adult life; a 
woman moves from her patemal home to join her hus- 
band’s family; an elder receives recognition for service in 
the form of a title; a member leaves the community to join 
the world of the spirits. The individual is not left alone 
to bear the emotions that accompany critical change, as 
members of the community carry him and his family 
through the crisis with appropriate ceremonies containing 
the emotions of the moment in music, song, and dance.

Division between the sexes. Within traditions of long 
Standing in many cultures, it is unusual for men and 
women to dance in direct relation to each other, and they 
seldom perform the same style of dance—though combi­
nation of the sexes is more common in areas where the 
original dance has been disrupted by non-African forms. Idealized 
Idealized male and female qualities are normally expressed male and 
in the movement pattems of their separate dances: for female 
example, Tiv men dance with an attack of rapid, forceful dance 
movements expressing masculinity, whereas the women styles 
dance with a sustained grace reflecting their femininity.
If men and women join a common dance circle, their 
dance patterns are usually distinct, as with the Kambari 
of Nigeria: men and women dance to the same musical 
rhythm, but they hold different postures, with the women 
singing and using a simpler foot pattem than the men.
Dance occasions for formalized flirtation between the 

sexes before marriage are common, as in the Sikya dance 
of the Akan of Ghana. The Bororo of westem Cameroon 
celebrate the coming of the dry season with a dance for 
young men and women, and couples pair off at the climax 
of the performance. Among the Nupe of Nigeria ribald 
songs and joking insults between the sexes have replaced 
performances allowing for sexual license at harvest fes­
tivals. The dances of Ika men and girls (western Igbo,
Nigeria) have become openly erotic since the early 1960s, 
when a master dancer brought the sexes together in a 
single dance team to entertain visitors to the palace of the 
oba of Agbor in Nigeria. Thus, erotic pattems of dance 
movement are encouraged in some societies, usually with 
bawdy humour, whereas the limits of flirtation are clearly 
defined in others for the sake of social decomm.

Work dances. Men who work together often celebrate a 
successful project with beer drinking and vigorous dances 
expressing their occupational skills. In Nigeria, Nupe fish­
ermen are renowned for their net throwing, which they 
formalize into dance pattems, and young Irigwe farmers 
on the Jos Plateau leap to encourage the growth of crops 
at festivals related to the agricultural cycle. Occupational 
guilds and professional organizations of experts, such as 
blacksmiths, hunters, or wood-carvers, have their own ex­
pressive dances.
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Figure 8: Play and work dances.
(Top) Wakamba boys playing leapfrog to a dance rhythm,
Makindu, Kenya. (Bottom) Tutsi hunters performing the 
ceremonial lion dance, Kivu, Zaire. The headdress is symbolic 
of a lion’s mane.
(Top) Bill Horman— FPG, (bottom) George Hoiton— Photo Researchers, Inc./EB Inc.

Hunters may reenact their exploits or mime the move­
ments of animals as a ritual means of Controlling wild 
beasts and allaying their own fears. The Akan of Ghana 
perform the Abofor dance, a dance-mime staged after the 
killing of a dangerous animal. This is meant to placate 
the spirit of the beast and inform the community of the 
manner in which it was killed. Tutsi hunters in Zaire 
commemorate a successful hunt in their lion dance (see 
Figure 8, bottom).

Dance as recreation. Dance is the most populär form of 
recreation in Africa. In towns, men and women of all ages 
meet informally in dance clubs to dance to the rhythms 
of populär musicians. In villages there may be opportu- 
nities in the evenings for informal dancing, but relations 
between the sexes there are more tightly controlled. 

Highlife Highlife was a style of urban recreational dance populär 
and other in West Africa in the 1950s. It originated in Ghana, where 
westernized musicians adopted Western dance-band instruments at 
dances open-air nightclubs to celebrate the exuberant spirit of 

independence. In Nigeria, local instruments were used as 
the Yoruba created juju  rhythms, while the Tiv danced 
the Swänge. Francophone countries elaborated the Latin- 
American rhythms of the cha-cha, while southem Africans 
danced to the modem African beats of the kwela. Zairian 
dance bands excelled in the creation of their own populär 
dance music. These have given way to styles influenced by 
Caribbean reggae and Westem pop music, but they retain 
a distinctly African character.

D A N C E  ST YLE

Although often similar in social purpose, dances are re­
alized in radically different styles in the multitude of 
diverse cultures of Africa. Movement patterns vary greatly 
from one culture to another, depending upon the way in 
which environmental, historical, and social circumstances 
have been articulated in working, social, and recreational 
movements.

People living on dry, spacious farmlands, for exam­

ple, have different movement habits from those living in 
swamplands. For farmers of the savanna, the ground is 
solid and their space open to the far horizon. They place 
their feet firmly on the sunbaked earth as they follow their 
team leader on the circular path of their dance, perform­
ing simple foot patterns at a steady tempo.

The Ijo people, who live in the mangrove swamps of 
the Niger Delta, traditionally wrest an uneasy living by 
fishing creeks and rivers. As they dance, they lean forward 
from the hips, their torsos almost parallel with the earth 
as they use a precision of light, rapid foot beats, moving 
their weight from heel to toe to side of foot in a variety 
of rhythmic pattems, as though balancing on an unsteady 
canoe or picking their way through the swamp. Many 
other riverine peoples mime paddling in their dances.

Manipulating their flowing gowns as an extension of ges- 
ture in stately, measured dances, the Kanuri of Maiduguri 
in northeastern Nigeria conserve energy with economy 
of movement—a common feature in the dance of desert 
peoples. By contrast, some forest dwellers dance freely. 
The Southern Yomba continuously alter their foot pat­
terns and sequence of movements at the dictates of the 
leading drummer. Their movements suggest finding a way 
through forest undergrowth, which necessitates reactions 
ever alert to the unexpected.

Working movements feed into styles of dance. The bend 
of the knees accompanying the swing of a farmer’s ma­
chete may be elaborated in a dance pattern. Architecture, 
furniture, and dress are among features that also influence 
posture and gesture, producing a distinctive use of energy. 
The Kambari of Nigeria continuously bend forward to 
enter their low doors, and their dance posture reflects this 
habit. The Jukun sit on low stools or on the floor with 
legs crossed or extended; their flexible knees and strong 
leg tendons allow for the performance of continuous deep 
knee bends in their dance movements.
These cultural influences in the development of dance 

style have been offset by such historical events as mi­
grations, wars, and slave trading, which have displaced 
people as refugees over the centuries, changed their habi- 
tation patterns, and brought them in touch with new en­
vironments. The development of trade routes introduced 
influences from Arabic and other cultures. Conversion to 
Christian and Muslim faiths severely disrupted ritual and 
ceremonial life and thus often disturbed the traditional 
pattems sustaining music and dance. Colonialism also re­
sulted in the dissipation of cultural homogeneity and the 
gathering of disparate dance pattems into new styles.

Dance formations. There are four principal African 
dance formations: a dance team using a formalized floor 
pattern; a group using a free-flow floor pattem; a group 
using a formation from which solo dancers emerge to 
display their individual skills; and the performance of a 
solo dancer—usually a mler, ritual specialist, herbalist, or 
comic entertainer—who may be supported by a group 
of musicians.
The most common form of dance within the indigenous 

traditions of Africa is a team dance performed either in a 
closed circle, with the dancers facing the centre, or in a 
line following a circular path that is often centred on the 
musicians. The dancers usually move along the circle line 
in a counterclockwise direction. In egalitarian societies the 
circular team dances are a marked expression of the close- 
knit fratemity within an age grade, as with Tiv men, while 
Tiv women express their relationship within the extended 
family through their own circle dance.

Dance teams using straight linear formations are com­
mon in cultures with a strong warrior tradition, where a 
strict spatial discipline is required, as in the Shangani war 
dances in Zimbabwe. They also are common with people 
prone to borrow from other cultures, as with the Igbo 
boys’ dances in eastem Nigeria, in which the formation 
of a number of lines suggests Western pattems of drill. 
Some migratory cultures favour the line, as do Fulani 
girls, who form a tightly knit unit with their arms around 
one another’s waists as they perform simple step rhythms 
from side to side, and the Masai, with their high-jumping 
dance pattern.

A linear or circular floor pattern is used in cultures

Change 
and dis- 
mption of 
traditional 
styles
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employing a combination of team and soloist. The Olu 
Kanaanwa dance for unmarried Igbo girls is done in 
unison in a circular formation, from which each dancer 
breaks away to perform individually in the centre. Among 
Ijo women, the dance starts in a loosely knit semicircular 
line from which virtuoso performers move out toward 
the spectators. The Urhobo of Nigeria use a loose, linear 
formation, the soloists dancing toward and away from 
the musicians. As the tempo of the drumming mounts, 
individuals dance into an ecstatic trance in which they are 
caught and controlled by dance Organizers. A more or­
dernd line-and-soloist pattem is used by Ashanti women in 
the Kumasi district of Ghana in their Adua dance, which 
is notable for elaborating expressive hand movements into 
a language of gestures.

The members of dance teams who perform on occasions 
Dance of social importance are related within an age grade, an 
team orga- extended family, a working guild, a social club, or a ritual 
nization society whose elders provide sponsorship, respond to invi- 

tations, settle financial arrangements with external bodies, 
and discipline spectators and dancers at performances. A 
woman elder is usually the “mother” of the dance, attend- 
ing to the comfort of the dancers and encouraging them 
by ululating during the performance. The elders select the 
team leader on the basis of skill, organizing ability, and 
Creative flair. The leader selects the dancers, arranges and 
mns rehearsals, and is responsible to the elders for the 
appropriate dress of the performers. In some cultures the 
leader may compose songs requiring an elaboration of ges- 
ture or new movement pattems, which he or she will then 
Choreograph. In cultures in which the dancers sing either 
before or during the dance, the leader initiates the singing.
In performance the leader heads the dance line or per- 

forms alone in a clearly defined space. The leader responds 
to the musicians and takes artistic responsibility for the 
dance interpretation of the music on behalf of the team, 
which usually follows the leader’s movements in unison. 
In formal team dancing, Creative innovations are planned 
and practiced in rehearsals.

Dance posture. There are three characteristic dance 
postures. An upright posture with a straight back is used 
as an expression of authority in the dance of chiefs and 
priests. In the second posture the dancer inclines forward 
from the hips, moving his attention and gestures toward 
the ground. In the third posture the dancer holds the 
torso nearly parallel to the ground, taking the body weight 
onto the balls of the feet. Many riverine people use this 
posture. The down ward stress toward the earth does not 
necessarily imply that the dancer is heavy-footed. In some 
cultures the dancers use the füll foot in stamping out the 
rhythms, while in others they may leap or perform light 
foot movements.

Rhythm. African dances are earth-centred. Dancers re- 
peatedly return to the earth as they give themselves to the 
rhythmic pulses of their dance, interpreting the percussive 
pattems of the music through their postures, gestures, 
and steps. They extemalize rhythmic pattems in the sur­
rounding space by moving through, rather than to, fixed 
positions in the space surrounding the body. Thus, the 
criteria for assessing skill are based on rhythmic rather 
than spatial precision. Rhythm is provided for the dancer 
by musicians playing percussive instmments, by singers, 
or by a combination of music and song. In some cultures 
the dancers themselves sing or play musical instmments 
as they perform. Normally the musicians lead the dancers, 
although there are cultures in which the dancer takes over 
the initiative and sets up a dialogue of rhythmic exchange.

A dancer is assessed primarily on his ability to follow 
the percussive musical rhythm, “to play the dmms with 
his feet” or with whatever part of the body articulates 
the rhythm. Each dance style is immediately identified by 
its characteristic rhythmic pattem. In some cultures the 
rhythmic pattems are expressed in foot patterns, in others 
in contractions of the torso, strong shoulder beats, rapid 
vibrations or twists of the buttocks, or acrobatie leaps.
A wide variety of rhythmic pattems form the basis of 

dance in Africa. The most basic is the continuous repeti- 
tion of a simple beat at a steady tempo for the duration 
of a dance. This may continue for days, as in the Akbia

women’s funeral dance in the southem Sudan and the 
dances of the Mbuti Pygmies of Central Africa.

Teams of savanna farmers on the Jos Plateau play in- Instru- 
stmments as they dance, using simple, repetitive rhythmic mental 
phrases. Angas men of West Africa blow 14 large buffalo accompani- 
horns as they perform the repetitive step pattern of the ment 
Rumada dance in a circle, following the line or moving 
in and out of the centre. Neighbouring Chip men perform 
a light run, playing flutes of four different pitches that 
combine to form a rhythmic melody. At the end of each 
phrase the dancers turn toward the centre of their circle 
to perform a climax of light hopping movements as they 
play. In many styles of circle dance the music is divided 
into a number of separate sections, each with its own 
distinct rhythm and related dance pattern, as in the Lmele 
le dag Chun dance of the Birom girls of the Jos Plateau.
The Igbo dance to a complex of sophisticated rhythms. In 

the Ubi-Ogazu dance, a versiön of the populär Atilogwu 
performed by a boys’ team, the adult leader dances while 
playing a small flute to lead the rhythm. He is supported 
by a single-membrane drum, a pot drum, two simple 
xylophones, and a bamboo gong. The dance has at least 
10 variations, each with a distinct rhythm dictating its 
own movement pattern. As in most African dances, the 
rhythm gives the name to the dance steps: in the Ikpo 
Okme, the performers hop from one foot to the other; for 
Ebenebe, a stamping pattern leads into a cartwheel; Iza 
requires an upright carriage with high kicks; Nkpopi is a 
leaping dance; Etukwa requires the torso to be inclined to 
the earth as the feet drum a staccato beat; Nzaukwu Nabi 
is a stamping step with sudden pauses.

In the Ubi-Ogazu (“Guinea Fowl”; named for the bird 
that inspired a hunter to create the dance), the performers 
hold bird-topped, carved staves for an initial dance in 
which they execute birdlike hops in a circle. They then 
drop the staves in favour of horse-tail switches held in 
both hands as they form two lines facing each other for 
the main performance. The performers wear brief skirts 
with girdles of brass bells and seedpod rattles around their 
ankles to accentuate their movements. The regulär intro­
duction of new themes calls for innovation in the dance 
rhythms. The girls’ and women’s teams use a more flow­
ing quality of movement that elaborates the intertwining 
rhythms played by an ensemble or sung by a choir at 
varying tempos.

While months of practice are required before an Igbo 
dance team is permitted by the elders to perform on a pub­
lic occasion, a Yoruba dancer may develop new patterns 
within the dance style during performance. The Yoruba 
Apala dance allows individuals to move on a free-flow 
floor pattern. Each dancer competes with his fellows in 
the interpretation of the rhythm and in his swift response 
to change. The leading drummer leaves the ensemble to 
join an outstanding dancer in a rhythmic exchange in 
which he praises and urges him into yet greater feats of in- 
vention, the drum’s tones speaking recognizable proverbs 
from the tonal Yoruba language. The dancer performs a 
variety of subtle foot patterns leading into tums, kicks, or 
small, neat jumps. He flourishes his horse-tail switch and 
swirls or holds his flowing robe as he continuously alters 
his tempo at the dictates of the drum.

The Swänge is a form of urban recreational dance among 
the Tiv in which men and women dance together. This 
dance uses the circle formation familiar in village dances 
and adapts traditional musical themes to highlife rhythms 
played on a combination of Tiv and Hausa instmments.
The climax of the evening is provided by a solo dancer who 
improvises freely, using movements from many styles of 
Tiv dance in a rhythmic dialogue with the lead drummer.

Change and tradition. Scholars studying the emergence 
of new styles of dance in Africa have distinguished three 
related forms: traditional, neo-traditional, and contempo­
rary. The last two categories have become increasingly 
evident as the result of radical social changes since World 
War II.

Changes in traditional dance styles within a village usu­
ally occur gradually, under the Creative leadership of mas­
ter dancers. But major social changes in the community, 
such as the introduction of formal primary education,
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radically alter the pattem of life—including children’s at­
titudes toward their dances, which they no longer have 
time to leam in the inherited manner. Modern transport 
and communication bring together people of diverse cul­
tures, resulting in cross-cultural influences on dance per­
formance. The spread of transistor radios in villages has 
caused young people to tum to new styles of dance, with 
an accent on entertainment. When a master dancer dies, 
there is often no one to replace him, but the changing 
pattems of life stimulate Creative individuals to build new 
expressive pattems.
An example of change can be seen in the Sogoni Koun 

masquerade dancers of the Dogon in Mali, who carry a 
wide range of carved wooden masks, some surmounted 
by geometrie shapes up to 12 feet high. The masks are 
so lightly constmcted that they do not hamper the vig- 
orous dances of the carriers as they bend to touch the 
earth, traditionally to honour the dead during funeral 
rites. According to one theory, the geographic isolation of 
the Dogon protected the masking societies from changes 
affecting other Malian cultures, until the introduction of 
a cash economy forced the young men who carried the 
masks to migrate to labour markets. They retumed with 
urban tastes and habits, altering the social pattern on 
which the masking traditions were based. The traditions 
were further threatened by the spread of Isläm.

In the 1930s the establishment of the Malian Tourist 
Office created a new role for the dancers as entertainers 
for colonial officers. This later developed into regulär paid 
performances for tourists visiting the villages. Dance lead­
ers tailored performances to run for a limited time, using 
a performing area unrelated to the funeral rites and there­
fore necessitating a different pattem of movement and 
positioning of performers. The dances stressed spectacular 
movements but lost the social purpose that had infused 
them with dramatic vitality. The masks are now decorated 
with commercial paints and the dancers concerned with 
commercial reward. As members of the Malian National 
Folk Lore Troupe, they gain prestige as ambassadors for 
their country at international festivals. Radical changes 
continue as dancers travel to work in urban centres, where 
Westem forms of entertainment on radio, film, and tele- 
vision have become part of life.

A major catalyst of change is the Staging of civic arts fes­
tivals organized by govemment ministries to promote the 
traditional arts as a means of enhancing national unity. 
Cultural officers visit villages and hold competitions to 
select the best dancers to compete against performers of 
other styles within their own culture. The winners are 
then taken to urban centres to compete with dancers from 
other cultures. If successful, they proceed to the Capital 
to compete at the national level for prestigious trophies. 

Korruption When a village dance is taken out of its original context 
Df to be performed for an audience whose members regard
xaditional it purely as entertainment or as a taste of exotic culture, 
lances however, the motivation of the dancers changes radically.

The dance’s original purpose is replaced by the pursuit 
of financial gain and prestige. Cultural officers rearrange 
the performances by stipulating their duration and by 
concentrating spectacular movements from a number of 
dances into a single performance. Costumes are changed 
to suit the occasion or express national sentiment. Exits, 
entrances, and floor pattems are altered to accommodate 
the design of a modem stage. In this way, the original 
social purpose of the dance as understood by an accultur- 
ated audience is destroyed, and a style of neo-traditional 
dance emerges.
Ritual dances are usually unsuccessful at national fes­

tivals. The performance of a priest, whose dance move­
ments are part of a ritual context, loses the vitality that is 
dependent on response from members of his own culture. 
On the other hand, the highly organized dance teams of 
the Tiv are accustomed to performing on a variety of 
social occasions within their village tradition. Their well- 
established discipline of rehearsal makes the transition to 
a modem stage possible and has had spectacular results.
Thus, some cultures, particularly the more egalitarian, 

welcome new experiences and can adjust to fresh chal- 
lenges—though, with continuous repetition for predomi-

nantly commercial motives, even spectacular dances like 
the Igbo Atilogwu or the Zulu war dance can become 
hackneyed and faded. Other cultures are more conserva- 
tive toward change, particularly those whose way of life is 
based on highly stmetured, hierarchical social and ritual 
pattems. (P.H.)

Architecture

Compared with the immense literature on African art, par­
ticularly sculpture, published since 1920, remarkably little 
attention has been paid to indigenous African architec­
ture. Of the buildings of the continent south of the Sahara, 
only the mins of Great Zimbabwe are widely known. This Great 
complex of stone enclosures, particularly those popularly Zimbabwe 
termed the elliptical building and the acropolis, was built 
on sites established as early as the 3rd Century a d . The 
first Shona phase of building was probably begun six cen­
turies later, continuing until the 15th Century when, under 
the Mwene Matapa, or “Ravager of Nations,” in this gold- 
bearing district, Zimbabwe reached its peak.
Important though Great Zimbabwe is, in many ways it 

is not representative of African architecture. First, it is 
built of stone. As an archaeological site, it has a massive 
defensive wall and, included in the elliptical building, a 
conical tower of unknown purpose. It is also monumental 
in scale, having functioned as a royal citadel, and has 
become a national Symbol. While some of these features 
can be found in other examples of African building, they 
are rare, and the emphasis on Zimbabwe has been at the 
expense of other architectural forms.
Arab and Berber architecture of Egypt and North Africa 

have had an impact on African architecture south of the 
Sahara. Similarly, the States of the Persian Gulf and the 
Red Sea have influenced architectural types in the Sudan, 
the Hom of Africa, and the coasts of Kenya and Tanzania, 
where the Muslim presence has also been strong. These 
influences are discussed below (see Influences o f Isläm and 
Christianity).

G EO G R A PH IC  IN FLU EN C ES

African architectural types reflect the interaction of envi­
ronmental factors—such as natural resources, climate, and 
Vegetation—with the economies and population densities 
of the continent’s various regions. As the most durable 
of building materials, stone survives from the past, while 
other materials have succumbed to rain, rot, or termites.
Stone-walled kraals from early Sotho and Tswana settle­
ments (Transvaal; Botswana), and stone-lined pit circles 
with sunken kraals for pygmy cattle (Zimbabwe), have 
been the subject of archaeological study. Stone-corbeled 
shelters and circular huts with thatched roofs have also 
been recorded in the 20th Century among the southem 
Sotho. Rectangular and circular stone farmhouses, un- 
usual in being two-story, have been built by the Tigre of 
Ethiopia for centuries, while in Niger the sedentary Tuareg 
build square houses in stone.

Such exceptions apart, the overwhelming majority of 
Africa’s 5,000 peoples build in grasses, wood, and clay. Principal 
Constructions tend to be light, with much of the material construc- 
for building transportable. Owing to the impermanence of tion 
many of these materials, the dwellings, though based on materials 
forms many centuries old, are of relatively recent date.
Where Vegetation is largely confined to thin grazing, peo­
ples are often nomadic, using animal skins and woven hair 
for cover. In the veld and less-forested areas, grasses are 
used as building material as well, being employed widely 
for thatch and mat roof coverings. Hardwoods in the 
forest regions are used for building, though bamboo and 
raffia palm are also often used. Earth and clay constitute 
a major building resource, the characteristic soils of much 
of Africa being semidesert chestnut earths and latentes 
(reddish residuals of rock decay), which are often low in 
fertility but easily compacted. Earth-sheltered housing is 
made by the Iraqw of Tanzania, and a number of peoples 
in Mali and Burkina Faso have partly sunken dwellings.
In general, however, Africans do not excavate.
Ecological and demographic factors play an important 

part in building design. Nomads are in decline, while
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Figure 9: Aerial view of the ruins of Great Zimbabwe.
ZEFA

the prevalence of the tsetse fly limits the extent of pas­
toralism. Past migrations have had a profound effect on 
the dispersal of house types. Large African populations in 
cities have developed only in the 20th Century, especially 
after the 1960s. Soil erosion and overgrazing, increasing 
pressure on land as a result of population growth, and the 
attractions of the city have all contributed to migratory 
movements.

Nomads and pastoralists. A hunting and gathering 
economy obliges the San (Bushmen) of the Kalahari Desert 
to move camp frequently. Some San scherms (shelters) 
may be little more than a depression in the ground, but 
groups such as the .'Kung build light-framed shelters of 
sticks and saplings covered with grass. Other hunter-gath­
erers, such as the Hadza of Tanzania, live amid relative 
plenty; their dry savanna territory has a wide range of 
game animals. Their domed huts of tied branches may 
be given a thick thatch in winter. Some forest dwellers, 
such as the Mbuti Pygmies of the Ituri Forest, Zaire, are 
also hunter-gatherers. Their similarly constructed tempo- 
rary shelters are interlaced with crossed sticks, over which 
mongongo leaves are layered.
Pastoral nomads follow defined routes, which reduces 

the risk of overgrazing and enables them to contact other 
nomadic groups. Camel nomads such as the Kababish of 
the central Sudan use the traditional Bedouin tent, which 
consists of a rectangular membrane of strips of woven 
camel hair that is strained on webbing straps and secured 
with guys over a rectangle of poles. A central row of four 
poles supporting curved ridge pieces reduces the possibility 
of damage to the tent. In Niger the Tuareg of the desert 
use a tent of superficially similar form, though the strips 
are made of goat skins sewn together. As many as 40 skins 
are required to complete a tent membrane. Farther south, 
Tuareg subgroups employ a structure similar to that used 
by many camel nomads, such as the Afar, from as far 
away as Ethiopia. Common to these people is the use of 
the pole frame in the form of a humped dome over which 
woven mats of grass or palm fronds are secured. Dum 
palm leaves are split by the Galla of Somalia, the women 
of which weave strips of coioured cloth into the mat, the 
pattemed side being laid over the frame so as to be visible 
within the tent, while the shaggy, rough fibres are exposed 
like thatch on the outside.
The cattle pastoralists of southem and East Africa may 

settle for some years in one location. The Masai of Kenya 
and Tanzania construct an oblong, or sometimes square, 
low-domed hut some six metres long and at shoulder 
height from closely woven frames of thin leleshwa sticks 
and saplings. Arranged in a circle around the cattle enclo-

sure, or manyatta, the frames are packed with leaves and 
plastered over with cattle dung, which acts as a deterrent 
to termites. The huts are aerodynamically proof against 
high winds, and the manyatta thicket boundary acts as a 
defensive banier. A number of other tribes use a similar 
stmeture; the Barabaig of Tanzania, for example, build 
thombush enclosures in the form of a figure eight, with 
one loop used as a kraal for the cattle, and the other lined 
with huts with flat roof frames.

In southem Africa, frame domes are constructed by the 
Zulu, Swazi, and, in Natal, the Nguni using concentric 
hoops. Others make a ring of poles inserted into the 
ground and brought together in a crest, either as a con- 
tinuous curve (early Xhosa) or to a point (Sotho). These 
structures are expertly thatched, the Zulu domes, or indlu, 
having finely detailed entrances. Some Nguni types have 
layers of mats beneath for insulation, the covering thatch 
being brought to a decorative finial and the whole held 
down with a grass rope net to withstand strong winds.

Savanna kraals and compounds. Later houses of the 
Xhosa have tended toward a consistent form, the rondavel, 
or cylindrical, single-cell house with conical thatched roof. 
This type is pre valent throughout southem Africa. Vari­
ants in the region include a low plinth or curb supporting 
a domed roof (some Swazi, Zulu), flattened domes or low- 
pitched cones on head-height cylinders, and high, conical 
roofs. The methods of constmction also vary, though a 
common method is a wall with a ring of posts and infilling 
of wattles or basket weave packed and plastered with mud. 
Rings of posts may have packed earth infilling, and in 
more wooded regions walls may consist mainly of timber 
posts. Some southem peoples, including the Venda of the 
Transvaal and the Tswana of Botswana, build veranda 
houses, with deep, thatched eaves supported by an outer 
ring of posts. Traditionally the units are single-cell and 
undivided and are illuminated only from the doorway. 
Additional living space may be claimed from the exterior, 
with a semipublic space to the fore, and a private space, 
with hard-packed earthen floor, to the rear of the dwelling 
being used for food preparation, cooking, and domestic 
occupations. Both spaces are bounded by a low wall. In 
many areas houses are dispersed, but in others the kraal, 
with huts ranged around the perimeter of a large cattle 
enclosure (as among the Ba-Ila of Zambia), serves a de­
fensive function against raiders and predators. In South 
West Africa/Namibia the kraal of the Ambo people had 
an outer concentric ring leading to cattle pens, an inner 
fenced meeting place, and subdivisions for wives’, visitors’, 
and headman’s quarters.

Similar houses are constmcted in the East African lakes

Cylindrical 
homes 
of the 
savanna
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region, where the form probably originated. Houses of 
considerable size are built by some Luo (near Lake Vic­
toria) and Kuria (Tanzania) people, the former making 
extensive use of papyrus reeds from lake borders, using the 
thicker sterns structurally and the leaves for thatching ma­
terial. Luo homesteads are frequently ringed with hedges 
within which cattle are penned; fields extend beyond for 
the growing of cereals. Most of these Central African peo­
ples construct granaries, often basket-shaped and basket- 
woven, raised on stilts to keep away rodents, and beneath 
a thatched roof to keep them dry. Veranda houses are 
also built, and secondary thatched roof crests permitting 
Ventilation and the escape of smoke are not uncommon.

Cylindrical houses are built by the majority of peoples 
in the savanna and semidesert regions of the Sudan and 
West Africa. With less wood available, these are often 
constructed of mud in a coil pottery technique. It is cus- 
tomary to lay the mud spirally in “lifts” of approximately 
half a metre, allowing each lift to dry before adding the 
next. Among the Matakam of Cameroon, conical roofs are 
covered with thatch or woven mats, often terminating in 
decorative finials (see Figure 10). Many houses, as among 
the Sudanese Nuba, have molded doorways shaped to ac­
cept the shoulders.

Rene Gardi

Figure 10: Thatch-covered conical roofs of cylindrical houses 
in a Matakam compound, Cameroon.

Layout The characteristic settlement form in West Africa is the
of the compound, a cluster of units linked by walls. Many com-
compound pounds are circular in plan, but others, conditioned some­

times by the uneven terrain, are more complex. Earthen 
wall and floor surfaces are plastered smooth and dried to 
a rocklike hardness. These surfaces are often decorated 
with coioured clays (as done, for example, by the Bobo 
in Burkina Faso) and, in some instances, sculpted with 
ancestral motifs (as the Kassena do in Burkina Faso). Flat 
roofs with parapets are also built, sometimes in the same 
compound, supported either independently by a log frame 
of forked posts and crossmembers or by joists inserted 
into the clay walls; hollowed half-log gargoyles throw off 
water during seasonal rains. Dwelling huts, granaries and 
other stores, and pens for goats and fowl are built within 
the same compound.
Dwellings of approximately rectangular plan, though of­

ten with curved and molded corners, are also found 
among the cylindrical units, and some peoples, such as 
the Lobi of Cote dTvoire, build compounds with straight 
walls. Throughout the westem savanna region the trend 
has been toward rectangular-plan houses, largely owing to

Islämic influence from the north (see below Influences of 
Isläm and Christianity) and to contact with rain forest 
peoples from the south.

Forest dwellings. To the south of the savanna is a 
thinly populated strip, possibly depleted by the slave trade, 
beyond which lie the rain forests. These regions, espe­
cially in Nigeria, are among the most densely populated 
parts of sub-Saharan Africa and have had contact with 
European traders since the 16th Century. The rectangular- 
plan houses of the Akan peoples, including those of the 
Ashanti in Ghana, date from before this, but they may 
have replaced an earlier savanna form. Until the 20th 
Century Ashanti houses were mainly of pole frames with 
mud infilling. Frequently they were finely decorated, in 
mud molded over grass armature, with spiral motifs of a 
symbolic significance akin to those found on weights used 
for measuring gold. Today, however, the Ashanti house 
is constmcted of “swish,” or pisé de terre (earth rammed 
into a wooden formwork), raised in lifts. The pitched or 
hipped roof is covered in thatch or, more frequently, with 
corrugated iron. Though the materials have changed, the 
basic form remains in the village compounds: four inde­
pendently constmcted, rectangular-plan huts forming the 
sides of a courtyard. Yorubä" compounds in Nigeria are 
somewhat similar, but the four sides are often under one 
continuous roof. Rain is collected from the roofs, so that 
the plan has frequently been compared with the Roman 
impluvium house. Farther south in Nigeria, the Igbo and 
related peoples traditionally built rectangular houses, often 
with open fronts facing a courtyard and surrounded by 
enclosing mud walls. Similar rectangular buildings with 
thatched, hipped roofs are used by other rain forest peo­
ples, including some groups of the Fon in Benin and the 
Baule and Dan of Cote dTvoire. But in regions where 
widely dispersed peoples, such as the Senufo of Cote dT­
voire, border the savanna, cylinder-and-cone houses with 
deep thatched eaves are common.
Closer to the coast of West Africa, some peoples build 

houses raised on stilts; the most notable are those built in 
the lakeside village of Ganvié in Benin. The buildings are 
constructed of mangrove poles, a material also used by 
Coastal Swahili-speaking people in Kenya. In some Coastal 
regions, such as that occupied by the Duala in Cameroon, 
houses are of bamboo, though they are mud-plastered. 
Bamboo, which grows to heights of over 15 metres in An­
gola, Congo, and parts of Central Africa, is used by many 
peoples as a building material. Its straight stalks, used as 
screen walls, are lashed with thin wood strips to produce 
crisp, rectangular houses with peaked, thatched roofs, as 
among the Nyakyusa of Tanzania. Bamboo constmction 
reached its apogee in the tall houses of the Bamileke 
and other peoples of westem Cameroon, who constmcted 
steep, prefabricated pyramidal roofs raised on platforms 
with verandas; the whole stmeture frequently reached 10 
metres or more, with male and female ancestor figures 
often flanking the doors (see Figure 11). Tall, conical 
houses, made of bamboo poles joined at the crest and 
then leaf-thatched, were built by the Ngelima and the 
Panga of Zaire.
Raffia palm is also used by the Bamileke and the neigh­

bouring Bafut and is an important material among the 
Kongo of Angola and the Bushongo of Zaire. The most 
impressive of these stmetures are the rectangular, pitched- 
roofed meeting halls of the Mangbetu in Zaire; their 
houses are of the cylinder-and-cone type, mud-plastered 
and geometrically decorated. Large meeting houses are 
found in Nigeria among the Yakö and other peoples. On 
special occasions pole-frame shelters are constmcted with 
monopitch roofs loosely covered with grass or palm fronds. 
Awnings are also used, and among the Ashanti immense 
umbrellas shade dignitaries and members of royal families.

Rectangu­
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Widespread 
use of 
bamboo

PALACES AND SHRINES
In the 19th Century the earth-and-stone palace of the As- 
antehene (divine king) of the Ashanti empire at the Capital 
city of Kumasi covered some five acres. It had many 
courtyards with verandas and open sereens and more than 
60 rooms with steep, thatched roofs. However, little of 
the palace survived the Ashanti wars and a punitive ex-
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Figure 11: Ancestor figures, carved doorframe, and veranda 
posts on a Bafussam chieftain’s house, Bamileke area,
Cameroon grasslands.
Photo Hoa-Qui

pedition by the British in 1874. More extensive was the 
great palace of the oba of Benin City, Nigeria. In the 16th 
and 17th centuries it was as large as a European town, 
with many courts surrounded by galleried buildings, their 
pillars encased in bronze plaques. Roofs were shingled, 
and there were numerous high towers topped with bronze 
birds. Benin City was burned by the British in 1897. The 
Yoruba of westem Nigeria are also an urban people. Their 
towns traditionally have as their centre the afin (palace) 
of the oba, from which radiate broad roads dividing the 
town into quarters, each with its compound of a subor- 
dinate chief. Some afins in the precolonial era were of 
great size, encompassing much of the surrounding bush; 
that at Oyo, the Capital of the Oyo empire (17th and 18th 
centuries), was reported to cover 260 hectares (640 acres). 
The palace buildings were substantially built, and the 
open verandas were supported by carved caryatid pillars. 
Yoruba towns still have obtfs palaces; though the archi­
tecture of many is Westemized, the traditional courtyards, 
recreation grounds, and high surrounding walls persist.
The zimbabwes (“stone houses”) built in the 17th and

18th centuries by the Rozwi kings of southem Central 
Africa were royal kraals, an example being the citadel of 
Chief Changamire at Khami, modern Zimbabwe. Ruins 
at Regina, Nalatali, and Dhlodhlo (also in Zimbabwe) all 
display fine mortarless stonemasonry worked with chevron 
patterns and banded colours. Many African palaces were 
larger and often better crafted versions of the traditional 
dwelling type, raised on hillocks or plinths. Such were the 
palaces of the kabaka (king) of the kingdom of Buganda, 
including the great bamlike thatched dorne with an open 
reception veranda at Mengo, near present-day Kampala, 
Uganda. Other palaces were royal compounds, such as 
that of the fon  (chief) of Bafut, Cameroon, which within a 
high fenced enclosure comprised separate quarters for the 
older and younger wives, dormitories for the adolescent 
sons, houses for retainers, stores, meeting places, a shrine 
house and medicine house, burial huts for former chiefs, 
and huts for secret societies.

While many African peoples have or have had kings, not 
all have resided in palaces and not all have been divine. 
Some peoples have no recognized chiefs or leaders at all. 
Religion, however, plays an essential part in the life of 
all African societies. Among some, such as the Fali of 
Cameroon or the Nankani of Burkina Faso, spiritual sym- 
bolism informs every part of their dwelling types. Among 
the most-studied peoples in this respect are the Dogon 
who live on the rockfall of the Bandiagara escarpment 
in Mali. The Dogon perceive each dwelling compound 
anthropomorphically as a man on his side in the act of 
procreation. The man’s head is associated with the hearth, 
the stores with his arms, the stables with his legs, the cen­
tral workroom with his belly, and the grinding stones with 
his genitalia. From the individual parts of the house to 
the entire village plan, each element has a religiously sym- 
bolic association, and totemic sanctuaries with markedly 
zoomorphic form are built and dedicated to the ancestors 
of the living.
Monumental temple architecture is virtually nonexistent 

in Africa, for in animist religions spirits may reside in 
trees, carved figures, or small, simple shrines. Cult houses 
and shrine rooms containing votive objects and dedicated 
to spirits or ancestors are common, though, like the fetish 
house of the Ashanti, with its rooms for orchestra and 
officiating priest, these may be similar to the dwelling 
compound. A more notable structure is the elaborate 
mbari house of the Owerri Igbo of Nigeria. A large open- 
sided shelter, square in plan, it houses many life-sized, 
painted figures sculpted in mud and intended to placate 
the figure of Ala, the earth goddess, who is supported by 
other deities of thunder and water. The remaining witty 
sculptures are of craftsmen, officials, Europeans, animals, 
and imaginary beasts. Because the process of building is 
regarded as a sacred act, mbari houses, which take years 
to build, are left to decay, new ones being constructed

(Left) Victor Englebert— EB Inc., (right) Rene Gardi

Figure 12: Dogon architecture, Mali.
(Left) Dogon cliff village on the Bandiagara escarpment. (Right) Dogon sacred cult site 
streaked with millet-porridge offerings.

The Dogon 
house
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Figure 13: Hausa building with molded low-relief decoration, 
Zaria, Nigeria.
Frank Willett

rather than old ones maintained. This cycle encourages 
the continuance of a lively tradition.

INFLUENCES OF ISLÄM AND CHRISTIANITY
Early civilizations in the western Sudan region had strong 
trading links across the Sahara, and an Islämic presence 
south of the desert was established 1,000 years ago. In the 
1 Ith Century, Kumbi, the capita! of the kingdom of Ghana 
(actually in present-day Mali), was described as having a 
dozen mosques. Subsequently the kingdoms of Mali and 
Songhai superseded ancient Ghana, with Timbuktu and 
Gao on the Niger River becoming major centres of learn- 
ing and commerce. Excavations have revealed that these

towns were large, prosperous, and well constructed. Mus­
lim builders introduced a type of dwelling reflecting their 
Arab and North African traditions: rectilinear in plan, 
flat-roofed, and often two stories or more in height, these 
dwellings were built of sun-dried mud brick or of mud 
and stone. By the 16th Century this form had penetrated 
the Nigerian savanna with the establishment of the Hausa 
States. Kano, Katsina, Sokoto, and Zaria today present 
an appearance probably comparable with that of earlier 
centuries, but with the former cylindrical huts replaced 
by those of square plan, reflecting the changing size of 
families (see Figure 13). New houses are built from ta- 
bali, or pear-shaped mud bricks, and the large palaces of 
the amïrs (emirs) are often richly decorated within, with 
spaces spanned by palm ribs.
Prominent in many West African towns are the mosques, 

which frequently display a formal conjunction between 
Islämic structure and indigenous conical ancestral pillars 
and shrines. The earliest surviving of these is probably the 
ziggurat at Gao, but more typical of the savanna form 
are the mosques, bristling with wood reinforcement, of 
Agadez (Niger) and Djénné (Mali) and the great mosque 
at Mopti (Mali), which was greatly restored under the 
French administration.

On the east coast of Africa, Islämic influence began 
with the establishment of the dhow trade, which, relying 
on the trade winds, linked East Africa with the Arabian 
and Persian Gulf ports, and with India. Kilwa, an island 
port that flourished between the 12th and 15th centuries, 
was built largely of stone, as were Zanzibar (where the 
mosque at Kizimkazi has a 12th-century inscription), Dar 
es Salaam, Malindi, Mombasa, and other ports and city- 
states built by Swahili- and Arabic-speaking traders along 
the Tanzanian and Kenyan coast. With the coming of the 
Portuguese at the close of the 15th Century, the east coast 
towns were plundered and bumed. Only the northerly 
island port of Lamu, Kenya, retains the character of the 
Swahili town. Built of coral rag stone, roofed with man­
grove poles, and covered with rag and lime mortar, the 
houses have fine plasterwork, decorative rows of niches, 
and deeply carved doors.

Until the late 19th Century, Christian influence on African 
architecture was minimal, with the remarkable exception 
of the rock churches of Lalibela, Ethiopia. Following the 
Islämization of Egypt, the Ethiopian church was isolated 
for many centuries, but, during the reign of the ascetic 
Zague king Lalibela in the 13th Century, 11 churches 
were carved out of the red tufa, including the cruciform 
Church of St. George excavated out of bedrock. Some of 
the churches, among them St. Mary and St. Mercurius, 
were richly painted with biblical murals. Throughout the
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Figure 14: Painted house and enclosure walls of a Ndebele village near Pretoria, Transvaal, 
S.Af.
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Tigre region of Ethiopia, there are many other rock-carved 
and cave churches, such as those at Cherkos, Wik’ro, 
Abraha Azba, and the great mountain monastery at Debre 
Damo Debir.

CHANGE IN THE 20TH CENTURY
Churches built by Christian missionaries, sometimes with 
imported stone, generally followed modified Gothic forms 
and had no impact on African building, but the growth 
of colonial towns encouraged the adoption of European 
styles, including the use of the rectangular-plan house. 
This trend was reinforced by the infiltration into the 
hinterland of the indigenous Swahili-style house in East 
Africa, the rain forest house type in West Africa, and the 
Islämic house type of North African origin in the western 
Sudan—all of which have rectangular plans. Though the 
effect has been to reduce the variety of house forms and to 
regimentalize settlement pattems, the trend has not been 
without interesting hybrids. In particular, the decorated 
lapa (courtyard) walls and facades of the Southern African 
Sotho, Pedi, and Ndebele, with their ziggurat details, have 
a colourful vitality (see Figure 14). Elsewhere, in Laputo, 
in Mozambique, and in Johannesburg, owner-built houses 
and resettlement townships have been erected, extended, 
or decorated, often with originality, within the limitations 
of economy and space.
With the westemizing of African cities, much indigenous 

architecture has been lost, though not necessarily in Street 
life or surface enrichment. Two- and three-story houses 
and shops have become commonplace with the use of 
reinforced concrete and steel frame construction. Since 
World War II, a number of African architects have gained 
prominence, including Oluwole Olumuyiwa of Nigeria 
and David Mutiso of Kenya. Their work is immaculately 
designed and responsive to climate and environment, but 
it is firmly in the modemist International Style.
While these and other African architects have shown 

themselves to be effective designers of major buildings in 
the urban centres, the greatest challenge to African de­
signers lies in the burgeoning suburbs of African cities. 
Unserviced, unsanitary, and often in locations subject to 
disease and flood, the squatter settlements of, for example, 
Lagos, Nigeria, or Lusaka, Zambia, underline the impor- 
tance of economical housing that is responsive to the 
diversity of cultural needs in urban contexts. It is here that 
the African genius for building unpretentious, functional, 
and environmentally appropriate housing from indigenous 
resources can make its most important contribution to the 
future of its architecture. (P O.)

Sculpture and associated arts

Although wood is the best-known medium of African 
sculpture, many others are employed: copper alloys, iron, 
ivory, pottery, unfired clay, and, infrequently, stone. Un- 
fired clay is and probably always was the most widely 
used medium in the whole continent, but, partly because 
it is so fragile and therefore difficult to collect, it has 
been largely ignored in the literature. Small figurines of 
fired clay were excavated in a mound at Daima near Lake 
Chad in levels dating from the 5th Century bc or earlier, 
while others were found in Zimbabwe in deposits of the 
later part of the Ist millennium a d . These imply an even 
earlier stage of unfired clay modeling. About the time of 
these lower levels at Daima (which represent a Neolithic, 
or New Stone Age, pastoral economy), there was flour- 
ishing farther to the west the fully Iron Age Nok culture, 
producing large, hollow sculptures in well-fired pottery, 
some of the stylistic features of which imply yet earlier 
prototypes in wood.
Copper-alloy castings using the cire perdue technique 

afford evidence of great sculptural achievements from as 
early as the 9th Century a d , when the smiths of Igbo 
Ukwu, Nigeria, were casting leaded bronze, which is highly 
ductile, and smithing copper, which is not (see Figure 
23). Some three or four centuries later the smiths of Ife, 
seemingly unaware that unalloyed copper was not suitable 
for casting (or perhaps wishing to demonstrate their virtu- 
osity), used it to produce masterpieces such as the seated

figure in a shrine at Tada and the so-called Obalufon 
mask in the Ife Museum. In fact, however, zinc brasses 
were used more than unalloyed copper. The largest corpus 
of this work is from Benin, where zinc brasses were used 
almost exclusively. These copper-alloy castings, together 
with pottery sculptures the traceable history of which goes 
back even further, are the main evidence for the early 
history of sculpture in sub-Saharan Africa.
Wrought-iron sculptures are found in a number of tradi- 

tions, mostly in West Africa, including the Dogon, Bam- 
bara, Fon, and Yoruba peoples.

Stone sculpture occurs in several separate centres, em- 
ploying both hard and soft rock, but there is usually not 
much evidence of a development through time in a single 
place. Ivory is a highly prized medium in many parts 
of Africa. Its fine texture makes it suitable for delicate 
sculpture, while its rarity leads to its employment in many 
societies for items of great prestige.

African wood sculptures are carved with similar tools 
throughout the continent. An ax may be used to feil the 
tree, but an adz, with its cutting edge at right angles to 
the shaft, is used for the substantive work of carving. The 
skill achieved with this tool is astonishing to the Western 
observer. Thin shavings can be removed with speed and 
accuracy, creating a surface (especially when the form is 
convex) that shows slight facets that catch the light and 
add to the visual interest. More intricate work is done 
with knives. A pointed iron rod heated in the fire may be 
employed to bore holes in a mask for attachment to the 
costume and to permit the wearer to see. The surface of 
the sculpture is sometimes polished with the side of a knife 
or sanded down with rough leaves. Details are commonly 
picked out by a method involving charring with a red-hot 
knife (as among the Ibibio of Nigeria), or the carving is 
immersed in mud to darken its surface before oiling (as 
among the Dan people of Cote dTvoire).

WEST AFRICA
Scholars divide the visual arts of West Africa into three 
broad areas: the western Sudan, the Guinea Coast, and 
Nigeria. This is done partly to enable the outsider to com- 
prehend the diversity of styles and traditions within the 
region, while recognizing that there are themes common 
to all of the areas.

Western Sudan. This is the name conventionally given 
to the savanna region of West Africa. It is an area dom- 
inated by Islämic States situated at the southem ends 
of the trans-Saharan trade routes. The sculpture here is 
characterized by schematic styles of representation. Some 
commentators have interpreted these styles as an accom- 
modation to the Islämic domination of the area, but this is 
probably not an adequate explanation since Isläm in West 
Africa has either merely tolerated or actually destroyed 
such traditions while exerting other influences.
Among the better-known sculptural traditions of the 

western Sudan are those of the following peoples.
Dogon and Tellern. The Dogon inhabit the Bandiagara 

escarpment in Mali. Dogon sculpture is intimately linked 
with the cult of the ancestors. Figures are made to house 
the spirits of the deceased on the family shrine, and masks 
are used to drive the spirits away at the end of the mourn- 
ing period. One type of mask, called sirige, has a tall, 
flat projection above the face (a feature found also in the 
masks of the neighbouring Mossi and Bobo), which is said 
to represent a multistory house. The Great Mask, never 
worn and made anew every 60 years, represents the pri­
mordial ancestor who met death while he was in the form 
of a serpent. Iron staffs topped with human figures are 
also made, and some personal Ornaments are cast in brass.

Also found in Dogon territory are, possibly, the oldest 
wood sculptures to survive (three have been dated by 
carbon-14 to the 15th to 17th Century a d ). They were 
found in caves in the Bandiagara escarpment. The Dogon 
attribute them to an earlier population, the Tellern. These 
figures, usually of simplified and elongated form, often 
with hands raised, seem to be the prototype of the ancestor 
figures that the Dogon carve on the doors and locks of 
their houses and granaries; investigations have confirmed 
that the Tellern were ethnically a different people from the
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Dogon, though the art style appears to have been handed 
on from one people to the other.
Bambara. The Bambara live in the region around Ba­

mako, the Capital of Mali. Their traditions include six 
male societies, each with its own type of mask. The Ntomo 
is for young boys before circumcision. Their masks have 
a line of vertical projections placed transversely over the 
human face, representing man as God first created him. 
The Komo is the custodian of tradition and is concemed 
with all aspects of community life—agriculture, judicial 
processes, and passage rites. Its masks are of elongated an­
imal form decorated with actual horns of antelope, quills 
of porcupine, bird skulls, and other objects. Masks of the 
Kono, which enforces civic morality, are also elongated 
and encrusted with sacrificial material. The Tyiwara uses 
a headdress representing, in the form of an antelope, the 
mythical being who taught men how to farm (see Fig­
ure 15). The Kore, concemed with the sky and with the 
bringing of rain to make the crops grow, employs masks 
representing the hyena, lion, monkey, antelope, and horse. 
In addition there are masks of the Nama, which protect 
against sorcerers. Ancestor figures of the Bambara clearly 
derive from the same artistic tradition as do many of those 
of the Dogon; so also do their sculptures in wrought iron. 
Rectangular intersection of flat planes is a stylistic feature 
common io Bambara and Dogon sculpture.

By courtesy of the Ethnographical Department, 
National Museum, Copenhagen

Figure 15: Bambara dance wood headdress in the 
form of an antelope, representing the spirit Tyiwara, 
who introduced agriculture; from Mali. These 
headdresses, attached to a wickerwork cap, are worn 
by farmers who, at the time of planting and harvest, 
dance in imitation of leaping antelope. In the National 
Museum, Copenhagen. Height 50 cm.

Djénné-Mopti. These are two towns situated on the 
inland delta of the Niger River, Mali. They are notable 
as centres of the cloth trade and for their architecture. 
Moreover, in their immediate vicinity many sculptures 
in pottery of uncertain age have been found. They may 
have some association with the empires of Ghana and 
Mali (7th-13th and 13th-16th centuries, respectively). For 
all their extensive trade contacts across the Sahara, these 
medieval empires did not significantly change the basic 
stmcture of society in the western Sudan.

Senufo. The Senufo of northem Cote dTvoire produce 
a rieh variety of sculptures, mainly associated with the 
Lo society (known more widely as the Poro), to which all

adult men belong and which maintains the continuity of 
religious and historical traditions, especially through the 
cult of the ancestors. Düring initiations, headpieces are 
worn that have a flat, vertical, round or rectangular board 
on top, decorated with paint or pierced work. Many wood 
carvings of male figures depict these headpieces, some­
times on rhythm pounders used by young initiates, who 
beat the earth to call upon the ancestors to take part in 
the ceremony and purify the earth. Several types of mask 
are used. The kpelie, a human face with projections all 
around, is said to remind initiates of human imperfection. 
Animal-head masks usually combine characteristics of sev­
eral creatures—hyena, warthog, and antelope. A type of 
animal mask called waniugo has a cup for a magical sub- 
stance on top; these masks blow sparks from their muzzles 
in a nighttime ritual protecting the village from sorcerers. 
Among the Naffara group of the Senufo, masks of similar 
form but with an interior cavity too small for a human 
head are carried on the top comer of a rectangular, tent- 
like costume called kagba. This mask is the Symbol of the 
Lo, which only initiates may see. In the Korhogo region, 
deguele masks appear in pairs at funerals. They are of 
plain helmet shapes topped with figures whose bodies are 
carved to resemble a pile of rings. Figures of the hombill 
are used in initiation, and groups of birds on a pole are 
trophies for the best farmer. Figures of male and female 
twins and of horsemen are used in divination. These rep­
resent the spirit familiars enabling the divination process. 
The diviners themselves are women, forming the Sandogo 
society. Shrine doors and drums are carved in relief, and 
small figures and ritual rings are cast in bronze. For many 
years the Senufo have been producing large quantities of 
carvings for the Western market.

Guinea Coast. This is the forested region of West Africa, 
where Isläm was not a dominant influence until recent 
years. Political organizations in the past tended to be 
small in scale, with govemment sometimes in the hands 
of chiefs, sometimes by assemblies of men, sometimes 
by secret associations manifesting their attributes in mas- 
querade ceremonies. State Systems developed toward the 
eastem end of the region, particularly in areas iiihabued 
by the Ashanti (in present-day Ghana) and Fon (Benin) 
and in the Yoruba Oyo empire and the Edo kingdom 
of Benin (Nigeria). These States capitalized on trade both 
with peoples of the savanna and, from the late 15th Cen­
tury onward, with Europeans.

Guinea Coast sculpture displays a greater tendency to 
naturalistic styles of representation. Some of the best- 
known traditions of the area are the following.

Bidyogo. In the Bijagós Islands of Guinea-Bissau, the 
Bidyogo carve rather simplified human figures seated on 
stools, bowls supported by human figures with human and 
animal forms on the lids, and staffs with figures on them. 
They also carve naturalistic masks of wild bulls, which are 
carried on the prow of the royal war canoe and also used 
in dances. Their buildings are round and often painted.

Baga. The Baga, 15th- or 16th-century migrants from 
the Sudan now occupying the Coastal region of Guinea, 
carve anok, or elek, bird heads with human features styled 
in a manner resembling western Sudanic work. They had 
rieh traditions of mask and figure sculpture, many of 
which were suppressed with the advent of Isläm. The best 
known of these is the massive dumba mask (see Figure 16), 
with its great cantilevered head supported on the upper 
part of a female torso, carved so as to rest on the shoulders 
of the wearer, who sees out through a hole between the 
breasts, his body hidden in raffia fibre. This mask appears 
at the harvest and threshing of the rice erop. Tall drums 
supported by a human figure are also carved.
Mende. The Mende of Sierra Leone are best known 

for smooth, black, helmet-shaped masks (see Figure 17), 
representing the Sande society, which is responsible for 
initiating girls into womanhood. This is the only women’s 
society on the continent known to use masks. Because the 
mask is “found” beside a stream deep in the forest, where 
the Sande spirit is said to live, and is supposed not to be an 
artifact at all, the carver in this case is anonymous. Mem- 
bers of the corresponding male society, Poro, also wear 
masks, although they are of differing form. The women’s
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Figure 16: Baga dumba mask used in rituals of the Simo 
society during the harvest and threshing of the rice 
crop; wood and fibre, Guinea. In the British Museum.
Height 1.22 m.
By courtesy of the trustees of the British Museum

Yasse, a divination and healing society, employs slender 
human figures called minsere. Large, ugly gongoli masks 
are also used, but entirely for entertainment. In preparing 
their rice farms, the Mende often uncover figures carved 
in soapstone and known as nomoli, which they set up in 
shelters to protect the crop. The figures are similar in style 
and are thought to be similar in date to ivories carved 
in the 16th Century for Portuguese traders in the adjacent 
Sherbro area.
Dan-Ngere. The Dan-Ngere complex of styles is named 

after two extremes of stylistic Variation: the smooth, re- 
strained style of the Dan, De, and Diomande; and the 
grotesque style of the Ngere (or Guere), Wöbe, Kran, and 
Bete, a less extreme form of which is found among the 
Kru and Grebo, who inhabit adjacent regions of Liberia, 
Guinea, and Cote dTvoire. A single carver will produce 
masks in both of the extreme modes of the range of style. 
Miniature, easily portable masks, representing and sharing 
in the power of the larger masks, protect the owner when 
he is away from home. The carvers also produce the large 
anthropomorphic rice ladles used by the mother of the 
heir apparent at the harvest feast; chiefs’ staffs; and female 
figures that seem to be prestige items, as are small figures 
cast in brass among the Dan and Kpelle.
Ashanti and Baule. The Ashanti region of Southern 

Ghana is a remnant of the Ashanti empire, which was 
founded in the early 17th Century when, according to 
legend, a golden stool descended from heaven into the 
lap of the first king, Osei Tutu. The stool is believed to 
house the spirit of the Ashanti people in the same way 
that an individual’s stool houses his spirit after death. The 
Ashanti also carve akua-ba (dolls with disk-shaped heads 
embodying their concept of beauty and carried by women 
who want to become pregnant) as well as staffs for royal 
spokesmen, which, like the handles of state swords, are 
covered in gold foil. The success of the Ashanti empire 
depended on the trade in gold not only with Europeans 
at the coast but also with the Muslim north. Gold dust 
was the currency, weighed against small brass weights that

were often geometrie or were representations recalling 
well-known proverbs. Ashanti weavers developed a style 
of weaving of great technical mastery, incorporating im- 
ported silk (see Figure 18). Cast-brass ritual vessels, kuduo, 
used in funeral ceremonies, bear indications of Islämic 
inspiration. The Ashanti also cast fine gold jewelry, as do 
the Baule of Cote dTvoire, who separated from them in 
the mid-18th Century.
Baule gold weights are similar to those of the Ashanti, 

but the Baule also have types of sculpture that none of 
the other Akan peoples possess: masks (which, like their 
low-relief doors, seem to indicate Senufo influence) and 
standing human figures, apparently sometimes used as 
ancestor figures. The figures and human masks, the latter 
reported to be portraits used in commemorating the dead, 
are elegant—well polished, with elaborate hairdressings 
and scarification. More roughly finished are the gbekre 
figures, representing minor divinities in human form with 
animal heads. Masks are made also to represent the spirits 
of the bush: antelope, bush cow, elephant, monkey, and 
leopard. Boxes for the mouse Oracle (in which sticks are 
disturbed by a live mouse, to give the augury) are unique 
to the Baule, whose carvers also produce heddle pulleys, 
combs, hairpins, and gong mallets.

Fon. The Fon Kingdom of Dahomey, with its Capital at 
Abomey (now in the People’s Republic of Benin), was also 
founded in the early 17th Century. The palace is decorated 
with painted relief panels modeled in clay, representing the 
different kings and the events of their reigns. The kings are 
represented also by iron staffs and messengers’ staffs with 
openwork iron symbols on a wooden haft, as well as by a 
small number of large wooden statues combining human 
and animal attributes. The thrones of the kings are similar 
in form to Ashanti stools but are much taller and are 
preserved as cult objects. Small figures cast in brass, often 
in groups, are prestige items employed also to decorate the 
royal tombs. Brightly coloured appliqué cloth is used on 
state umbrellas and chiefs’ caps. A populär art is calabash 
carving. The greatest achievements of Fon art, however, 
are the large sculptures for Gun, the god of iron and war, 
made from sheets of copper or iron (see Figure 19).

Nigeria. The northern and Southern parts of Nigeria 
can be considered part of the western Sudan and Guinea 
Coast, respectively; but, because of the wealth of evidence 
for an artistic tradition of some 2,000 years, it is conve- 
nient to consider Nigeria separately.

Frank Willett ■

Figure 17: Mende mask of the Sande (women’s initiation) 
society, wood, Sierra Leone. In the Manchester Museum. 
Height 38.1 cm.
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Figure 18: An Ashanti chief wearing silk cloth and 
gold jewelry.
Doran H. Ross

Nok. The earliest known sculpture of large size in the 
Sudan is that produced in pottery by the Nok culture, 
which flourished extensively in northern Nigeria from the 
5th Century bc into the early centuries ad  (see Figure 
20). These people were the first known manufacturers of 
iron in western Africa, fumaces at Taruga having been 
dated between the 5th and early 3rd centuries bc; they 
continued, however, to use stone tools. Of well-fired clay, 
their sculptures represent animals naturalistically; human 
figures, however, are depicted with heads that are usually

By courtesy of the Musee de l’Homme, Paris

Figure 19: Fon iron image of Gun, the god of iron 
and war, Dahomey. In the Musée de l'Homme, Paris. 
Height 1.65 m.

tubulär, but sometimes conical or spherical, and with sim­
ple tubulär trunks and limbs. The art of Nok indicates the 
antiquity of many basic canons of West African sculpture, 
but the precise relationship between ancient and modem 
forms is obscure.
Daima and Sao. Not far from the Nok area but very 

different in style, at Daima near Lake Chad, small, simple 
clay animal figures were by the 6th Century bc being made 
by a population of Neolithic herdsmen. A little later they 
began making animals with more extended legs, and some- 
time after ad  1000 they started to make animals covered 
with little spikes. The last are similar to examples found 
on sites of the Sao culture in the Chari Valley, Cameroon, 
where more elaborate human figure sculptures, thought to 
represent ancestors and probably spirits, have been found. 
Carbon-14 dates for these sites range from the 5th Century 
bc to the 18th Century a d .
Ife and Yoruba. The Yoruba peoples inhabit a large 

part of southwestem Nigeria. Their art traditions are 
of considerable antiquity. Excavations at Ife, in central 
Yombaland (the site of the creation of the world in some 
Yomba myths), have shown that naturalistic sculpture in 
brass and pottery was being produced sometime between 
1100 and 1450 a d . The sculptures may represent royal 
figures and their attendants, and life-size portrait heads in 
brass were perhaps used as part of funerary effigies. During 
this time, Ife appears to have had widespread importance, 
and the naturalism of its art seems to have influenced the 
basic development of Yomba sculptural style. Throughout 
Yombaland, human figures (see Figure 21) are represented 
in a fundamentally naturalistic way, except for buiging 
eyes; flat, protruding, and usually parallel lips; and styl­
ized ears. The evolution of these characteristics can be 
observed in a number of pottery sculptures at Ife, which, 
on stylistic grounds, are considered to be relatively late.

Frank Willett

Figure 20: Pottery head found at Nok, Nigeria. In the Jos 
Museum, Nigeria. Height 21 cm.

Within the basic canon of Yomba sculpture, many local 
styles can be distinguished, down to the hand of the indi­
vidual artist. Individual cults, too, have their own charac- 
teristic requirements of form and ethnography. Staffs for 
Shango, the thunder god, bear the Symbol of a double ax. 
On his altars are placed carved mortars, for the pounding 
of food in a mortar sounds like thunder; on the wall 
behind hangs his leather bag, with a motif based on the 
extensive gesture of a Shango dancer. Because Shango was 
king of Oyo, largest of the Yomba kingdoms, his cult 
is mainly restricted to areas that were once under Oyo 
domination.

Typical of Ekiti is the Epa cult, which is connected 
with both the ancestors and agriculture. The mask proper,
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Figure 21: B rass figure of an oni (king) of Ife, Nigeria. In the 
Museum of Ife Antiquities, Nigeria. Height 46.7 cm.
Frank Willett

roughly globular, has highly stylized features that vary 
little; but the superstructure, which may be four feet (122 
centimetres) or more in height, is often of very great com- 
plexity—for example, a king on horseback, surrounded by 
two tiers of attendant warriors and musicians. The most 
widely distributed cult is of twins, ibeji, whose birth among 
the Yoruba is unusually frequent. Their effigies (Figure 
22), made on the instructions of the oracle, are among the 
most numerous of all classes of African sculpture. Carved 
doors and house posts are found in shrines and palaces and 
in the houses of important men. Fulfilling purely secular 
functions are bowls for kola nuts, offered in welcoming a 
guest; ayo boards for the game, known also as wari, played 
with seeds or pebbles in two rows of cuplike depressions; 
and stools, spoons, combs, and heddle pulleys.
To the north is Esie, where about 800 sculptures in soap- 

stone were found by the local Yoruba population some 
centuries ago. Their origin is obscure; they are by no 
means certainly Yoruba. The city of Owo, to the southeast 
of Yombaland near the frontier with the Edo-speaking 
peoples, developed an art style—indeed, a whole culture— 
that is a blend of Yomba and Benin traditions. Ivory 
carving is especially important, and wooden heads of rams 
and of humans with rams’ homs are used on ancestral 
altars. Second-burial effigies, life-size and naturalistically 
carved in wood, have been made during the 20th Century 
but were developed from wickerwork forms such as are 
still used in Benin and in Igbo towns that were formerly 
under Benin influence. Excavations in 1971 revealed a 
large number of pottery sculptures that are clearly related 
to those of Ife but with some Benin features. The site was 
dated by carbon-14 to about the 15th Century ad .

Edo peoples. According to tradition, the Kingdom of 
Benin was founded from Ife, whence, in the late 14th Cen­
tury, knowledge of brass casting may have been introduced 
into Benin City for the manufacture of commemorative 
heads for royal altars. These heads have been grouped 
in stylistic sequence from moderate naturalism through 
increasing stylization. The brasses also include figures in 
the round, groups on a common base, and plaques. The 
rectangular shape of the plaques, their narrative content, 
and in some cases their attempt at perspective have been 
attributed to the influence of illustrations in books carried 
by the Portuguese, who were in contact with Benin from

the late 15th Century. The technique of brass casting, 
however, had been introduced at least a Century earlier. 
Bronze bars had been imported, probably from the inte- 
rior, as early as the 13th Century, but these were made 
into bracelets in Benin City only by smithing and chasing 
techniques, not by casting. There were certain limitations 
on the use of brass, and also ivory. Cult objects (such as 
memorial beads) were made of wood when intended for 
non-royal purposes but of brass for the king. Regalia, if 
made for the king, were of ivory, but otherwise of brass. 
The regalia of king and chiefs also included coral beads 
and red cloth, the colour red signifying a mystical threat 
to the enemies of the kingdom. Wood was used for staffs 
commemorating ancestors, and these were placed on their 
altars. Pottery heads were made for shrines in the brass 
casters’ quarter; and life-size groups of royal figures in 
mud are still made for the cult of Olokun, divinity of the 
sea and of wealth.
Outside Benin City, the Edo peoples live in villages that 

have many localized cults of nearby topographical features 
and founder heroes. The ekpo masquerade, occurring to 
the south and east of Benin, is performed by the war- 
rior age group in ceremonies to purify the village ritually 
and to maintain health. At Ughoton, to the Southwest of 
Benin, a different type of mask is used, in the cult of the 
water spirit Igbile. Both the cult and the sculptural style 
seem to have derived from the Ijo.
A number of bronze castings found in Benin have been 

classified tentatively as the Lower Niger bronze industries. 
They include pieces from Tada and Jebba in the region 
now inhabited by the Nupe people, who regard them as 
relics associated with their own mythical ancestor, and 
other pieces from various parts of the delta of the Niger 
River.
Ijo. The Niger Delta is occupied by Ijo fishermen, 

whose masks for the cults of the water spirits are made 
in the form of aquatic animals, especially hippopotamus 
and crocodile. The western Ijo use ejiri figures, in which 
the head of the household is represented upon a highly 
schematic quadruped that is said to represent the guardian 
spirit of the family. Similar objects are made by the Edo- 
speaking Urhobo, to the north of the Ijo, where they are 
used in a cult of aggressiveness by the warriors. Among 
the eastern Ijo, shrines for the water spirits have figures 
that are often large though frequently kept hidden. They 
also have masks, similar to those of the western Ijo, worn 
by men of the Ekine society. In addition, there are shrines 
that contain sculptures for the village heroes and ancestors. 
In some Kalabari communities, rectangular sereens are 
fashioned by carpentry into a low-relief frontal group in 
which a commemorated ancestor is flanked by supporting

Frank Willett

Figure 22: Pair of Yoruba twin figures (ibeji), wood, from Efon 
Alaye, Nigeria. Height 27.6 cm. The starch-resist dyed cloth is 
a lso Yoruba. In the Frank Willett Collection.



154 African Arts

Schematic 
style of 
the Ijo

figures—much like the king in Benin plaques, by which 
the sereens may have been inspired about two centuries 
ago. All Ijo sculpture exhibits a four-square schematic 
style that contrasts starkly with the relative naturalism of 
surrounding styles, such as those of Yombaland or Benin.
Igbo. On both sides of the Niger, but mainly to the 

east, live the Igbo. Traditionally, they have lived in small 
and often isolated settlements scattered through the forest. 
Only on the northem and western edges of the area, un- 
der influence from Igala and Benin, are hereditary rulers 
found. In Igbo society there is strong social pressure toward 
individual distinction, and men can move upward through 
successive grades by demonstrating their achievements and 
their generosity. One of the traditional representations of 
this was the ikenga, that part of oneself enabling personal 
achievement, with cult figures representing the attributes 
of distinction.

The lack of overall centralization among the Igbo-speak- 
ing peoples has been conducive to the development of a 
great variety of art styles and cultural practices. The earli- 
est sculpture known from Igboland is from the village of 
Igbo Ukwu, where the grave of a man of distinction and 
a ritual store, dating from the 9th Century ad , contained 
both chased copper objects and elaborate castings of leaded 
bronze (see Figure 23). The earliest artistic castings from 
black Africa, these pieces consist of ritual vessels and other 
ceremonial objects with intricate surface decoration, often 
small animals and insects represented in the round.
A very great variety of masks is found among the Igbo. 

The masks, of wood or fabric, are employed in a variety 
of dramas: social satires, sacred rituals (for ancestors and 
invocation of the gods), initiation, second burials, and 
public festivals, which now include Christmas and Inde- 
pendence Day. Some masks appear at only one festival, 
but the majority appear at many or all. Best known are 
those of the Northem Igbo Mmo society, which represents 
the spirits of deceased maidens and their mothers with 
masks symbolizing beauty. Among the Southern Igbo, 
the Ekpe society, introduced from the Cross River area, 
uses contrasting masks to represent the maiden spirit and
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aggression and the former representing beauty and peace- 
fulness (see Figure 24). A similar contrast is found in their 
Okorosia masks, which correspond to the Mmo of the 
Northem Igbo. The Eastem Igbo are best known for mas- 
querades associated with the Iko okochi harvest festival, in 
which the forms of the masks are determined by tradition, 
though the content of the play varies from year to year. 
Stock characters include Mbeke, the European; Mkpi, the 
he-goat; and Mba, which appear in pairs, one representing 
a boy dressed as a girl mimicking the behaviour of a girl, 
the other representing the girl being satirized.

Most impressive are the ijele masks of the Northern Igbo,

Figure 23: Leaded bronze ceremonial object, thought to have 
been the head of a staff, decorated with coloured beads of 
glass and stone, 9th Century. From Igbo Ukwu, Nigeria. In the 
Nigerian Museum, Lagos. Height 16.8 cm.
Frank Willett

Figure 24: Maiden spirit mask symbolizing beauty 
and peacefulness, painted wood; Southern Igbo 
Ekpe society, Nigeria. In the Nigerian Museum,
Lagos. Height 21.3 cm.
Frank Willett

which are 12 feet (366 centimetres) high. Consisting of 
platforms six feet in diameter, supporting tiers of figures 
made of coloured cloth and representing everyday scenes, 
they honour the dead to ensure the continuity and well- 
being of the community.

Wooden figures are carved for ancestors of both sexes, 
varying from less than one to more than five feet in 
height. Those representing founders of the village are kept 
in a central shrine and sometimes become patrons of the 
market. A great many other decorative wooden objects 
are made, including musical instruments, doors, stools, 
mirror frames, trays for offering kola nuts to guests, dolls,
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called mbari, which contain elaborate tableaux of painted, 
unfired earth, are made in honour of the earth spirit in 
villages near Owerri in southem Nigeria; and in Igbo com- 
munities to the west of the Niger, elaborate pottery groups 
representing a man and his family are made for the yam 
cult. There seems to be no tradition of pottery sculpture 
in other Igbo groups.

Ibibio. Among the oldest sculptures of tropical Africa 
are several hundred ancestor figures, called ekpu, of the 
Ibibio Coastal trade centre of Oron, some of which are 
thought to date from the late 18th Century. They are 
bearded figures, three to four feet high, and are so individ­
ual as to suggest portraiture, despite their schematic style. 
Oron is one group of Ibibio-speaking villages. As with the 
Igbo, Ibibio is not a single group but several networks of 
independent communities, with local unity represented by 
secret associations and their masquerades. The Ekpo soci­
ety uses black masks, often of naturalistic appearance and 
with movable jaws, to maintain social order and propiti- 
ate the ancestors; some of these masks represent disease 
and deformity.
Ekoi. The Ekoi-speaking peoples (Anyang, Boki, 

Ejagham, Keaka, and Yako) are best known for their 
large, skin-covered masks, which have two or even three 
faces, and for their smaller headpieces, which represent a 
head or an entire figure. The headpieces and masks have 
metal teeth, inlaid eyes, and frequently pegs to represent 
hair, which, altematively, may be carved in elaborate 
coils. They are used by several masking associations. In 
the northern Ekoi area, around Ikom, are found circles of 
large stones, akwanshi, from one to six feet high, carved 
in low relief to represent human figures. They are thought 
to be no earlier than the 16th Century.

Fulani. The Fulani are in origin nomadic pastoralists 
who range from Senegal to the Cameroon grasslands. 
They are particularly known for their body decoration (see 
below Other visual arts: Personal decoration) and for their 
engraved milk gourds. In addition, in Mali they have set-
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tled groups of artists such as goldsmiths, leatherworkers, 
blacksmiths, weavers, and potters.

Hausa. Northem Nigeria has long been dominated by 
the Muslim Hausa who, since the 19th Century, have been 
mied by Fulani amïrs (emirs). For centuries their buildings 
have been decorated inside with molded and painted low- 
relief decorations, which have more recently been applied 
to the exteriors (see Figure 13). Both decorative and of 
a high technical Standard are their crafts: leatherwork for 
saddles, bags, hilts, and sheaths; gold and silver jewelry; 
ironwork; pottery; weaving and embroidery.
Nupe. The Nupe have been Muslim for some centuries 

and are best known for their weaving, embroidery, bead- 
making, wood carving, and sheet metalwork. They have 
produced many doors carved in low relief in a blend of 
decorative designs. Carved and painted masks are made 
for the elo, a purely secular performance intended only 
to entertain (nowadays on the Prophet’s birthday). The 
elo mask has a human face with a motif (sometimes a 
human figure) rising above it, flanked with stylized horns. 
The gugu masquerader wears a cloth mask decorated with 
cowrie Shells, but sometimes Yomba masks are used. The 
ndako gboya appears to be indigenous; a spirit that affords 
protection from witches, it is controlled by a small secret 
society that cleanses communities by invitation. The mask 
consists of a tall tube of white cotton supported inside on 
a bamboo pole about 12 feet long.

That Nupe art should have been influenced by the 
Yomba is not surprising. Yomba live among the Nupe, 
and there are bronzes in the Nupe villages of Tada and 

Tada and Jebba—one of them apparently an Ife work, and another
Jebba in a more recent Yomba style. Others of this group, which
bronzes include the largest castings ever made in black Africa, 

share features with Benin sculpture and have other de­
ments that are widely distributed in time and space on the 
Lower Niger. Nupe tradition says these sculptures were 
taken from Idah, the Igala Capital, in the early 16th Cen­
tury. Many were probably already ancient, but nothing is 
known of ancient Igala bronze casting.

Other groups in northern Nigeria. There is a great diver- 
sity of sculptural tradition among peoples inhabiting the 
Niger and Benue valleys, the mountainous regions around 
the Jos Plateau in the centre of the area, and Adamawa to 
the east. This is altogether an area of astonishing diversity 
little understood beyond a confusing list of “tribal” names. 
Some of the better known traditions include the Igala, 
Idoma, Afo, Tiv, and Jukun, all of the Benue Valley.

CENTRAL AFRICA
Cameroon grasslands. The Cameroon grasslands area 

can be divided into three stylistic regions. The Bamileke 
area is composed of a number of separate chiefdoms, 
the best known being the Bangwa and the Bacham. Here 
sculptured human figures are composed of a highly ex­
pressive blend of rounded and angular forms. The Ba- 
mum kingdom developed roundness of form almost to 
its extreme, producing figures with big, inflated cheeks. 
Among the Tikar, Bekom, and Babanki, the forms are 
rounded but not exaggerated. Throughout the grasslands 
there have been exchanges of art objects and diffusion of 
the brass-casting technique, confusing the more detailed 
stylistic picture. In general, however, all of these societies 
are hierarchical, with sculpture mainly intended to reflect 
the power and importance of the king. (F.Wi./J.Pi.)

Gabon. Three major groups live in the equatorial rain 
forests of Gabon: the Fang and related peoples; the Ogowe 
(Ogooué) group, including the Ashira and Mpongwe; and 
the Kota.

Fang masks and figures are characterized by schematic 
simplicity. Typical of Fang work are hieri, boxes contain- 
ing the skulls and bones of deceased ancestors and carved 
with figures intended to represent their protective influence 
(see Figure 26). Fang masks, such as those wom by itiner- 
ant troubadours and for hunting and punishing sorcerers, 
are painted white with facial features outlined in black.

The art of the Ogowe tribes, particularly the Mpongwe, is 
closely tied to death rituals. Their masks, painted white to 
symbolize death, represent dead female ancestors, though 
they are wom by male relatives of the deceased.

Figure 25: Bamum beaded throne of a king, Cameroon grasslands.
In the Museum für Völkerkunde, West Berlin. Height 83.2 cm.
Holle Bildarchiv, Baden-Baden, West Germany

The Kota create stylistically unique reliquary figures, 
called mbulu-ngulu, which are covered with a sheet of 
brass or copper. Like the Fang, the Kota keep the skulls 
and bones of ancestors in containers, which consist here 
of a basket surmounted by the carved figure.

(P.Wa./J.Pi.)
Zaire and Congo. The region formerly referred to as the 

“Congo” consists of the modem republics of Zaire and the 
Congo, which are separated by the Congo River. The area 
falls into two major geographic divisions: the northem 
half is an equatorial rain forest inhabited by peoples who 
hunt, farm, and fish; the southem half is a savanna. It is 
in the villages of this Southern region that the most highly 
developed political, social, and artistic culture has evolved.

In general, the styles of Zaire and the Congo can be Combi- 
characterized as a combination of symbolism and real- nation of 
ism, wherein naturalistic forms—predominantly human symbolism 
and animal figures—are rendered not in precise imitation and 
of nature but in an exaggerated manner. It is this “non- realism 
naturalistic reality” that distinguishes the art of this region 
from West African art.
The sculptural forms are most commonly wood carvings: 

masks (see Figure 27), ancestor figures, fetishes, bowls, 
boxes, cups, staffs, pots and lids, pipes, combs, tools, 
weapons, and musical instruments. Similar objects are also 
carved in ivory, and in some cases copper, brass, and iron 
are used. In rare instances, stone figures have been found.

Painting is not utilized greatly as a separate medium, 
but carved pieces frequently are painted. Masks and other 
pieces are covered with polychrome (see Figure 28), the 
colours applied in wide patches and often in planes and 
angles upon smooth surfaces. In the huts in which rituals 
take place, wooden figures are hung on brightly painted 
walls.

Reeds are woven into decorated mats, used for sleeping 
and for wrapping the dead, and into baskets and boxes, 
which are used to contain foodstuffs as well as ritual 
objects. Basketry pattems and sometimes container forms 
have been imitated by wood carvers; textile weavers, too, 
use decorative motifs derived from basketry.

Pottery making has depended on four forming tech- 
niques: molding, ring building, modeling on a board, and, 
more recently, throwing on the potter’s wheel. Pottery 
forms are influenced by those of basketry and wood carv­
ing as well as by vegetal forms such as the calabash; deco-



156 African Arts

Use of the
human
figure

Figure 26: Fang wood figure (bieri) 
from a reliquary of ancestor’s 
bones, Gabon. In the Pierre Arman 
Collection, Paris. Height 47 cm.
By courtesy of Pierre Arman

ration consists of traditional geometrie incised or painted 
patteras. The pots are used for cooking and for carrying 
and storing food or as ceremonial objects.

Pottery and embroidery are arts practiced by women, 
whereas sculpture and weaving are male activities.

Stylistic differences within the two major regions of the 
Southern savanna and the northem rain forest can best be 
seen by subdividing the areas according to the kingdoms 
that have determined the social, political, and artistic lives 
of the people. The savanna falls into the Lower Congo, 
Kuba, and Luba cultural areas; and the rain forest into 
the northem, northeast, and northwest areas.

Lower Congo {Kongo) cultural area. In the Lower 
Congo area three sub-styles can be identified: the areas 
known as the Coastal region, the Kwango River area, and 
the Teke region.

Seated mother-and-child figures are found throughout 
the Lower Congo region. The human figure is used by 
the peoples of the Lower Congo in the decoration of al- 
most every work—from ceremonial objects and domestic 
Utensils to pieces of fumiture and architectural ornament. 
Although the majority of carved figures are made of wood, 
many important pieces in metal and ivory have been 
found. Among them are numerous metal figures clearly 
influenced by the Portuguese missionaries—statuettes of 
Christian saints, for example. In addition to the figures, 
crucifixes were also produced, in brass or bronze (using 
the lost-wax, or cire perdue, method of casting).
Ancestor figures and fetishes carved by the Kongo and 

related peoples, who live along the coast and in the May- 
ombé forest, are more realistically expressive than the 
figures of other areas. Every detail rendered, the deceased 
ancestor is portrayed standing, seated, or kneeling, each 
attitude revealing the dignity and pride with which he 
is viewed. The fetishes are less realistically portrayed; al­
though the head is treated in great detail, the arms and 
legs are stylized, appearing to be of equal size, and often 
the sex of the figure is not indicated. Whereas the ances­
tor figure typically appears serene, the countenance of the 
fetish can be protective or malevolent.

The nkongi, a group of fetishes characteristic of the coast 
and the Mayombé forest, consist mainly of human figures, 
but there are some that combine the forms of a dog and 
a leopard, sometimes with two heads. The nkongi fetish 
is often completely covered by nails and other sharply 
pointed metal objects driven into its surface (see Figure 
29); these objects mark each appeal made to the spirit em- 
bodied in it. All fetishes, whether they represent humans 
or animals, whether made of wood, hora, ivory, or even 
calabash, must contain a number of magical substances 
such as blood along with animal, vegetable, and mineral 
matter. These ingredients, called bilongo, are placed in a 
cavity, usually in the figure’s stomach but sometimes in 
the back or head. The opening of the cavity is covered by 
a shell or, in some modern fetishes, by a piece of mirror.
The magical substances are believed to invest the fetish 
figure with power and make it possible for the devotee to 
establish contact with the spirit {nkisi).
Another object common to the Lower Congo area, pro­

duced primarily by the Coastal peoples, especially the 
Woyo, is a wooden pot lid carved with pictorial narratives 
representing proverbs. The pot lid, which covered the 
meal served by a wife to her husband, illustrates a partic- 
ular complaint about their marital relationship—a wife’s 
displeasure with her husband, for example; when that lid 
was used, the husband was obliged to discuss and resolve 
the problem publicly with the help of mealtime witnesses.
This manner of family arbitration was traditional, and 
each woman was given a variety of carved pot lids on the 
occasion of her marriage.

The Kwango River area is the home of the Yaka, Suku,
Mbala, and Pende, whose masks, figures, and other carved
objects show a dynamic stylization. Characterized by geo- Stylized
metric pattems formed by the relationship of stylized figures
body parts, Yaka figures lack the organic Integration of of the
naturalistic forms produced by the neighbouring Kongo. Kwango
The turned-up nose is a characteristic of Yaka figures and River area
masks. Large, life-size carved figures stand at the entrances
of Yaka initiation huts, the inside walls of which are
covered with painted bark panels. Tudansi masks, wom
by the young men at their initiation into manhood and
decorated with polychrome and raffia collars, are topped
with animal figures. The dramatically painted kakungu
mask wom by the leader of the initiation rite represents a
gaunt face with exaggerated nose and cheeks. This mask is
thought to embody terrific powers and is kept in its own
hut. Similar to the Yaka tudansi mask is the hemba mask
of the nearby Suku, which is only slightly less grotesque.
Carved Suku figures show more rounded forms than do 
the Yaka.
Mbala figures have three different types of faces: elon- 

gated, wide, and lozenge-shaped. The features (especially 
the forehead and chin) project forcefully, and the head 
is surmounted by a crestlike coiffure. Mbala mother-and-

Figure 27: Luba mask, painted wood, Luba cultural area, Congo. 
In the Cecilia and Irwin Smiley Collection. Height 61 cm.
EB Ine.
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Figure 28: Teke (Bateke) mask, painted wood, Teke tribal 
region, Lower Congo cultural area. In the Musée de l’Homme,
Paris. Diameter 34.9 cm.
By courtesy of the Musee de l’Homme, Paris

child figures are much more powerfully rigid in style than 
others in the Congo.
Pende masks, made in a realistic style, are among the most 

dramatic works of all African art. Like the Yaka, small 
Pende masks fit over the head, helmet style. Representing 
the mysterious powers to which boys are introduced at 
initiation, Pende masks are wom in comic entertainments 
performed during the ceremonies. The masks have facial 
forms that repeat the angular pattem established by the 
heavy triangulär eyelids, and they are topped by a bushy 
coif of raffia. Smaller versions of these masks are made as 
amulets in ivory or wood. The Pende fashion their figures 
in a style identical to that of their masks. One type of fig­
ure, called tungunlungu, representing the female ancestry 
of the tribe, is placed in front of the chief’s house.
The Teke live on the banks of the Congo River. They 

are best known for their fetishes, called butti, which serve 
in the cult of a wide range of supematural forces sent 
by the ancestors, who are not worshiped directly. Each 
figure has its own specific purpose not related directly to 
its appearance. When a figure is carved for a newbom 
child, part of the placenta is placed in the stomach cavity 
of the figure while the rest is buried inside the father’s 
hut (where the family’s fetish figures are kept). The figure 
serves to protect the child until puberty. Figures of iden­
tical appearance serve also for success in hunting, trading, 
and other activities, each figure’s specific purpose being 
known only to the owner. Teke figures are characterized 
by an angular, geometrie form with linear omamentation. 
Teke face masks, flat disks painted in bright polychrome, 
are highly schematic forms bearing no naturalistic associ­
ations (see Figure 28).

Kuba cultural area. The art of the Kuba is one of the 
most highly developed of all African traditions, and signif­
icant cultural accomplishments are part of their heritage. 
Mucu Mushanga, their 27th king, was credited with the 
invention of fire, and he was the first to make clothing 
out of bark cloth. Shamba Bolongongo (c. 1600), the 93rd 
king, who introduced weaving and textile manufacture to 
his people, was also the first mier to have his portrait 
carved in wood. Shamba Bolongongo’s portrait established 
a tradition of such portraiture among the Kuba people. 
The kings typically sit facing forward with legs crossed, 
the left in front of the right; the right hand, with fingers 
extended, rests on the right knee, and the left hand holds 
the royal dagger. Geometrie pattems cover the stomach 
and are continued on the back of the figure. The sculp­
tures also include objects significant to each particular 
king, identifying his own personal accomplishments. De- 
veloping from the court style was a populär style, which 
utilized geometrie forms instead of the well-modeled, full- 
volumed forms of the court figures. Kuba fetishes, em-

phasizing only essential organs, are highly schematic. The 
populär style can also be found in the Utensils and textiles 
produced by the Kuba.
The Kuba metalsmith worked with copper, iron, and 

brass, making weapons and tools to be admired as well as 
used. In some cases, one metal was inlaid with another. 
Mashamboy and other masks—made of raffia and deco­
rated with Shells, beads, and even bells and feathers—were 
traditionally used to dramatize the founding of the royal 
dynasty and its matrilineal System of descent (see Figure 
30).
Luba cultural area. Although the history of the Luba 

people (southeast Zaire) is one of violence and warfare, 
their artistic style is characterized by harmonious integra- 
tion of organically related forms. Female figures are carved 
more often than are male figures. Some are freestanding, 
almost always in a frontal Position with their hands on 
their breasts; others are kneeling, sitting, or standing figures 
whose upraised hands serve as supports for bowls, seats, 
and neck rests (see Figure 31). A populär form consists of 
a kneeling or sitting female figure holding a bowl. Such 
mendicant figures are used to appeal to spirits for health 
and aid for pregnant women; neighbours, seeing the figure 
in front of a woman’s hut, will fill it with gifts to help 
her avoid hardship in pregnancy. The female figures are 
modeled in rounded forms and have what is called dodu; 
that is, a stylistic tendency toward plumpness.

One well-known Luba sub-style has been called the 
“long-face style” of Buli. It contrasts strongly with the 
roundness of other Luba figures. The faces are elongated, 
with angular, elegant features.
The Songe, who conquered and were conquered by the 

Luba, created a sculptural style of intense dynamism and 
vitality. The style of their fetishes, carved from wood or 
hora and decorated with shells and polychrome, is not as 
realistic as the classic Luba style, and their integration of 
non-naturalistic, more geometrie forms is impressive. The 
Songe also produce ceremonial axes, made of iron and 
copper and decorated with interlaced patteras. One group 
is known for its kifwebe masks, which combine human 
and animal features painted in red, black, and white.

Louis Loose

Figure 29: Kongo nail fetish, Coastal region, Lower Congo 
cultural area. In the René Vander Straete Collection, Brussels. 
Height 69.9 cm.
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Figure 30: Kuba m a sh a m b o y  mask; fibre, Shells, and beads;
Kuba cultural area. In the Hampton Institute, Virginia.
Height 41 cm.
Frank Willett

In the 19th Century the Chokwe and Lunda conquered 
the Luba kingdom; today these hunters and farmers live 
in an area that includes part of northern Angola as well 
as Southern Zaire. Their styles are often indistinguishable 
from one another. The forms they create are monumental 
and weighty, and both male and female figures are carved 
in an impressively vigorous style. Also made by these 
peoples are chairs decorated with figures posed in genre 
and legendary scenes. Zoomorphic motifs are found on 
all objects—even Utensils such as combs and knives. In 
ceremonial rites of initiation men wear painted bark cloth 
masks and net costumes.
Northern cultural area. The Lega, who inhabit the area 

between the Luba and the northernmost peoples, have 
produced figures and masks, mostly carved from ivory in 
a schematic style (see Figure 32). These objects are used, 
together with a vast assemblage of artifacts and natural 
objects, in the initiation to successive grades of the Bwami 
association.

Northeast cultural area. In the northeast area live 
the Mangbetu and the Azande. Mangbetu sculpture—in 
wood, ivory, and pottery—is often characterized by the 
elongated skull forms produced by binding the heads of 
young children. Azande sculpture seems largely of Mang­
betu derivation.

Northwest cultural area. The Ngbaka and Ngbandi are 
the peoples whose sculptures are of major significance in 
the northwest area. There is no single Ngbaka sculptural 
style: at times the figures are fleshy and rounded; at other 
times they are considerably more angular. Small animal 
figures are used as fetishes in hunting. The masks used in 
circumcision ceremonies are roughly executed. Both the 
Ngbaka and the Ngbandi make clay images to be used in 
funeral rituals. The Ngbandi are also known for wooden 
fetishes and figures. Small carved ivory or wood figures 
were wom by Ngbandi warriors, who carried shields made 
of decorated woven fibre. It is often impossible to distin- 
guish the few Ngbandi masks from those of the Ngbaka.

(P.Wa./J.Pi.)

EAST AFRICA
Southern Republic of The Sudan. Agriculture and cattle 

raising are widespread in this part of The Sudan, though 
the former is often despised and is engaged in with great 
reluctance. Among peoples such as the Nuer and Dinka, 
cattle are a source of aesthetic satisfaction. The prize ox 

Schematic could indeed be regarded as their sculpture. 
wood There is little scope for differentiating local styles of sur-
carving viving wood carvings, all of which are highly schematic in

form. Some of the larger ones, three feet or more in height, 
are attributed to the Bongo and appear on the graves of 
important people. The Bongo also made smaller figures, 
used in murder trials to identify criminals by oracular 
divination. Other peoples, especially the Bari, also made 
figures, of uncertain significance.
The Shilluk made life-size representations of their first 

king, Nyikang; clay figurines of bulls; clay pipe bowls and 
figurines in hyena form; and masks, typicälly fashioned of 
a piece of gourd with applied facial features made of cattle 
düng and fishbone teeth.

Some peoples decorate their houses with wall paint- 
ings and reliefs; the Bunin, for example, paint animal 
murals reminiscent of rock paintings. The Nuba make 
mural paintings and fine pottery of clay or cow düng, 
sometimes embellished with finely painted geometrie pat- 
terns. The southeast Nuba are particularly famous for the 
body painting of their young men (see Figure 37). Artis­
tic taste appears in weapons, such as throwing knives, 
and in domestic Utensils, elaborate coiffures, and personal 
Ornaments.
Horn of Africa. The Amhara people of Ethiopia have 

inherited a Christian art and architecture with its roots in 
Coptic and Byzantine traditions. The Somali, on the other 
hand, are Muslim, with rieh traditions of decorative art.

The Konso and other peoples of Southern Ethiopia 
carve wooden tomb posts about six feet, six inches high Wooden 
surmounted by carved heads and shoulders, representing tomb posts 
deceased nobles or warriors. The Arusi, also of Southern 
Ethiopia, make tombstones of like height, ornamented 
with engravings filled in with red or black, sometimes 
showing the deceased in rough relief. Similarly shaped 
gravestones occur in Somalia, sometimes plain, sometimes 
adorned with decoration.
The pastoral way of life of the people of this area affects 

the applied arts; for example, pottery is less used than 
wood (see Figure 34) or coiled basketry for making con­
tainers and dishes for food and liquids. Baskets may be 
waterproofed and are often pattemed in many colours and 
ornamented with cowrie Shells and leather bands. Weav­
ing and leatherwerk sometimes reach a high Standard; 
handsome jewelry is made from silver and amber; wooden

Figure 31: Luba ch ie f’s stool by the Master of Buli, Buli “long-face 
style,” wood, Luba cultural area. In the Musée Royal de l’Afrique 
Centrale, Tervuren, Belg. Height 53.3 cm.
By courtesy of the Musee Royal de l’Afrique Centrale, Tervuren, Belg.
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Figure 32: Lega carved ivory figure, 
Zaire. In the Carlo Monzino Collection. 
Height 14.5 cm.
Mario Carrieri

spoons and combs may be elaborately carved. The Somali 
have circular shields that are made of antelope hide and 
have embossed designs; and their swords, daggers, and 
spears combine utility with artistry.
Region of Lakes Victoria and Tanganyika. A pottery 

head and torso from Luzira in Uganda (now in the British 
Museum) is generally regarded as the oldest work of art 
known from this region, though its age is in fact unknown. 
Surviving from the treasure of Chief Rumanika of the 
Karagwe (on the western shore of Lake Victoria), seen by 
the explorer Henry Morton Stanley in 1876, are wrought- 
iron figures of two bulls and an eland, a bird of copper 
foil, and other metal objects that may have formed part 
of the chief’s regalia. Compared to copper and its alloys, 
iron is little used as an art medium in Africa, and these 
iron figures are the only such known from East Africa.

The Kerewe of Ukerewe Island in Lake Victoria carved 
large wooden figures, about three feet high, which appear 
to have been effigies of deceased chiefs. Other examples of 
wood sculpture, including figures and masks, are known, 
some showing possible influences from the Luba of Zaire. 
In general, however, this is an area in which other artistic 
mediums clearly dominate.

Decorative The peoples around Lake Victoria, notably the Ganda 
arts among and Tutsi, have brought the decorative arts to a high 
the Ganda peak of excellence. Mats and sereens used on house walls 
and Tutsi are twill plaited or sewn in patterns of black against a 

pale, straw-coloured ground. Fine baskets, with a variety 
of motifs in the same colours, come from the same area, 
as well as fine black pottery bumished to a high lustre. 
The domestic equipment is made in great variety and is 
of high artistic merit. Also made are shields, painted or 
straw-covered and pattemed in black or natural colour. 
Bark cloth robes are printed or painted in black on a rust­
red ground colour.

Coastal East Africa. The area of the Eastern Bantu 
covers Kenya and part of Tanzania, including the Swahili 
coast. The trade between East Africa, Arabia, and India 
in the past 1,000 years has had some effect on the dec­
orative art traditions of the region. Swahili art includes 
wood carving (especially of doors), silversmithing and 
other metalworking, and finely plaited polychrome mats. 
Farther inland, direct Arab cultural contact is less obvious. 
Like the Konso, the Giryama of Kenya produced grave

posts surmounted by schematic heads. Notable among the 
remaining peoples who produce sculpture are the Kamba, 
who have spontaneously developed a style of wood carv­
ing, embellished with coiled-wire jewelry omament, now 
sold in gift shops; formerly their art was applied to engrav- 
ing gourds and inlaying stools with coiled-wire patterns.

Clay figures were made throughout the region for a vari­
ety of purposes, including initiation ceremonies at which 
they had the didactic role of visual aids in traditional 
education. Murals occur on the mud walls of houses— 
sometimes decorative, sometimes for ritual and magical 
purposes. Pottery is normally simple in form and dec­
oration; gourds ornamented with engravings or covered 
with beadwork are widespread. Stools may be elaborately 
made, as by the Kamba; shields painted with distinctive 
polychrome designs occur especially among the Kikuyu 
and Masai. Traders’ beads and coiled brass or iron wire 
are the raw materials for elaborate personal omaments in 
a variety of designs and colour combinations.

SOUTHERN AFRICA
Makonde. The Makonde, living on either side of the 

Tanzania-Mozambique border, are the most prolific wood- 
carvers in the area. Masks are more numerous than figures 
and may be face masks, wom only over the face, or hel- 
met masks, worn over the entire head. Makonde carvers 
have also developed a new style of spirit-figure carving in 
ebony (not a wood that is used traditionally).

Mbunda and others. In Zambia the Mbunda, Luvale, 
and Chokwe make masks; those of the former are made 
of wood, and those of the latter two are made of painted 
coarse bark cloth on a wicker frame. Each type is wom 
with a netted string costume or a fibre skirt. As with the 
Makonde, the masks may be wom at makishi dances (held 
at the new moon), in initiation ceremonies, or for public 
entertainments.

Small figure carvings are made in Zambia, mostly in 
the west. Decoratively carved food dishes, stools, head- 
rests, mbira lamellaphones, and snuff bottles come from 
Zambia, Malawi, and Zimbabwe, together with distinctive 
baskets and clay pipe bowls carved in animal form, excel­
lent pottery, and fine brass, copper, and aluminum wire 
intricately wound and plaited to embellish ax handles, 
hilts and sheaths, and snuff bottles.

Southern Bantu. The Zulu and related peoples of the 
Southern Bantu made wooden figures that are mostly 
undistinguished and may have been executed under Eu­
ropean influence. Attractive small clay models of cattle, 
made by children, occur here, as they do through much 
of eastern and Southern Africa. Much artistic feeling is 
revealed in such decorative arts as basketry, pottery, the 
carving of wooden vessels, stools and headrests, ceremo-
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By courtesy of The British Library, London

Figure 33: Full-page illustration of St. George, from a 
17th-century Ethiopian manuscript of the Four Gospels. In the 
British Library, London (Oriental MS. 516, fol. 99v).
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Figure 34: Issa wood milk pot, Somali. The 
vessel was first blackened and then carved 
in low relief. In the Musée de l’Homme, Paris.
Height 50 cm.
By courtesy of the Musee de l'Homme, Paris

nial weapons, spoons, pipes, and personal Ornaments con- 
sisting of beadwork in great variety. The Ndebele of the 
Transvaal not only paint the walls of their houses, which 
is customary, but also decorate their enclosure walls in a 
variety of coloured geometrie patterns (see Figure 14).

(Ma.A.C./J.Pi.)

vSS5.S£a.a &LB. &&

POTTERY
Most peoples of sub-Saharan Africa use pottery, many 
making it themselves. Today, although traditions of pot- 
tery-making survive in many rural areas, town dwellers 
Switching from firewood to other sources of fuel are also 
tuming to industrially manufactured wares. The prein- 
dustrial traditions involve the molding of fairly coarse- 
textured clay by hand, either building the clay up in rings 
or by some Variation of the hammer-and-anvil techniques 
found in preindustrial technologies worldwide. The pots 
so formed are then fired in open bonfires at a relatively 
low temperature. The variety of form and design is al­
most endless.

Pottery techniques are also used in a few places for 
sculpture, as, for example, in the grave memorials of the

Ashanti in Ghana; they are also presumed to have been 
the means used to form the pottery sculptures of antiq­
uity, such as those of Ife and Nok, in Nigeria, and of 
Djénné and Mopti, in Mali. In most modern cases, potters 
are women.

TEXTILES
In both East and West Africa, cloth traditionally was 
woven of locally grown and hand-spun cotton. In West 
Africa today most cotton is factory-spun (producing a 
more regulär and easier-to-weave fibre), while in East 
Africa weaving traditions have virtually disappeared in 
the face of competition from ready-made fabrics. Woolen 
yarn is woven in rural Berber areas of North Africa and 
by Fulani weavers of the inland Niger delta region of West 
Africa. Silk is also woven in West Africa. Hausa, Nupe, 
and Yoruba weavers in Nigeria use a locally gathered wild 
silk; Ashanti and Ewe weavers in Southern Ghana use 
imported silk, a practice begun by Ashanti weavers unrav- 
eling imported fabrics in the 17th Century. Fibres prepared 
from the leaves of the raffia palm are woven into cloth 
principally in Central Africa, especially Zaire, though also 
in parts of West Africa.
Throughout most of the continent men are the weavers, 

though in some areas (Nigeria, The Sudan) women also 
weave. If in any place both sexes weave, each uses a 
different type of loom. The looms are of two basic types, 
according to whether one or both sets of warp (the lengths 
of yarn mounted on the loom) are leashed to a heddle. 
Each type has more than one version, especially the single- 
heddle, of which there are various upright and horizontal 
versions in different regions of Africa.

Textiles are designed either as part of the weaving pro- 
cess—in which case colour, texture, and weave structure 
are significant—or by a range of techniques employed on 
the already woven cloth.

Weaving the yarn. The cultures that have developed 
the greatest skill and Creative variety in woven design are 
undoubtedly the Ashanti and Ewe, with the Fulani and 
other weavers of the middle Niger, on each side of Tim­
huktu, following closely in expertise. Three types of woven 
pattern are common: In the first, yarn of different colours 
is used for the warp, creating stripes along the length of 
the cloth. The variety of patterns is almost infinite; most 
are decorative embellishments of what would otherwise 
be a plain, naturally coloured textile, but certain patterns 
can have additional significance, indicating, for example, 
a corpse, a rieh person, or a girl about to be married. This 
kind of patteming is most developed in West Africa.

In the second type of pattem, the loom is set up in such 
a way as to allow the weft (the yam interwoven with the 
warp) to predominate in the finished cloth, so that the use 
of different colours gives patterns across the width of the 
cloth. This type of patterning is typical of North African 
and of certain types of West African cloth. The third type 
of patteming employs an extra weft. This second yam is 
woven in a different way from the basic weft, using a

By courtesy of the Tropenmuseum, Amsterdam
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Figure 35: Hausa man’s embroidered robe, Nigeria. In the Tropenmuseum, Amsterdam.
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Dyeing

Figure 36: D e c o ra te d  w o v e n  c lo th .
(Left) Fon appliqué banner representing a lion hunt, Dahomey. In the 
Museum voor Land- en Volkenkunde, Rotterdam. (Right) Kuba raffia 
pile cloth, Kuba cultural area. In the Hampton Institute, Virginia.
By courtesy of (left) the Museum voor Land- en Volkenkunde, Rotterdam;
Photograph, Frank Willett

technique known as float weaving. This type of pattem is 
also common in West Africa.
A further design element is provided by the unusual way 

in which the double-heddle loom has evolved in West 
Africa. The construction of the loom is so narrow that it 
weaves strips of cloth of considerable length; these strips 
are then sewn together edge to edge to make the finished 
textile. (The strips range from half an inch in one tradition 
of Hausa weaving to less than a yard in another: cloth 
about four inches wide is typical of much of West Africa.) 
This process can create a repeated pattem of stripes or a 
juxtaposition of varied patterns.

Embellishing the woven cloth. The most widespread 
technique of embellishing already woven cloth is dyeing— 
particularly with indigo but also with other dye colours, 
all of which are obtained from local vegetable and mineral 
sources as well as in ready-made, industrially produced 
form. Another pattern-making technique is known as re- 
sist-dyeing, in which parts of the cloth to be embellished 
are either tied, stitched, or painted with starch to prevent 
the dye’s colouring those parts. Women of the Soninke 
(Senegal), Guro and Baule (Cote d’Ivoire), and Yomba 
peoples have developed contrasting styles in the use of 
this technique.
Other techniques of embellishing woven cloth are em­

broidery and appliqué. Embroidery is especially common 
in two areas. In the first, the savanna Stretching across 
West Africa, male embroiderers give pattem to the wide- 
sleeved gowns (historically of Saharan origin) typical of 
that region. The embroidery of the Hausa (see Figure 
35) and Nupe are the best-known examples. In the sec­
ond area, Zaire, women of the Kuba people in particular 
embroider raffia cloth dyed and woven in complicated 
geometrie motifs (see Figure 36, right). Appliqué, mostly 
for flags, banners, and tent hangings, is practiced mostly 
along the Nile and in the savanna region immediately 
south of the Sahara. It often takes the form of Islämic 
texts cut out in cloth of one colour and sewn to cloth 
of a contrasting colour. An exception to this practice was 
the Fon Kingdom of Dahomey (present-day Benin), in 
which banners displayed the attributes of successive kings 
(see Figure 36, left). In many places appliqué is presently 
employed in the preparation of masquerade costumes. A 
related technique is the stitching of glass beads onto a 
cloth backing, for example, to make royal regalia and 
sometimes other ceremonial objects. Those practicing this 
technique are the Yomba and the Kuba and the various 
peoples of the Cameroon grasslands.

Other fabrics. Textiles are not traditionally woven 
throughout sub-Saharan Africa; in some areas other fab­
rics are used. The stitching of beads to hide is found

among some peoples of East and southem Africa—as, for 
example, in the clothing of Masai women in Kenya. Ani­
mal hides are also treated to produce leather, the working 
of which is an art associated with many of the Islämic 
peoples south of the Sahara (for example, the Tuareg 
and the Hausa), each with its distinctive style. In Uganda 
bark cloth is prepared by felting and dyeing certain tree 
barks, which are often then painted or stenciled. The use 
of vegetable fibres for matting and basketry is universal 
throughout this region, with particular peoples noted for 
their styles of pattern and design.

PERSONAL DECORATION
The adornment of the human body involves all aspects of 
the arts as practiced in Africa. The body may be altered 
in ways that are permanent, especially by scarification, 
or the cutting of scars. Among the Yomba, scarification 
indicates lineage affiliation. Among Nuba women in The 
Sudan, it is sometimes a mark of physiological status: 
patterns indicate such stages as the onset of menstmation 
and the birth of the first child. Sometimes the body is 
scarified for the aesthetic value of the patterns, as among 
the Tiv of Nigeria.
The body may be altered in ways that are semipermanent, 

in the sense that a person is not normally seen in public 
without certain effects, although they can be removed or 
adjusted in private. Royal regalia are an example, as are 
the heavily beaded Ornaments wom by Masai women. 
The body may also be altered in ways that are essentially

James C. Faris

Figure 37: Facial and body design on a young Nuba 
man, The Sudan.
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ephemeral. For example, some young Nuba men celebrate 
their youthful vigour in extensive body painting (see Fig- 
ure 37). Hairdressing is done sometimes for its aesthetic 
value (as among the Yoruba), sometimes to signal age 
status (East African pastoral peoples such as the Pokot 
and Samburu). Perhaps the most striking example of body 
decoration is that of the pastoral Fulani of Nigeria. It 
reaches its height in the annual gerewol, a beauty con- 
test between men whose faces are painted and who wear 
metal bracelets, bead necklaces, and head omaments. The 
women regularly wear elaborate hairstyles (often featuring 
golden rings around separate locks of hair), together with 
a profusion of jewelry. The varieties of dress and jewelry 
found throughout the continent are invariably matters of 
aesthetic concern whatever social puiposes may also be 
served.

PAINTING
Painting in some form or another is found throughout 
most of the sub-Saharan region. Besides the paintings and 
engravings on rock surfaces (see below) and the many 
traditions of body painting, there are the painting and 
decorating of houses and other buildings. In any given 
area numerous art forms may exist, often as completely 
independent traditions with little obvious relationship to 
one another in style or content. The purposes fulfilled are 
equally varied, as seen in personal decoration. Other forms 
of graphic design are noteworthy as well: the most obvi­
ous is calabash (or gourd) decoration, notable traditions

Figure 38: R o c k  p a in t in g  a n d  e n g ra v in g  in  the  S a h a ra .
(Top) Painting of herdsmen and cattle, Sefar; Tassili-n-Ajjer,
Algeria; Cattle period. (Left) Engraving of an elephant;
Bardaï, Chad; either Bubalus or Cattle period.
Height 20.3 cm.
(Top) J.D. Lajoux, (bottom) Emil Schulthess— Black Star

of which exist among the Fulani and in Kenya among 
the Kamba.

There is also the painting of sculpture, whether masks 
or other forms. Sometimes this is the final stage of the 
work of the carver, but, as often as not, sculptures are 
painted and repainted by their owners. For example, mask 
headpieces among the Kalabari Ijo of Nigeria provide a 
temporary embodiment of spirits, and the painting of the 
masks before each performance is part of the ritual by
--- ---------------------------------- ----- ------- am c a i i s  u i  w ii iu i i  m e  a y i i i i a  a i c  s t i i i i i i i u i i c u .
Paintings and engravings on the surfaces of rocks are 

found extensively in the Sahara and in Southern Africa. 
The Saharan works were evidently done by successive 
populations, as is indicated by the different styles and 
subject matter. Most of the Southern African work was 
probably done by ancestors of the San (Bushmen), the 
hunter-gatherer peoples of the region. (J.Pi.)
The Sahara. The earliest known African rock art con- 

sists of more than 30,000 engravings and paintings on 
rocks in the Sahara. At the time most of these works were 
executed (from about the beginning of the 5th millennium 
bc into the 2nd), the area was open savanna, supporting 
animals no longer found in the desert but represented in 
the art. Representation of the changing fauna makes it 
possible to divide the art into a succession of periods, the 
divisions being confirmed by changes in style and in the 
economy and artifacts possessed by the artists.

The earliest engravings (in Southern Oran and in Tassili- 
n-Ajjer, Algeria, and in Fezzan, Libya) reflect a hunting 
economy and represent such wild animals as the extinct 
buffalo Homoioceras antiquus (formerly called Bubalus, 
hence the name Bubalus period assigned to these earli­
est engravings), the elephant, rhinoceros, hippopotamus, 
giraffe, ostrich, and large antelope (see Figure 38, left). 
The human figures are armed with clubs, throwing-sticks, 
axes, and bows.

Carbon-14 dating indicates that there was human occu- 
pation (if not drawing) in Tassili-n-Ajjer from the mid-6th 
millennium b c . Paintings seem to begin a little later than 
the engravings. These paintings, in which some 30 styles 
have been distinguished, often represent men and women 
with globular heads or apparently wearing masks.

There follows, both in painting and in engraving, the 
Cattle period, in which the depiction of domestic cattle 
indicates that pastoralism had by then become the basis 
for human life. The bow is the principal weapon. Bones 
of domestic cattle and of Homoioceras were found to­
gether in a deposit dated by carbon-14 to the mid-4th
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millennium b c , thus dating this transitional phase of the 
art. The style of engraving is less naturalistic than in the 
Bubalus period, the poses stiffer; in contrast, the paintings 
are more naturalistic, with compositions and a sense of 
space if not strictly of perspective (see Figure 38, top). The 
Cattle period ended with the introduction of the horse 
about 1200 b c .

The Horse period is divided into three sub-periods. The 
first is the Chariot sub-period, in which the elephant was 
the only pachyderm still depicted, cattle continued to be 
represented, and mouflons, or wild sheep, and domesti- 
cated dogs appeared. The earliest chariots were carefully 
rendered with a single shaft and a horse on each side; 
later chariots consist only of a shaft with two wheels, 
and human figures are reduced to two isosceles triangles 
set apex to apex. Spears and shields are introduced and, 
later, daggers. The distribution of these representations of 
chariots conforms remarkably to the trans-Saharan trade 
routes of the more recent past and can be seen as the 
earliest evidence of them. The Horseman sub-period re- 
flects a change from horse driving to horse riding, though 
chariots continue. Next, the camel was introduced, pos- 
sibly as early as 700 bc and certainly by Roman times, 
producing the Horse and Camel sub-period. Cattle had 
now become very rare.
Because continuing desiccation led to restricted distri­

bution of the horse (represented mainly in Mauritania), 
the Camel period reflects only present-day fauna: camel, 
antelope, oryx, gazelle, mouflon, ostrich, humped cattle, 
and goat. At first the spear was the only weapon depicted, 
but later the sword and firearms, weapons that are still in 
use, were added. The style is highly schematic. The Camel 
period has continued up to the present time, for their

Figure 39: S a n  r o c k  p a in t in g  a n d  e n g ra v in g  in  
S o u th  A fr ic a .

(Top) Bichrome painting of hunters and animals, 
near Harrismith, Orange Free State.
(Left) Engraving of a rhinoceros, 
southwestern Transvaal.
By courtesy of (bottom) A R Willcox, photograph, (top) Jean Vertut,
France

owners, in some cases the nomadic Tuareg, still paint and 
engrave on rocks, as well as on the occasional truck or 
airplane, representations of camels in the Sahara.

(F.Wi./J.Pi.)
Southern Africa. In Southern Africa, rock paintings and 

engravings occur in abundance (see Figure 39). Most sur- 
viving paintings were probably made during the last two 
millennia. The tradition seems to be much older, but no 
Southern African site with either paintings or engravings 
has been satisfactorily dated to before the time of Christ. 
The San were still making such paintings in the 19th Cen­
tury, but some of the surviving examples may be the work 
of Khoikhoin (Hottentots) and Bantu-speakers. The way of 
life represented is mainly that of Neolithic, or New Stone 
Age, hunters (which is also more or less the way of life of 
the San), living off a fauna that has not changed in the area 
since the middle of the Late Pleistocene Epoch. Many of

By courtesy of the Ethnographical Collection of the University of Zürich

Figure 40: San ostrich-eggshell drinking vessel 
with incised designs and a necklace of the same 
material. From Lüderitz, South West Africa/Namibia. 
In the Ethnographical Collection of the University of 
Zürich. Height of vessel 14.9 cm.
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the paintings depict a peaceful existence; others, perhaps 
from the 17th Century onward, reveal the pressures created 
by incoming Bantu and Europeans, with scenes of cattle 
raiding and subsequent fighting between groups (which 
are recognizable by their stature, dress, and weapons).
The paintings are in three main styles: monochrome, 

bichrome, and polychrome. The last style has a restricted 
distribution in the southeast of Southern Africa, an area to 
which the eastem San were confined by incoming Bantu 
in the early 17th Century; yet works in this style are the 
finest achievements of the art, showing foreshortening and 
carefully composed groups. Ostrich eggshells (see Figure 
40), engraved with linear patterns, are the only recent 
graphic art form produced by the San, who discontinued 
rock painting and rock engraving during the 19th Century.

(F.Wi./Ma.A.C./J.Pi.)
BIBLIOGRAPHY. No attempt has been made in the literature 
to bring together the arts of Africa as a whole. There is only one 
journal expressly devoted to all the arts of Africa, African Arts 
(quarterly), and even this concentrates primarily on the visual 
arts and secondarily on the dramatic context of many visual 
forms. It is, nevertheless, invaluable as a guide to research, ex- 
hibitions, and publications, and it is extremely well illustrated. 
Otherwise information about the arts has to be culled from 
a variety of journals concerned either with African studies as 
a whole—Africa (monthly); Journal o f African History (quar­
terly); Odu (semiannual), mainiy Nigerian in content—or with 
part of the continent only—Nigeria Magazine (irregulär); Su­
dan Notes and Records (annual)—or from journals devoted to a 
discipline—Journal for Ethnomusicology (3/year); Yearbook for 
Traditional Music (annual); Objets et Mondes (quarterly); Man 
(quarterly); and Research in African Literatures (quarterly).

(J.Pi.)
Literature and theatre: (Oral traditions)'. The single most 

authoritative work on oral literature is still the full and lu- 
cid work by ruth finnegan, Oral Literature in Africa (1970, 
reissued 1976), covering all the major genres (except epic) and 
discussing social context, function, and the aesthetic qualities 
of a wide variety of oral art forms. There are two scholarly 
bibliographies on oral literatures: Veronika görög, Littéra- 
ture orale dAfrique noire: Bibliographie analytique (1981); and 
Harold scheub, African Oral Narratives, Proverbs, Riddles, 
Poetry, and Song (1977). A handbook providing extensive 
annotated bibliographies on written and (to a lesser extent) 
oral African literatures is hans m . zell, carol bu nd y , and 
Virginia couLON (eds.), A New Reader’s Guide to African Lit­
erature, 2nd rev. and expanded ed. (1983).
The following works cover and analyze some of the best and 

most representative collections of oral art forms from many 
parts of Africa: uchegbulam n . abalogu, garba ashiwaju, 
and Regina amadi-tshiwala, Oral Poetry in Nigeria (1981), 
containing articles on a number of different oral genres in 
Contemporary Nigeria; b.w. andrzejewski and i.m . lewis, So­
mali Poetry: An Introduction (1964), a detailed and author­
itative account of the main genres and their social context 
by a linguist and a sociologist; ulli beier (comp, and ed.), 
Yoruba Poetry: An Anthology o f Traditional Poems (1970), a 
good introduction to the rieh and complex Yoruba oral tra­
ditions; james Stuart (comp.), Izibongo: Zulu Praise-Poems 
(1968), long poems to kings and chiefs, rieh in imagery and 
allusions, with a discussion of their form, function, and social 
context; a . coupez and th . kamanzi, Littérature de cour 
au Rwanda (1970), analysis and texts of the royal poetry 
of the kings of Rwanda and accounts of the poets respon- 
sible for them; pierre smith (ed.), Le Rédt populaire au 
Rwanda (1975), 30 populär tales from Rwanda that inter­
pret the history of the region in a different way from the 
royal praises; m . damane and p.b. sanders (eds. and trans.), 
Lithoko: Sotho Praise-Poems (1974), an authoritative anthol­
ogy of praise poems of Basotho chiefs, covering 200 years; 
Francis MADiNG DENG, The Dinka and Their Songs (1973), 
a careful account of the performed poetry of the Dinka peo- 
ple of The Sudan; ruth finnegan (comp, and trans.), Limba 
Stories and Story-Telling (1967, reprinted 1981), stories from 
the Limba of Sierra Leone, with attention to the Creative role 
of individual narrators; Veronika görög-karady , Noirs et 
blancs: Leur Image dans la littérature orale africaine: Étude- 
anthologie (1976), an analysis of a large number of tales 
exploring the different perceptions of the relations between 
races that the stories reveal; olatunde o. olatunji, Features 
of Yoruba Oral Poetry (1984), a full account of the oral genres 
from the point of view of Yoruba poetics; denise paulme, La 
Mére dévorante: Essai sur le morphologie des contes africains
(1976), essays that discuss the social role of the tale and an­
alyze eight archetypal African tales; jeff opland , Xhosa Oral 
Poetry: Aspects o f a Black South African Tradition (1983), an

analysis primarily of Xhosa praise poetry and poets, incorpo- 
rating discussion of the interplay of print, literacy, and orality; 
and Harold scheub, The Xhosa Ntsomi (1975), an important 
collection of Xhosa and Zulu stories with an emphasis on the 
Creative role of the storyteller.
CModern literatures in European languages): The two füllest

bibliographies are janheinz jahn and claus peter dressler, 
Bibliography of Creative African Writing (1971, reprinted 1975), 
a list of more than 2,800 books, plays, articles, and anthologies, 
including works in African languages; and bernth lindfors, 
Black African Literature in English: A Guide to Information 
Sources (1979), a list of more than 3,300 critical books and 
essays on more than 400 African authors, complemented by a 
1977—81 Supplement (1986), with an additional 2,800 entries. 
An excellent collection of criticism is albert s. Gérard (ed.), 
European-Language Writing in Sub-Saharan Africa, 2 vol. 
(1986).
Anthologies include chinua achebe and c.l. innes (eds.), 

African Short Stories (1985), stories by major figures such as 
Ngugi and Ousmane but also containing new writers’ work; 
Mario de ANDRADE (ed.), Antologia da Poesia Negra de Ex- 
pressäo Portuguesa, prefaced by his essay “Cultura Negro- 
Africana e Assimilacäo” (1958, reprinted 1970); gerald moore 
and ulli beier (eds.), Modern Poetry from Africa, rev. ed. 
(1966, reprinted 1978); jacques chevrier (ed.), Anthologie 
africaine d’expression frangaise, vol. 1, Le Roman et la nou­
velle (1981), prose writing from Francophone Africa, includ­
ing established and new writers and organized thematically; 
Stephen gray (ed.), The Penguin Book o f Southern African 
Short Stories (1985, reprinted 1986), a representative selec- 
tion with translations from Afrikaans and Zulu; mbulelo 
vizikhungo mzamane (ed.), Hungry Flames: And Other Black 
South African Short Stories (1986), short stories by black 
South African writers with an introduction by Mzamane; 
AGOSTiNHO NETO, Sacred Hope (1974; originally published in 
Portuguese, 1974), collected poems depicting the struggle for 
independence; john reed and clive wake (comps.), French 
African Verse (1972), poems presented chronologically with 
parallel French-English texts; k.e. senanu and t. vincent 
(comps.), A Selection o f African Poetry (1976), a wide selec- 
tion, including some oral poetry, with excellent commentary; 
L.s. senghor (ed.), Anthologie de la nouvelle poésie nègre et 
malgache de langue frangaise (1948, reprinted 1985); Présence 
Africaine, vol. 57 (1966), also called Nouvelle Somme de poé­
sie du monde noir, an anthology of poetry by black writers, 
including Afncans; wole soyinka (ed.), Poems of Black Africa 
(1975), a wide-ranging thematic anthology compiled by one 
of Africa’s major writers; and Michael wolfers (comp, and 
trans.), Poems from Angola (1979).

Critical works on writing in French include dorothy s. blair, 
African Literature in French: A History o f Creative Writing in 
French from West and Equatorial Africa (1976), an authorita­
tive and thorough coverage of the literature, and Senegalese 
Literature: A Critical History (1984); jacques chevrier, Lit­
térature nègre: Afrique, Antilles, Madagascar, 3rd ed. rev. and 
updated (1979, reissued 1984), with chapters on poetry, the 
novel, and the theatre, and discussing the writers Senghor, Cé- 
saire, Jacques Rabemananjara, and Frantz Fanon; mohamadou
k. KANE, Roman africain et traditions (1982), an examination 
of the major novelists with attention to social and cultural 
contexts; lilyan kesteloot, Black Writers in French: A Liter- 
ary History o f Negritude (1974; originally published in French, 
1963), a detailed account of the major writers of the Negritude 
school; and locha mateso, Littérature africaine et sa critique 
(1986), which argues for a critical approach that accepts an 
African worldview.
Critical works on writings in Portuguese include donald bur- 

ness, Fire: Six Writers from Angola, Mozambique, and Cape 
Verde (1977), a study of Neto, Luandino Vieira, Geraldo Bessa 
Victor, Märio Antonio, Baltasar Lopes, and Honwana, with 
frequent comparisons between Lusophone, Francophone, and 
Anglophone writing, and Critical Perspectives on Lusophone 
Literature from Africa (1981), 22 essays in English and Por­
tuguese on Lusophone African literature; russell g. hamilton, 
Voices from an Empire: A History o f Afro-Portuguese Litera­
ture (1975); gerald M. moser, Essays in Portuguese-African 
Literature (1969), the first major work in English on Luso­
phone African writing; and fernando augusto albuquerque 
mouräo, A Sociedade Angolana Através da Literatura (1978), 
on literary life in Luanda over more than a Century and on the 
novelist Castro Soromenho.
Critical works on writings in English include ulli beier (ed.), 

Introduction to African Literature: An Anthology of Critical 
Writing, new ed. (1979), still an important collection, with 
seminal essays on Yoruba and Hausa oral literature and on 
Francophone, Lusophone, and Anglophone writing; Michael 
chapman (ed.), Soweto Poetry (1982), a collection of reviews, 
interviews, and critical essays on the black South African poets



African Arts 165

o f the 1970s; david cook, African Literature: A Critical View
(1977) , which discusses the links and contrasts between English 
and African literatures, with studies of Achebe and other key 
African writers; o.r. dathorne, The Black Mind: A History of 
African Literature (1974), a broad survey of major Contempo­
rary writers and discussion of oral art, early written literature, 
and work in African languages; georg m. gugelberger (ed.), 
Marxism and African Literature (1985), important essays on 
major writers such as Ngugi and on new developments in 
African literary criticism; Christopher heywood (ed.), Aspects 
of South African Literature (1976), valuable papers from a 
critical and historical perspective, including contributions from 
Nadine Gordimer, Mtshali, and Alan Paton; abiola irele, The 
African Experience in Literature and Ideology (1981), critical 
wide-ranging essays by a distinguished Nigerian critic; and 
BERNTH LiNDFORs (ed.), Critical Perspectives on Nigerian Lit­
eratures (1976, reissued 1979), essays on oral literatures in the 
Hausa, Yoruba, and Igbo languages and on the major Nigerian 
authors. oladele taiwo, Female Novelists o f Modern Africa 
(1985); and eldred durosimi jones, Women in African Liter­
ature Today: A Review (1987), explore a topic largely ignored 
in earlier criticism. See also g .d . killam (ed.), The Writing of 
East and Central Africa (1984); and bernth lindfors, Early 
Nigerian Literature (1982).
{Literatures in African languages): Two indispensable gen­

eral references are albert s. Gérard, African Language Liter­
atures: An Introduction to the Literary History o f Sub-Saharan 
Africa (1981); and b.w. andrzejewski, s. pilaszewicz, and w. 
tyloch (eds.), Literatures in African Languages: Theoretical Is­
sues and Sample Surveys (1985), containing essays on literature 
in more than 15 different languages, especially Yoruba, Hausa, 
Amharic, Somali, and Swahili. Also informative is Review of 
National Literatures, vol. 2, no. 2 (Fall 1971), a special issue 
devoted to black African literatures.
Writings on specific language literatures include adeboye 

babalola, “A Survey of Modern Literature in the Yoruba, 
Efik and Hausa Languages,” in bruce king (ed.), Introduction 
to Nigerian Literature (1971), pp. 50-63; pierre comba, “Le 
Roman dans la littérature éthiopienne de langue amharique,” 
Journal o f Semitic Studies, 9(1): 173-186 (1964); albert s. Gé­
rard, Four African Literatures: Xhosa, Sotho, Zulu, Amharic 
(1971), including a critical study and literary history of 
Amharic; paul e. huntsberger (comp.), Highland Mosaic: A 
Critical Anthology o f Ethiopian Literature in English (1973), 
extracts from ancient and modem Ethiopian literature with a 
critical overview; thomas leiper kane, Ethiopian Literature 
in Amharic (1975), an indispensable introduction to the litera­
ture; Margaret LAURENCE (comp.), A Tree for Poverty: Somali 
Poetry and Prose (1954, reissued 1970); j.w.t. allen (comp. 
and trans.), Tendi: Six Examples o f a Swahili Classical Verse 
Form (1971); lyndon harries (ed. and trans.), Swahili Poetry 
(1962), a descriptive survey outlining the themes and forms 
of early Swahili poetry; jan knappert (comp.), Four Swahili 
Epics (1964), and Four Centuries of Swahili Verse: A Literary 
History and Anthology (1979), a scholarly account covering 
verse in manuscripts and oral traditions; rajmund ohly, Ag­
gressive Prose: A Case Study in Kiswahili Prose of the Seventies 
(1975); g . Fortune (ed.), African Languages in Schools (1964), 
containing a number of papers on Shona prose and poetry, 
and “75 Years of Writing in Shona,” Zambezia, l(l):55-67 
(January 1969); rudo gaidzanwa, Images o f Women in Zim- 
babwean Literature (1985), an analysis of women in books 
in Shona, Ndebele, and English; Zimbabwe: Prose and Poetry 
(1974, reprinted 1979), a collection of Shona prose and poetry 
in translation, including a translation of the short historical 
novel Feso by Mutswairo; george p. kahari, Aspects of the 
Shona Novel and Other Related Genres (1986), a comprehen- 
sive survey of Shona prose writing to date; abraham kriel, 
An African Horizon (1971), a discussion of the ethical and 
philosophical significance of a number of Shona novels; a.c. 
jordan, Towards an African Literature: The Emergence of Lit­
erary Form in Xhosa (1973), 12 authoritative essays on oral and 
written Xhosa literature; and b.w. vilakazi, “The Conception 
and Development of Poetry in Zulu,” Bantu Studies, 12:105- 
134 (1938, reprinted 1968), a pioneering critical essay on oral 
and written Zulu poetry.
{African theatre): Studies on contemporary African drama

and on theatre in African languages include b.w. andrze­
jewski, “Modem and Traditional Aspects of Somali Drama,” 
in richard m. dorson (ed.), Folklore in the Modern World
(1978) , pp. 87-101; Michael etherton, The Development o f 
African Drama (1982), which analyzes the literary and tradi­
tional roots of African drama from East and West Africa and 
draws on a wide range of plays; biodun jeyifo, The Truthful 
Lie: Essays in a Sociology o f African Drama (1985), a work 
setting plays by such diverse figures as Soyinka and Fugard in 
their sociological context and including an essay on the social 
and dramatic significance of Yoruba populär theatre; eldred

durosimi jones, The Writings o f Wole Soyinka, rev. ed. (1983), 
a major critical introduction to Soyinka’s drama; robert 
mshengu kavanagh , Theatre and Cultural Struggle in South 
Africa (1985), a stimulating study of the cultural and political 
context of South African drama by Gibson Kente and other 
black South African playwrights and including plays by Fugard, 
Ntshona, and Kani; oyin ogunba and abiola irele (eds.), 
Theatre in Africa (1976, reprinted 1978), a collection of 10 
essays on traditional and modern drama in Africa; yeni ogun- 
biyi (ed.), Drama and Theatre in Nigeria: A Critical Source 
Book (1981), an excellent survey and overview of Nigerian 
theatre, both traditional and modern; bakary traoré, The 
Black African Theatre and lts Social Functions (1972; originally 
published in French, 1958), focusing on a particular variety of 
theatre in traditional societies in former French colonies and 
covering the plays of Keita Fodeba; and harold a . waters, 
Black Theatre in French: A Guide (1978), including a general 
introduction and covering the plots of some 150 plays, group- 
ing them thematically.

(E.A.W.G.)
Music: Works dealing with the distribution of style ar-

eas and the history of African music include francis bebey, 
African Music: A People’s Art (1975; originally published in 
French, 1969); wolfgang bender, Sweet Mother: Moderne 
Afrikanische Musik (1985), dealing with highlife and related 
populär styles; billy bergman, Goodtime Kings: Emerging 
African Pop (1985), a discussion of eight styles of populär mu­
sic; o. boone, Les Xylophones du Congo Beige (1936); david  
coplan, In Township Tonight! South Africa’s Black City Mu­
sic and Theatre (1985), a survey of South African populär 
music and its history; e.m. von hornbostel, “African Negro 
Music,” Africa, 1(1 ):30—62 (January 1928), a pioneer survey 
in the field; a .m. jones, African Music in Northern Rhodesia 
and Some Other Places, rev. ed. (1958); Gerhard kubik, The 
Kachamba Brothers’ Band: A Study o f Neo-Traditional Mu­
sic in Malawi (1974; originally published in German, 1972); 
Alan p. MERRiAM, “African Music,” in william r. bascom 
and MELViLLE j. herskovits (eds.), Continuity and Change in 
African Cultures (1959, reprinted 1970), pp. 49-86, a valuable 
and concise survey of salient features; paul oliver, Savan- 
nah Syncopators: African Retentions in the Blues (1970), which 
tracés African roots of the blues; john storm roberts, Black 
Music o f Two Worlds (1972, reissued 1974), which surveys 
black populär music in Africa and the Americas; gilbert 
rouget, “La Musique d’Afrique noire,” in roland-manuel 
(ed.), Histoire de la musique, vol. 1 (1960), pp. 215-237; klaus 
p. wachsmann (ed.), Essays on Music and History in Africa 
(1971); and klaus wachsmann and peter cooke, “Africa,” in 
Stanley SADiE (ed.), The New Grove Dictionary o f Music and 
Musicians, vol. 1 (1981), pp. 144-153. See also l.j.p. gaskin 
(comp.), A Select Bibliography o f Music in Africa (1965), an 
annotated work useful for locating earlier sources.

The following deal more specifically with musical instmments 
of Africa: david w. ames and anthony v . king, Glossary o f 
Hausa Music and lts Social Contexts (1971); john f. car- 
rington, Talking Drums o f Africa (1949, reprinted 1969), 
describing how drums are used to transmit messages in Cen­
tral Africa; e.m. von hornbostel, “The Ethnology of African 
Sound-Instruments,” Africa, 6(2): 129-157 (April 1933), a sur­
vey of types, their distribution, and prehistory; a .m. jones, 
“African Drumming: A Study in the Combination of Rhythms 
in African Music,” Bantu Studies, 8:1-16 (1934, reprinted 
1967), a pioneer study of cross-rhythms in Zambia; percival 
r. KiRBY, The Musical Instruments o f the Native Races o f 
South Africa, 2nd ed. (1965), the Standard work on this subject; 
Gerhard kubik, Ostafrika (1982), a well-illustrated survey of 
East African music and instmments, with a wealth of detailed 
Information; j.s. laurenty, Les Cordophones du Congo Beige 
et du Ruanda-Urundi (1960); Stanley sadie (ed.), The New 
Grove Dictionary o f Musical Instruments, 3 vol. (1984, reprinted 
1985), which extensively covers African instmments; hugh 
tracey, Chopi Musicians: Their Music, Poetry, and Instru­
ments (1948, reprinted 1970), about the Chopi of Mozambique, 
who are famous for their timbila Xylophone orchestras; Mar­
garet trowell and klaus p. wachsmann, Tribal Crafts o f 
Uganda (1953), including a discussion of musical instmments; 
klaus p. wachsmann, “The Primitive Musical Instmments,” 
in anthony baines (ed.), Musical Instruments Through the 
Ages (1961, reprinted 1978), pp. 23-54; and ulrich wegner, 
Afrikanische Saiteninstrumente (1984). See also two works in 
Essays for a Humanist: An Ojfering to Klaus Wachsmann 
(1977): david K. RYCROFT, “Evidence of Stylistic Continuity 
in Zulu ‘Town’ Music,” pp. 216-260; and frank willet, “A 
Contribution to the History of Musical Instruments Among the 
Yoruba,” pp. 350-389.

Theoretical and practical aspects of African musical stmcture 
are to be found in the following: paul berliner, The Soul o f 
Mbira: Music and Traditions o f the Shona People o f Zimbabwe



166 African Arts

(1978, reprinted 1981); a .m. jones, “African Rhythm,” Africa, 
24(l):26-47 (January 1954), and Studies in African Music, 2 
vol. (1959, reprinted 1978), based mainly on Ghana and Zam­
bia but also with much general discussion; Joseph kyagam- 
biddwa, African Music from the Source o f the Nile (1955); 
j.h . kwabena nketia, African Music in Ghana: A Survey of 
Traditional Forms (1962), Drumming in Akan Communities of 
Ghana (1963), Folk Songs o f Ghana (1963), and The Music of 
Africa (1974, reprinted 1986), the last a useful survey dealing 
mainly but not exclusively with West Africa; david rycroft, 
“Nguni Vocal Polyphony,” Journal o f the International Folk 
Music Council, 19:88—103 (1967), an examination of over­
lapping antiphonal parts in polyphony among the Zulu and 
their neighbours; artur simon (ed.), Musik in Afrika (1983); 
KWESi YANKAH, “Beyond the Spoken Word: Aural Literature 
in Africa,” Cross Rhythms, 2:114-146 (1985); and hugo zemp, 
Musique Dan: La Musique dans la pensée et la vie sociale d ’une 
société africaine (1971), an in-depth study of music and its 
context among the Dan of Cote d’Ivoire.

The journal African Music (irregulär), the only periodi- 
cal devoted solely to African music, has published a great 
number of valuable and scholarly articles in this field, in­
cluding, on the history of African music, Gerhard ku­
bik, “Harp Music of the Azande and Related Peoples in 
the Central African Republic,” 3(3):37-76 (1964); and an­
dre w TRACEY, “The Original African Mbira?” 5(2): 85-104 
(1972); on musical instruments, k.a . gourlay, “Long Trum- 
pets of Northern Nigeria—In History and Today,” 6(2):48-72
(1982) ; david K. rycroft, “The Zulu Bow Songs of Pnncess 
Magogo,” 5(4):41-97 (1975/76), the late princess having been 
an expert performer and a leading authority on Zulu music 
and its history; and andrew  tracey, “The Nyanga Panpipe 
Dance,” 5(l):73-89 (1971); and, on theoretical and practical 
aspects, rosemary Joseph, “Zulu Women’s Music,” 6(3):53-89
(1983) ; Gerhard kubik, “The Structure of Kiganda Xylophone 
Music,” 2(3):6-30 (1960), a detailed analysis of performance 
and output, “The Phenomenon of Inherent Rhythms in East 
and Central African Instrumental Music,” 3(l):33-42 (1962), 
and “Composition Techniques in Kiganda Xylophone Music,” 
4(3):22-72 (1969); and andrew tracey, “Mbira Music of Jege 
A. Tapera,” 2(4):44-63 (1961), and “The Matepe Mbira Music 
of Rhodesia,” 4(4):37-61 (1970).

(G.K./D.K.R.)
Dance and dance theatre: Among the studies of particular 

traditions are james w. fernandez, Bwiti: An Ethnography 
o f the Religious Imagination in Africa (1982), concerned with 
Gabon; w.d . hambly, Tribal Dancing and Social Develop­
ment (1926, reprinted 1974), material on dances of Southern, 
East, and West Africa; peggy harper, “Dance,” in saburi 
o. Biobaku (ed.), Living Culture o f Nigeria (1976), pp. 25- 
32, an analysis of tradition and change in a wide range 
of Nigerian cultures; robin horton, The Gods as Guests: 
An Aspect of Kalabari Religious Life (1960), which describes 
a cycle of Kalabari ritual festivals in the Niger Delta and 
the central role played by masquerade dancers; t.o. ranger, 
Dance and Society in Eastern Africa, 1890-1970: The Beni 
Ngoma (1975); paul spencer (ed.), Society and the Dance: 
The Social Anthropology of Process and Performance (1985); 
Robert FARRis Thompson, African Art in Motion (1974, reis­
sued 1979), a book on African sculpture that contains inter- 
esting writing on mime and dance as features of masquerade 
performance; hugh tracey, “The Dancers and Dances,” ch. 3 
in his Chopi Musicians: Their Music, Poetry, and Instruments 
(1948, reprinted 1970), pp. 84-105, an excellent descriptive 
account, and African Dances o f the Witwatersrand Gold Mines 
(1952), an illustrated description of Bantu dances as performed 
by workers in the gold mines of South Africa; and archibald 
norman TUCKER, Tribal Music and Dancing in the Southern 
Sudan (Africa) at Social and Ceremonial Gatherings (1933), a 
useful study of music and rhythms in the dance.

Selected articles in the journal African Arts (quarterly) include 
Paula BEN-AMOS and osarenren OMOREGIE, “Ekpo Ritual in 
Avbiama Village,” 2(4):8—13, 79 (Summer 1969), describing 
the role of masquerades in a ritual festival of the rural Bini 
of Nigeria; jean m. borgatti, “Age Grades, Masquerades, and 
Leadership Among the Northern Edo,” 16( 1):36—51 (November 
1982), on the masquerade ceremonies of the Edo in the Bendel 
state of Nigeria; paul gebauer, “Dances of Cameroon,” 4(4):8— 
15 (Summer 1971), a study of the dance traditions of a number 
of cultures in Cameroon; peggy harper, “Dance in a Chang- 
ing Society,” 1(1): 10-13, 76-77, 79-80 (Autumn 1967), a study 
of ethnic traditions of dance within Nigerian cultures and the 
emergence of theatrical forms in urban centres; pascal james 
Imperato, “Contemporary Adapted Dances of the Dogon,” 
5( 1 ):28—33, 68-72 (Autumn 1971), dealing with tradition and 
change in the masquerade dances of the Dogon, and “Dances 
of the Tyi Wara,” 4(1):8-13, 71-80 (Autumn 1970), a study of 
the use of animal masks by the Tyi Wara masqueraders of the

Bambara; and j.a .r. wembah-rashid, “Isinyago and Midimu: 
Masked Dancers of Tanzania and Mozambique,” 4(2):38-44 
(Winter 1971). Also useful are the following articles: peggy 
harper, “Dance in Nigeria,” Ethnomusicology, 13(2):280-295 
(May 1969), on the form and social function of the dance of the 
Yoruba in Nigeria, “The Kambari People and Their Dances,” 
Odu, 7:83-96 (April 1972), a study of dance as an expression of 
the way of life of rural Kambari in Nigeria, and “The Role of 
Dance in Gèlèdé Ceremonies of the Village of Ïjïó,” Odu, 4:67- 
94 (October 1970), a study of dance and dancing masquerades.
Few works exist on dance drama of Africa as a special study, 

and most of them are in French. Additional descriptive material 
can often be found in more general works by anthropologists, 
cultural historians, and travelers. See especially saka acquaye, 
“Modern Folk Opera in Ghana,” African Arts, 4(2):60-63 (Win­
ter 1971); keïta godeba, “La Danse africaine et la scène,” 
Présence Africaine, 14-15:202-209 (June-September 1957), on 
traditional dance forms; peggy harper, “African Tradition 
in Theatre and Liturgy,” Theoria to Theory, 11(3): 185-193 
(December 1977); ’biodun jeyifo, The Yoruba Populär Trav­
elling Theatre o f Nigeria (1984), an excellent account; bakary 
traoré, The Black African Theatre and lts Social Functions 
(1972; originally published in French, 1958), the Standard work; 
and Pierre verger, Dieux d ’Afrique (1954), on the nature and 
forms of ritual and mime.

(P.H./J.Pi.)
Architecture: A general introduction to building in Africa is 

susan denyer, African Traditional Architecture: An Historical 
and Geographical Perspective (1978). See also paul oliver 
(ed.), Shelter in Africa (1971, reissued 1976), case studies, and 
Dwellings: The House Across the World (1987). Early stages of 
African urbanism are discussed in basil davidson, The Lost 
Cities o f Africa (U.K. title, Old Africa Rediscovered, 1959, reis­
sued 1970); and richard w. hull, African Cities and Towns 
Before the European Conquest (1976).
Of the regional studies, the most notable is james wal­

ton, African Village (1956), which deals with southem 
and East Africa; it is brought up-to-date in franco fres- 
cura, Rural Shelter in Southern Africa: A Survey o f the 
Architecture, House Forms, and Constructional Methods o f 
the Black Rural Peoples o f Southern Africa (1981). Visu- 
ally impressive, though with less substantial research, is 
rené gardi, Indigenous African Architecture (1974; originally 
published in German, 1973), which deals with sa vanna forms 
of West Africa; other fine examples are to be found in jean- 
louis bourgeois, Spectacular Vernacular: A New Appreciation 
of Traditional Desert Architecture (1983), with photographs by 
carollee pelos; and jean dethier, Down to Earth: Mud Ar­
chitecture (1982; originally published in French, 1981).
Of the local studies, the early and influential one by jean- 

pierre béguin et al., L ’Habitat au Cameroun: Präsentation des 
principaux type d ’habitat: Essai dadaptation aux problèmes 
actuels (1952), records the styles of former French Came­
roun with immaculate drawings and photography. A note- 
worthy successor, jean-paul bourdier and trinh t. minh- 
ha, African Spaces: Designs for Living in Upper Volta (1985), 
examines comparatively a number of compounds in Burki­
na Faso. Also important is labelle prussin, Architecture in 
Northern Ghana (1969), in which the forms and functions 
of six compounds are compared. Four villages in eastern 
Botswana are discussed in anita larsson and viera larsson, 
Traditional Tswana Housing (1984). See also kaj blegvad 
andersen, African Traditional Architecture: A Study o f the 
Housing and Settlement Patterns o f Rural Kenya (1977).

Perhaps the most exhaustive anthropological study is 
Friedrich w. scHWERDTFEGER, Traditional Housing in African 
Cities (1982), comparing the architecture of Zaria and Ibadan, 
Nigeria, with that of Marrakech, Mor. Hausa mosques and 
palaces are discussed in j.c. moughtin, Hausa Architecture 
(1985). The symbolism of built forms is movingly described in 
marcel GRiAULE, Conversations with Ogotemmêli: An Intro­
duction to Dogon Religious Ideas (1965, reprinted 1980; orig­
inally published in French, 1948). Cult houses or shrines are 
the subject of michael swithenbank, Ashanti Fetish Houses 
(1969); while ulli beier, African Mud Sculpture (1963), is 
largely devoted to Igbo mbari houses and Yoruba palace reliefs. 
Studies of palaces include g .j. afolabi ojo, Yoruba Palaces: A 
Study o f the Afins o f Yorubaland (1966); jacob egharevba, A 
Short History of Benin, 4th ed. (1968); and james s. kirkman, 
Gedi: The Palace (1963), a study of a number of Arab-Swahili 
centres. Of these, Lamu survives and is examined in usam 
ghaidan, Lamu: A Study of the Swahili Town (1975). A de­
tailed study of the influence of Islämic forms on sub-Saharan 
architecture is to be found in labelle prussin, Hatumere: Is- 
lamic Design in West Africa (1986). ruth plant, Architecture 
of the Tigre, Ethiopia (1985), surveys the rock-cut Ethiopian 
Christian cave churches, many dating from the 13th Century. 
Colonial influence on African town form is discussed especially
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with reference to Lagos in akin l. mabogunje, Urbanization 
in Nigeria (1968). Problems in rapid urban growth are the 
subject of Josef GUGLER and William g. flanagan, Urbaniza­
tion and Social Change in West Africa (1978); while design by 
Contemporary African architects is included in udo kulter­
m ann , New Architecture in Africa (1963; originally published 
in German, 1963), and New Directions in African Architecture, 
trans, from German (1969). In addition, a number of jour- 
nals, including Tribus (annual), occasionally publish articles on 
African architecture.

(P.O.)
Visual arts: Recommended general accounts are frank wil­

let, African Art: An Introduction (1971, reprinted 1985); j. 
vansina, Art H istory in Africa: An Introduction to M ethod
(1984); WERNER gillon, A Short History o f  African Art (1984, 
reissued 1986); and robert layton, The Anthropology o f Art 
(1981), in part about Africa. For a survey of modern develop- 
ments, see ulli beier, Contemporary Art in Africa (1968).
The best account of sculptural traditions is still eliot eliso- 

fon, The Sculpture o f  Africa (1958, reissued 1978), with text 
by William B. fagg; while for other visual media, see john 
picton and john mack, African Textiles: Looms, Weaving and  
Design (1979); john picton (ed.), Earthenware in Asia and  
Africa (1984); philip allison, African Stone Sculpture (1968); 
Margaret TROWELL, African Design, 3rd ed. (1971); eugenia 
w. Herbert, The R ed  Gold o f  Africa: Copper in Precolonial 
H istory and Culture (1984); t .j.h. chappel, Decorated Gourds 
in North-Eastern Nigeria (1977); and roy sieber, African Tex­
tiles and Decorative Arts (1972), and African Furniture and  
Household Objects (1980).

For studies of particular traditions, see warren l. d ’azevedo 
(ed.), The Traditional Artist in African Societies (1973); paula 
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Agricultural Sciences

T he agricultural Sciences deal with the challenges of 
food and fibre production and processing. They 
include the technologies of soil cultivation, crop 
cultivation and harvesting, animal production, and the 

processing of plant and animal products for human con- 
sumption and use.

Food is the most basic human need. The domestication 
and cultivation of plants and animals beginning almost
10,000 years ago were aimed at ensuring that this need 
was met, and then as now these activities also fit with 
the relentless human drive to understand and control the 
Earth’s biosphere. Over the last Century and a half, many 
of the world’s political leaders have recognized what In- 
dia’s Jawaharlal Nehru did, that “Most things except agri- 
culture can wait.” Scientific methods have been applied 
widely, and the results have revolutionized agricultural 
production. Under the conditions of prescientific agricul- 
ture, in a good harvest year, six people can produce bareiy 
enough food for themselves and four others. Advanced 
technologies have made it possible for one farmer in the 
United States, for example, to produce food for more than 
100 people. The farmer has been enabled to increase yields 
per acre and per animal; reduce losses from diseases, pests, 
and spoilage; and augment net production by improved 
processing methods.

Until the 1930s, the benefits of agricultural research de- 
rived mostly from labour-saving inventions. Once the yield 
Potentials of the major economic crops were increased 
through agricultural research, however, crop production 
per acre increased dramatically. Between 1940 and 1980 
in the United States, for example, per-acre yields of com 
tripled, those of wheat and soybeans doubled, and farm 
output per hour of farm work increased almost iö-foid 
as Capital was substituted for labour. New techniques of 
preserving food products made it possible to transport 
them over greater distances, in turn facilitating adjust- 
ments among locations of production and consumption, 
with further benefits to production efficiency (see f o o d  
p r o c e s s in g ).
From a global perspective, the international flow of agri­

cultural technology allows for the increase of agricultural 
productivity in developed and developing countries alike. 
From 1965 to 1985, for example, world trade in grains 
tripled, as did net exports from the United States. In fact, 
by the 1980s more than two-fifths of U.S. crop production 
was exported, making U.S. agriculture heavily dependent 
upon international markets.

This article is divided into the following sections:
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HISTORY
Early knowledge of agriculture was a collection of experi- 
ences verbally transmitted from farmer to farmer. Some 
of this ancient lore had been preserved in religious com- 
mandments, but the traditional Sciences rarely dealt with a 
subject seemingly considered so commonplace. Although

much was written about agriculture during the Middle 
Ages, the agricultural Sciences did not then gain a place in 
the academie stmeture. Eventually, a movement began in 
central Europe to educate farmers in special academies, the 
earliest of which was established at Keszthely, Hungary, 
in 1796. Students were still taught only the experiences of 
farmers, however.
Liebig’s contribution. The scientific approach was in- 

augurated in 1840 by Justus von Liebig of Darmstadt, 
Germany. His classic work, Die organische Chemie in 
ihrer Anwendung auf Agrikulturchemie und Physiologie 
(1840; Organic Chemistry in Its Applications to Agriculture 
and Physiology), launched the systematic development of 
the agricultural Sciences. In Europe, a System of agricul­
tural education soon developed that comprised secondary 
and postsecondary instruction. The old empirical-training 
centres were replaced by agricultural schools throughout 
Europe and North America. Under Liebig’s continuing 
influence, academie agriculture came to concentrate on 
the natural Sciences.

U.S. agricultural education and research. Agricultural 
colleges came into being in the United States during the 
second half of the 19th Century. In 1862 Pres. Abraham 
Lincoln signed the Morrill Act, under which Congress 
granted to each state 30,000 acres (12,141 hectares) of land 
for each representative and senator “for the endowment, 
support and maintenance of at least one college where the 
leading object shall be—without excluding other scientific 
and classical studies and including military tactics—to 
teach branches of leaming as are related to agriculture and 
mechanic arts.” Thus the stage was set for the remarkably 
successful land-grant System of agricultural education and 
research in the United States. That same year Iowa be- 
came the first state to accept the provisions of the act, 
and all the other States have followed. Now, land-grant 
colleges of agriculture offer programs of study leading to 
both baccalaureate and postgraduate degrees in the vari- 
ous agricultural Sciences. These institutions have served as 
models for colleges established in many nations.
In 1887 Congress passed the Hatch Act, which provided 

for necessary basic and applied agricultural research to be 
conducted by the state colleges of agriculture in Cooper­
ation with the U.S. Department of Agriculture (u s d a ). 
Agricultural experiment stations were established in 16 
States between 1875 and 1885, and they now exist in all 50 
States. These stations, together with u s d a  research centres 
around the country, comprise a network of coordinated 
research installations in the agricultural Sciences. Slightly 
more than half of the agricultural research in the United 
States, however, is conducted by the private sector.
Congress passed the Smith-Lever Act in 1914, providing 

for, among other things, the teaching of improved agricul­
tural practices to farmers. Thus the agricultural extension 
service—now recognized as an outstanding example of 
adult vocational education—was established.
The demand for instruction in agriculture at the sec­

ondary level gained momentum around the beginning of 
the 20th Century. Some private agricultural schools had 
already been founded in the East, and by 1916 agricul­
ture was being taught in more than 3,000 high schools. 
Federally aided programs of vocational agriculture educa­
tion began with the passage of the Smith-Hughes Voca­
tional Education Act in 1917. By the second half of the 
20th Century, an average of 750,000 high-school, young 
farmer, and adult farmer students were enrolled annually 
in classes offered by about 10,000 vocational agriculture 
departments in the United States. Since passage of the 
Vocational Education Act of 1963, further expansion of 
agricultural education has occurred in vocational schools 
and in courses offered at junior and senior colleges.

(G.P./G.F.E./J.R.C./S.E.Cu.)
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MAJOR DIVISIONS
The agricultural Sciences can be divided into six groups. In 
all fields, the general pattem of progress toward the solu- 
tion of specific Problems or the realization of opportunities 
is: (1) research to more accurately define the functional 
requirements to be served; (2) design and development 
of products, processes, and other means of better serving 
these requirements; and (3) extension of this information 
to introducé improved technologies to the agricultural in­
dustries. This has proved to be a tremendously successful 
approach and is being used the world over.

Soil an d  w a te r  Sciences. Soil and water Sciences deal 
with the geological generation of soil, soil and water 
physics and chemistry, and all other factors relevant to 
soil fertility. Soil Science began with the formulation of 
the theory of humus in 1809. A generation later, Liebig 
introduced experimental Science, including a theory of the 
supply of soil with mineral nutrients. In the 20th Century, 

Theory of a general theory of soil fertility has developed, embracing 
soil fertility soil cultivation, the enrichment of soil with humus and 

nutrients, and the preparation of soil in accordance with 
crop demands. Water regulation, principally drainage and 
irrigation, is also included.
Soil and water research have made possible the use of all 

classes of land in more effective ways, while the control 
of soil erosion and deterioration has made other advances 
even more striking. Because the amount of water available 
for plant growth is one of the major limiting factors in 
crop production, improved tillage and terracing practices 
have been devised to conserve soil moisture, and soil-man- 
agement and land-use practices have been developed to 
increase the infiltration of snow, rain, and irrigation water, 
thereby reducing losses caused by mnoff.
Public and private research into Chemical fertilizers and 

soil management have made it possible for farmers to aid 
nature in making specific soils more productive. Much 
has been learned about using crop rotation, legumes, and 
green manure for replenishing soil humus and nitrogen; 
determining and supplying the major and minor nutriënt 
needs of crops; and managing soil under irrigation, in­
cluding salt control. Techniques based on these findings 
have been put to use on farms to improve soil fertility and 
increase crop yields. Between 1940 and 1965, for example, 
farmers in the United States more than tripled their use 
of Chemical fertilizers, resulting in increases of 50 to 150 
percent in crop yields.

Scientists have used many sophisticated techniques to 
unlock a vast storehouse of knowledge about plants. In 
one case, Chemicals tagged with radioactive isotopes were 
employed to follow the processes by which plants take up 
soil nutrients to synthesize their fruits, grains, vegetables, 
nuts, flowers, and fibres.
Plant Sciences. The plant Sciences include applied plant 

physiology, nutrition, ecology, breeding and genetics, 
pathology, and weed Science, as well as crop management. 
They deal primarily with two major types of crops: (1) 
those that represent direct human food, such as cereals, 
vegetables, fruits, and nuts; and (2) those that serve as feed 
and forage for food, companion, laboratory, and recre- 
ational animals. Special branches of these Sciences have 
developed to deal with each of the numerous classes of 
plant crops—e.g., vegetables, small fruits, citrus fruits and 
other tree fruits, and flowers and other ornamental plants. 
Other specialties concern the production of raw materi- 
als for industry—cotton, hemp, sisal, and silk—although 
some of these are losing economie importance in the face 
of competition from synthetic fibres. Branches of the plant 
Sciences that deal with such tropical crops as coffee, tea, 
cocoa, bananas, coconuts, sugarcane, and pineapples, to 
the contrary, promise to retain their importance.

Although scientifically based plant production came of 
age at the end of the 19th Century, it started much ear- 
lier. Instructions on sowing dates are reported in Egypt 
by 2000 b c . Throughout the centuries, numerous treatises 
have included recommendations on how to achieve higher 
and more efficiënt yields.
The stimulus for the development of the plant Sciences 

did not come from botany but from agricultural chem­
istry, the application of which led to the development

of plant physiology. Field experiments were started in 
Rothamsted, England, in 1834, and elsewhere in Europe 
soon after. Improved methods of experiment design and 
Statistical analysis made possible the comparative study of 
plants and their cultivation Systems.

Cultivation of plants by varieties had already led in the 
late 18th Century to the systematic selection of cereal 
varieties according to predicted yield. The rediscovery at 
the start of the 20th Century of Gregor Mendel’s laws 
of heredity and later of ways to cause mutations led to 
modern plant breeding, with momentous results that in- Plant 
cluded the tailoring of crop varieties for regions of climatic breeding 
extremes. Agronomist Norman E. Borlaug was awarded 
the Nobel Prize for Peace for 1970 for the development 
of short-stemmed wheat, a key element in the so-called 
Green Revolution in developing countries.
Major advances in the study of plant diseases were 

recorded in the 19th Century, and the Science of plant 
nutrition matured in the second quarter of the 1900s.
Serious calamities resulting from the introduction of plant 
diseases into regions where the indigenous plants had no 
immunity against them, and the invasion of grapes by in- 
sects and of potatoes by fungi, stimulated research effbrts.
During the 20th Century, all diseases have become objects 
of systematic plant pathology research. Plant pathologists 
search for Chemicals effective against microbial diseases, 
weeds, and various pests and seek to adjust the biotic bal- 
ance to reduce losses. That Chemical residues have created 
some Problems has led to further scientific activity. Bio­
logical control measures may ultimately be less harmful to 
the environment and more specific and effective in pest 
and weed management.

Other research has been undertaken because consumers 
want better fruits and vegetables. New varieties have been 
developed, methods found to ensure that fresh and pro- 
cessed foods arrivé at retail stores in prime condition, and 
grocers taught to care for these foods so that consumers 
receive them in the most attractive and nutritious state.

(G.P./B.T.Sh./J.R.C./S.E.Cu.)
Animal Sciences. In modern civilizations, people rely 

on meat, milk, and eggs as major sources of numerous 
nutrients. To satisfy this demand, sheep, goats, cattle, wa­
ter buffalo, swine, chickens, ducks, geese, and turkeys are 
produced on farms all over the world. To understand how 
agricultural animals convert feedstuffs into the food and 
other Commodities consumers demand, animal scientists 
have undertaken broad investigations using highly sophis­
ticated techniques. The animal Sciences comprise applied 
animal physiology, nutrition, breeding and genetics, ecol­
ogy and ethology, and livestock and poultry management.
In addition, diseases of food animals are the focus of many 
veterinary scientists.

Animal nutrition research was well-established in several Animal 
centres around the world by the turn öf the 20th Century, nutrition 
and it began to flourish during the second quarter of the 
1900s. Many discoveries have been made about animal 
metabolism and consequent nutriënt requirements; the 
usefulness of hundreds of feedstuffs as sources of essential 
amino acids, vitamins, and minerals, as well as lipids and 
carbohydrates; the proper balance of available nutrients in 
the diet; nutriënt Supplements and feed-processing tech­
nologies; and metabolite-partitioning and growth-promot- 
ing compounds. These fundamental findings have been 
applied widely since 1950, bringing about improved an­
imal feeding. Studies of life processes in farm animals 
have helped in developing the optimal nutriment for 
each animal, and human nutrition has benefitted enor- 
mously from the knowledge that has come from these 
investigations.
The notion that “like begets like” was already current 

in biblical times. Long before the Science of animal ge­
netics developed, all species of agricultural animals were 
subjected to selective breeding to some extent. Modifying 
livestock and poultry to meet consumer demands requires 
the application of scientific principles to the selection of 
superior breeding animals and planned matings. For exam­
ple, consumers have come to prefer more lean tissue and 
less fat in meat, and so the meat-type hog was developed 
in two decades of intensive selection and crossbreeding
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starting in the 1950s. Swine now yield more lean pork, 
grow faster, and require less feed to reach market weight 
than before. By the 1980s, a laying hen of any populär 
genetic strain, if managed properly, could be expected 
to produce more than 250 eggs annually, while special 
meat-producing strains of chickens gain body weight at a 
rate of 1 : 2 in ratio with feed intake. (J.R.C./S.E.Cu.)

Some of the most significant research in animal breeding 
has been done with dairy cattle and has established the 
proved sire System, in which bulls are ranked according 
to the performance of their offspring. The use of sires 
proved in this way together with artificial insemination has 
enabled dairymen to improve their herds by greatly ex- 
panding the influence of genetically superior bulls. Along 
with increased emphasis on performance testing, efförts 
have been made to predict at a young age whether an 
individual animal will be an efficiënt meat, milk, or egg 
producer. Such success has made for earlier culling and 
for herds and flocks of higher genetic merit.

(G.P./B.T.Sh./J.R.C./S.E.Cu.)
Animals represent renewable agricultural resources be- 

cause they reproduce, and animal scientists have studied 
animal reproduction assiduously since the 1930s. These 
investigations began in the United Kingdom but were 
soon joined by scientists in the United States, where the 
work blossomed. Basic discoveries have been put to use 
quickly in the animal industries. Elucidation of reproduc- 
tive structures and mechanisms made it possible to refine 
reproductive management in the 1940s, and artificial in­
semination made possible the widespread use of proved 
sires in the 1950s. Additional basic knowledge and later 
technological developments made practical the control of 
the estrous cycle and of parturition by exogenous hor- 
mones and the serial harvesting and transplantation of 
embryos from donor females of high merit. The result of 
these changes has been an increase in the reproductive 
rate and efficiency of all species of farm animals.

Animal ecology and ethology are young branches of the 
animal Sciences. Around the middle of the 20th Century, 
environmental physiologists in the United States and the 
United Kingdom began to study agricultural animals’ 
relations with their environment, including temperature, 
air, light, and diet. Interactions among environmental 
temperature, diet, and the animals’ genetic makeup have 
been characterized, and great strides have been made in 
improving thermal-environmental management on farms. 
Lighting management is now essential to profitable poultry 
production, and the light environment is being controlled 
in livestock houses as well. Since the 1970s emphasis has 
shifted to include the behavioral adaptability of animals 
to their surroundings and the effects of environmental 
stress on the immune status of livestock and poultry. 
Farmers have widely adopted intensive Systems of animal 
production, and these Systems continue to present oppor- 
tunities and problems to animal scientists concerned with 
discovering and accommodating the environmental and 
ethological needs of food animals.

Animal health is essential to the efficiënt production of 
wholesome animal products. An example of the economie 
effect of animal-disease research conducted by veterinary 
scientists is the control of Marek’s disease, a highly con- 
tagious disease affecting the nerves and visceral organs of 
chickens, which resulted in a loss of more than $200,- 
000,000 annually to the U.S. poultry industry alone. The 
disease was studied for more than 30 years before it 
was learned that it is caused by a herpes virus. Within 
three years of this discovery, a vaccine was developed 
that reduced the frequency of Marek’s disease and the 
resultant meat condemnations in vaccinated chickens by 
90 percent and increased egg production by 4 percent. 
Veterinary scientists also investigate the chronic infectious 
diseases associated with high morbidity rates and various 
metabolic disorders.

F oo d  Sciences and  o th e r  p o st-h a rv e st techno lo g ies . A
group of Sciences and technologies underlie the processing, 
storage, distribution, and marketing of agricultural Com­
modities and by-products. Modern post-harvest technol- 
ogy helps provide inexpensive and various food supplies 
for consumers, meets the demands of a variety of indus­

trial users, and even creates replacements for fossil fuels.
Research having particular significance to post-harvest 

technology includes genetic engineering techniques that 
increase the efficiency of various Chemical and biologi- 
cal processes and fermentations for converting biomass 
to feedstock and for use in producing Chemicals (includ­
ing alcohols) that can replace petroleum-based products. 
Among the expected outcomes are the manufacture of 
new products from reconstituted ones and the recovery of 
by-products that would otherwise be considered waste.
Agricultural engineering. Agricultural engineering in­

cludes appropriate areas of mechanical, electrical, envi­
ronmental, and civil engineering, construction technology, 
hydraulics, and soil mechanics.
The use of mechanized power and machinery on the farm 

has increased greatly throughout the world, fourfold in the 
United States since 1930. Research in energy use, fluid 
power, machinery development, laser and microprocessor 
control for maintaining grain quality, and farm structures 
is expected to result in further gains in the efficiency with 
which food and fibre are produced and processed.

Agricultural production presents many engineering prob­
lems and opportunities. Agricultural operations—soil Con­
servation and preparation; crop cultivation and harvesting; 
animal production; and commodities transportation, pro­
cessing, packaging, and storage—are precision operations 
in volving large'tonnages, heavy power, and critical factors 
of time and place. Facilities designed to aid farm opera­
tions help farm workers to minimize the time and energy 
requirements of routine jobs. (J.R.C./S.E.Cu.)

Four primary branches have developed within agricul­
tural engineering, based on the problems encountered. 
Farm power and machinery engineering is concerned with 
advances in farm mechanization—tractors, field machin­
ery, and other mechanical equipment. Farm structures 
engineering studies the problems of providing shelter for 
animals and human beings, crop storage, and other spe- 
cial-purpose facilities. Soil and water control engineering 
deals with soil drainage, irrigation, conservation, hydrol- 
ogy, and flood control. Electric power and processing 
engineering is concerned with the distribution of electric 
power on the farm and its application to a variety of 
uses, such as lighting to control plant growth and certain 
animal production operations. (R.A.Pr./J.R.C./S.E.Cu.)

Agricultural economics. The field of agricultural eco- 
nomics includes agricultural finance, policy, marketing, 
farm and agribusiness management, rural sociology, and 
agricultural law. The idea that the individual farm enter- 
prise forms a unit—affected by location, production tech­
niques, and market factors—originated during the 19th 
Century. It was later supplemented by the theory of opti­
mum utilization of production factors by the selection of 
production lines. Further refinement came about through 
applications of modern accounting methods. Research 
into farm and agribusiness management led to mathe 
matical planning Systems and Statistical computation of 
farm-enterprise data, and interest has been drawn to deci- 
sion-making behaviour studies of farm managers.

Agricultural policy is concerned with the relations be­
tween agriculture, economics, and society. Land ownership 
and the structure of farm enterprises were traditionally 
regarded as primarily social problems. The growth of agri­
cultural production in the 20th Century, accompanied by a 
decline in size of the rural population, however, has given 
impetus to research in agricultural policy. In the capitalist 
countries, this policy has concentrated on the influence of 
prices and market mechanisms; in the centrally planned 
countries, emphasis has been placed on artificially created 
market structures.

Research in agricultural marketing was originally limited 
to the problem of supply and demand, but the crises 
of the Great Depression in the 1930s brought new ana- 
lytical studies. In Europe, the growth of the cooperative 
movement—begun in Germany in the 19th Century as 
a response to Capital shortage and farm indebtedness— 
brought satisfactory Solutions to problems of distribution 
of products from farmer to processor. Consequently, little 
interest in market research developed in Europe until the 
mid-20th Century. Today, agricultural marketing studies

Agri­
cultural
marketing
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focus on Statistical computations of past market trends to 
supply data for forecasting.
Agricultural law concentrates on legal issues of both the­

oretical and practical significance to agriculture such as 
land tenure, land tenancy, farm labour, farm management, 
and taxation. From its beginnings at the University of 
Illinois in the 1940s, modern agricultural law has evolved 
to become a distinct field of law practice and scholarship.

Rural sociology, a young discipline, involves a variety 
of research methods, including behaviour study developed 
from studies in decision making in farm management.

(G.P./B.T.Sh./J.R.C./S.E.Cu.)

OTHER AGRICULTURAL SCIENCES
Agricultural work Science arose in response to the rural 
social problems experienced in Germany during the Great 
Depression. The improvement of work procedures, appro- 
priate use of labour, analysis of human capacity for work, 
and adjustment of mechanized production methods and 
labour requirements represent the main objects of this 
branch of ergonomics research. Studies of the influence 
of mechanization on the worker and of worker training 
came later. (G.P./J.R.C./S.E.Cu.)

Agricultural meteorology deals with the effects of weather 
events, and especially the effects of their variations in time 
and space, on plant and animal agriculture. Atmospheric 
factors such as cloud type and solar radiation, tempera­
ture, vapour pressure, and precipitation are of vital interest 
to agriculturalists. Agricultural meteorologists use weather 
and climatic data in enterprise risk analysis as well as in 
short- and long-range forecasting of crop yields and ani­
mal performance.

EMERGING AGRICULTURAL SCIENCES 
The agricultural Sciences are poised to enter a new era, 
armed with ever more sophisticated research technologies, 
such as monoclonal antibodies and gene splicing, in their 
continuing drive to better harness nature for the ultimate 
benefit of human beings everywhere. Although broad and 
deep scientific investigations have been made in the bio- 
logical, physical, and social realms related to agriculture, 
the need persists for additional research to close remaining 
gaps in knowledge, especially in molecular biology and the 
environmental, social, and economie effects of its fruits.
From results of experiments already conducted, it is clear 

that molecular biology will influence plant genetics and 
crop production. Plant genetic engineers are working to 
improve specific economically important plant varieties 
by increasing their photosynthetic efficiency, improving 
their nutritional quality, and transferring to them such 
favourable properties as the ability to fix atmospheric ni- 
trogen, as do legumes, and to better resist diseases and 
tolerate herbicides and natural environmental stress.

Animal scientists also are using new research methods in 
biotechnology, including the micromanipulation of em- 
bryos to produce multiple clones. Monoclonal antibodies 
are used in studies of specific factors in immune mecha­

nisms, and recombinant dna (deoxyribonucleic acid) tech­
nology is used in the genetic engineering of microbes so 
that they can synthesize specific antigenic proteins useful 
in vaccine production. The ultimate goal of this research 
is to improve dramatically the health and productivity of 
agricultural animals. (J.R.C./S.E.Cu.)
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The History of Agriculture

Agriculture, or the practice of cultivating the soil, 
harvesting crops, and raising livestock, was long 
believed to have begun in a single centre in the 

Middle East, about 4000 bc. Modern dating techniques 
have since disproved this hypothesis; they indicate agri­
culture already in progress around 7000 bc, and archae- 
ologists have uncovered evidence of animal domestication 
thousands of years earlier. It has also been shown that 
some plants were probably cultivated in the New World, 
which suggests that agricultural development took place 
simultaneously in many areas and thus did not spread 
from a single originating centre.

This article discusses developments in crop and stock 
farming in the ancient societies of the Middle East and 
Mediterranean; in China and India; in Roman and me- 
dieval Europe; and in more recent times, after the intro­
duction of power machinery and scientific farming in the 
19th and 20th centuries. For information on the tech­
niques of modern agriculture, see the article farming 
and agricultural Technology. For further treatment 
of the modern disciplines of agricultural research, engi­
neering, and management, see the article agricultural
SCIENCES.

The article is divided into the following sections:

Origins of agriculture 172 
Earliest beginnings 172 
Early development 172 

Early agricultural societies 173 
Agriculture in ancient Asia 175 

China 175
The Indian subcontinent 177 
Southeast and East Asia 178 

Improvements in agriculture in the West: c. 200 bc 
to a d  1600 178

The Roman epoch 178 
The medieval period: 600-1600 179

Crop-farming changes in western Europe: 1600-1800 181
The Norfolk four-course System 181 
Improvements in technology 182 
Progress in different countries 182

The 19th-century power revolution on the farm: 
c. 1792-1784 183

Mechanization 183 
Applying Science to tarming 184 
Farming outside Europe 185 

Scientific agriculture: the 20th Century 185 
Developments in power: the internal-combustion 

engine 185
New crops and techniques 186 
New strains: genetics 188 
Animal breeding 189 
Electricity in agriculture 190 
Pest and disease control in crops 191 
Economics, politics, and agriculture 192 

Bibliography 193

Origins of agriculture

Agriculture has no single, simple origin. At different times 
and in numerous places, many plants and animals have 
been domesticated. How many species passed into or out 
of domestication in prehistory is not known. Cultivation 
of foxtail millet in America and domestication of the elk 
in Scandinavia and the gazelle in the Middle East were 
abandoned long ago. In the 20th Century, cultivation of 
bottle gourds, finger millet, and Galla potatoes is on the 
decline, while efforts proceed to tarne the eland, musk 
ox, and fox. Cultivation of rice, wheat, barley, potatoes, 
and com (maize) met with great success in the favourable 
climate that followed the last Ice Age, while reindeer 
husbandry, by contrast, found these climatic changes un- 
favourable and lost importance.

EARLIEST BEGINNINGS
Nineteenth-century scholars hypothesized four stages in 
human development: (1) a savage stage in which all peo­
ple were hunter-gatherers; (2) a herdsman or nomad stage 
during which man domesticated some animals; (3) a farm­
ing stage; and (4) civilization. Researchers have since at- 
tempted to determine when and where man first changed 
from hunter-gatherer to pastoralist or agriculturist.

Effect of Many authorities have come to think that man’s domes- 
domestica- tication of plants and animals caused changes in their 
tion on form and that the presence or absence of such changes
animals may indicate whether the animal or plant was domesti­

cated at some time in the past. On the basis of such 
evidence, some scholars have hypothesized a preliminary 
agricultural phase of intensive food gathering in the Mid­
dle East about 9000-7000 bc, when man passed from 
hunting and gathering to food producing or agriculture. 
The Natufians of Palestine, who possessed sickles, lived 
at this time; whether the grain they harvested was sown 
or wild is not known. Cattle were probably domesticated 
during this period or slightly earlier from the wild ox (Bos 
taurus), which stood six to seven feet (1.8 to 2.1 metres) 
high at the withers (the ridge between the shoulder bones).

At Shanidar, in Iraq, it is claimed that sheep, similar to 
wild varieties in form and structure, were kept in herds. 
Furthermore, it has been suggested on somewhat spec- 
ulative grounds that einkorn wheat (Triticum monococ- 
cum), emmer wheat (Triticum turgidum), and wild barley 
CHordeum spontaneum) were cultivated about 7000 bc at 
Ali Kosh on the borders of Iraq and Iran.

There seems no compelling reason, however, why these 
instances should be regarded as the first of their kind.
It is possible that domesticated beans (Phaseolus), peas 
(Pisum), bottle gourds (Lagenaria siceraria), and water 
chestnuts (Trapa) may have been grown at the Spirit Cave 
in northern Thailand about 9000 bc. In the Americas, 
pumpkins (Cucurbita) and gourds (Lagenaria) are known 
to have existed in domesticated form in northeast Mexico 
about 7000 bc, and probably beans in the Tehuacän Val­
ley. The bones of a dog, possibly used for hunting about 
8500 bc, were discovered in the westem United States. In 
sum, it now seems unlikely that there was either a single 
or even a very limited number of places of origin of plant 
and animal domestication and, therefore, of agriculture.

EARLY DEVELOPMENT
The development of agriculture was an intensification by 
man of his food extractive processes. More food could be 
obtained from a given area of land by encouraging plant 
and animal species found useful and discouraging others.
This provided for an increased population and gave bet­
ter opportunity for settled life. Durable houses, as well 
as tools such as pestles, mortars, and grindstones, all of 
which had long been known in scattered places, came into 
more general use. There had even been villages in Stone 
Age times, among them the hunters’ villages at Mezin in 
the Soviet Union, at Mallaha in Israel, and at Suberde 
in Turkey. These produced scant archaeological records, 
however; there exists no satisfactory evidence that they 
were inhabited by hunter-gatherers.

The Middle East. In the 7th millennium bc, with “Effective’ 
heightened agricultural development, villages in the Mid- village 
die East became more numerous. Called the “effective” stage
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Figure 1: Wild and cultivated wheats. (Left to right) wild 
einkorn, einkorn, wild emmer, emmer, bread wheat. Scales:
Ears, about V2; grains, about 9/io.
From E.C. Curwen and G. Hatt, P lo u g h  a n d  P a s tu r e  (copyright 1953); Murnat Publications, Inc.

village stage of development, this period was accompa- 
nied by increasingly diversified agriculture, which led to 
more productive and efficiënt exploitation of available re­
sources. The earliest known domesticated pigs have been 
recorded, in association with einkorn, at the village site 
of Jarmo (Iraq), dated about 6750 bc. The earliest known 
domesticated cattle date from about 6000 bc, at Argissa 
and Nea Nikomedeia, in Greece, in association with culti­
vated einkorn, emmer wheat, and lentils (Lens culinaris); 
and at Knossós on Crete in association with bread wheat 
(Triticum aestivum), emmer, and barley. Hoes or digging 
sticks were still used to break the ground where necessary. 
Seeding by treading in with flocks and herds was probably 
employed at this time. Techniques of food storage, a prac- 
tice that man shares with many other animals, grew in so- 
phistication; there were pit silos and granaries, sometimes 
of quite substantial nature. In drier areas, crop irrigation, 
which greatly increased yield, was developed; and, with 
the increasing population, more labour was available to 
carry out wider irrigation projects.
Nitrogen-fixing (fertilizing) crops were also grown; a form 

of crop rotation came into use either by accident or by 
design. By this particular means, soil fertility was main- 
tained, and thus additional plant protein was added to the 
diet.
The Americas. Although domesticates such as peppers,

avocados, and amaranths were being grown in the Amer­
icas around 7000-5000 bc, villages were not numerous 
until widespread corn production began about 3500 bc. 
By then, common beans (Phaseolus vulgaris), chili pepper 
{Capsicum annuum), and black and white zapotes were 
also widely cultivated. An early cereal, the foxtail millet, 
was probably domesticated around 4000 bc in Tamauli- 
pas, Mex., but was superseded by corn, and its cultivation 
was abandoned.

China. In China, millet was cultivated by the 5th mil­
lennium bc; rice was probably grown by the 4th millen­
nium. Wheat was introduced before 1300 bc, but the arid 
nature of the uplands made progress slow. In the Wet­
ter lowlands, wheat could scarcely compete with already 
domesticated rice. Barley apparently was not introduced 
until after 1300 bc, nor was the soybean cultivated until 
perhaps 1100 bc.

Europe. In Europe, archaeologists have given so much 
attention to domesticates that are today outstandingly suc- 
cessful, such as wheat, barley, cattle, sheep, and pigs, that 
other species, possibly of major significance in the past, 
have largely been ignored.

It is generally assumed—apart from the earliest known 
incidence in the Old World of the domesticated dog at 
Star Carr in Yorkshire, England (about 7500 bc), cattle in 
Greece (about 6000 bc), and a possibility of domesticated 
pigs in the Crimea at an earlier date—that Europe prior 
to the introduction of agriculture from the East was in- 
habited by hunter-gatherers. It has indeed been suggested 
that the grain called fat hen (Chenopodium album) was 
cultivated at Iron Age Settlements in Denmark, as well 
as Gold of Pleasure (Camelina sativa) and curl-topped la­
dy’s thumb (Polygonum lapathifolium). Since cultivation 
of these grains is regarded as typifying a late form of 
agricultural development, it follows that agriculture must 
have taken about 3,000 years to spread from Greece to 
Denmark and the British Isles. Furthermore, considerable 
adaptations to new environments must have taken place 
in human technology and in the Asian species of sheep, 
goats, and cereals after their introduction into Europe. 
The effective village stage appears to have begun as soon 
as cereals and sheep or goats became important in Europe. 
In some areas, such as Hungary and Switzerland, many 
villages for thousands of years continued to rely upon 
indigenous animals for their animal protein.
Along the Danube River, the great postglacial European 

forest was penetrated by slash-and-bum agriculture based 
on cereals. In the more arid regions along the Mediter- 
ranean coast, fewer modifications were necessary. The in- 
corporation of indigenous wild stock, wherever available, 
into domesticated herds doubtless aided their acclimati- 
zation, for this practice continued into historie times, in 
Hungary until the invasion of the Mongols.

Early agricultural societies

In the Old World, settled life had developed on higher 
ground from Iran to Anatolia (site of modern Turkey) and 
the Levant, and in China in the semiarid loess plains, but 
the earliest civilizations based on complex and productive 
agriculture developed on the alluviums of the Tigris, Eu- 
phrates, and Nile rivers. When the first villages appeared 
there is not certain. It is known, however, that villages 
and townships existed in the Euphrates Valley in the latter 
part of the 5th millennium bc. Soon the population was 
dispersed over the available area in agricultural units based 
upon hamlets and villages. Townships provided additional 
services that the hamlets themselves could not provide. 
On this basis, Sumerian civilization developed.

Sumer. The Sumerian civilization was marked by an 
overall increase in wealth rather than by technical or 
agricultural innovations. The necessary foundations had 
already been laid. The Early Dynastie Phase began about 
3000 bc. In Sumer, barley was the main crop, but wheat, 
flax, dates, apples, plums, and grapes were also grown. 
The earliest known white woolly, and therefore carefully 
bred, sheep and goats were herded and were more nu­
merous than cattle. The sheep were kept mainly for meat 
and milk; butter and cheese were made. It has been es-
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timated that at Ur, a large town covering some 50 acres 
(20 hectares) within a cultivated enclave, there were 10,- 
000 animals confined in sheepfolds and stables, of which
3.000 were slaughtered each year. Ur’s population of about
6.000 included a labour force of 2,500 who annually culti­
vated 3,000 acres of land, leaving 3,000 acres fallow. The 
work force included storehouse recorders, work foremen, 
overseers, and harvest supervisors, as well as labourers. 
Agricultural produce was allocated to temple personnel 
in return for their services, to important people in the 
community, and to small farmers.
The land was plowed by teams of oxen pulling light un- 

wheeled plows, and the grain was harvested with sickles in 
the spring. Wagons had solid wheels with leather tires held 
in Position by copper nails. They were drawn by oxen 
or the now-extinct Syrian onager (wild ass), harnessed by 
collars, yokes, and headstalls, and controlled by reins and 
a ring through the nose or upper lip and a strap under 
the jaw. As many as four animals, harnessed abreast to 
a central pole, pulled a wagon. The horse, which was 
probably domesticated about 2700 bc by pastoral nomads 
in the Ukraine, did not in fact displace the onager as a 
draft animal in Mesopotamia until about 2300 bc, when 
bridles and bits were also introduced. Soon after, written 
instructions appeared for the grooming, exercising, and 
medication of horses; presumably for breeding purposes, 
horses were named and records of sires kept. The upper 
highland areas continued to be exploited by transhumant 
nomads.

The Nile Valley. In Egypt, intensified agricultural ex- 
ploitation apparently did not take place until domesticated 
animals from the Middle East were introduced. By the 
first quarter of the 5th millennium bc in al-Fayyüm, there 
existed villages that kept sheep, goats, and swine and culti­
vated wheat (emmer), barley, cotton, and flax, which was 
woven into linen. In this dry climate, village silos consisted 
of pits lined with coiled basketry; crops were harvested 
with reaping knives slotted with sharp flints. Elsewhere, 
at al-Badärl in Upper Egypt, animals were also kept; the 
fact that domesticated animals were wrapped in linen and 
buried close to villages perhaps indicates that agriculture 
was closely associated with some form of religious belief.

By predynastic Amratian times, about 3600 bc, agricul­
ture appears to have begun in the valley alluviums of the 
Nile. By late predynastic times, about 3100 bc, there is 
evidence of a considerable growth in wealth consequent 
upon the earlier agricultural development and accompa- 
nied by a more integrated social System.

From depictions on the tombs and other artifacts in 
dynastie times, it is known that, in addition to present- 
day domesticates, other animals, such as deer, gazelles, 
hyenas, and Barbary sheep, were kept either in captivity 
or under some form of control. Whether or not this man- 
animal relationship can be regarded as domestication is a 
matter of semantics, but certainly some aspects of animal 
husbandry were practiced with these unusual animals. 
Though it is not known how far back in time such prac­
tices existed, some early villages in Egypt were dependent 
upon gazelies for their source of animal protein, as was the

township of Jericho, in Palestine, about 7000 bc. Indeed, 
such a dependence on the gazelle is known to go back 
to Upper Paleolithic times in Palestine, and the question 
arises whether this was due to earlier forms of domesti­
cation. Discoveries at Nahal Oren, in Israel, indicate that 
this may be true. It has also been suggested that millet was 
a staple crop in early times in Egypt.
By the 4th dynasty, about 3000 bc, agriculture was de­

veloped and sophisticated. In contrast to Mesopotamia, 
where the tendency had been to develop urbanized com- 
munities, the inhabitants going out of the towns to work 
in the fields, in Egypt the cities tended to be no more 
than market towns to serve the surrounding countryside. 
A whole bureaucracy dealt with agriculture. The grand 
vizier, second only to the pharaoh, stood at its head, the 
ministry of agriculture under him. There was a chief of 
the fields and a master of largesse, who looked after the 
livestock. There were royal domains and temple estates. 
Between landlord and tenant there was a patriarchal re­
lationship, which, although despotic, was underlain by a 
strong sense of responsibility to the land. Rent was three 
and a half bushels of grain to the acre. Irrigation and the 
waters of the Nile were carefully controlled. Records show 
that King Menes, who lived around 3100 bc, had a large 
masonry dam built to control the Nile River and provide 
water for irrigation. A millennium later, the Nile at flood 
was diverted through a channel, 12 miles (19 kilometres) 
long, into Lake Moeris, so that, after the flood, water in the 
lake could be released for irrigation. Seed grain was lent 
to tenants, and teams of oxen were lent or hired to them. 
The land was tilled with a wooden plow drawn by ox or 
ass traction (Figure 2). The land was plowed twice, once 
to break the ground, after which the clods were broken up 
by heavy hoes, and a second time to cover the seed. Six- 
rowed barley and emmer wheat were the main crops. The 
seed was sown by a funnel on the plow or, altematively, 
was trodden in by sheep. The crops were cut with sickles, 
which had been improved by the introduction of a curved 
handle. The harvest produced 11 times the sowing, but 
it is not known whether or not two crops were grown 
within the year. The grain was threshed by asses or cattle 
treading on it on the threshing floor. It was winnowed by 
tossing in the wind, the chaff blowing away and the grain 
falling back into the basket, and was then stored in great 
silos (Figure 3). Lentils, onions, beans, and flax were other 
important Egyptian field crops.
Production of animal protein was also given attention. 

The wetter areas were exploited by domesticated ducks 
and geese. The marshes, swamps, wasteland, and stubbles 
were grazed by numerous herds of cattle (black, piebald, 
and white), sheep with kempy (coarse) coats, goats, and 
pigs. One wealthy landlord in the 6th dynasty owned
1,000 cattle, 760 asses, 2,200 goats, and 1,000 sheep. Ani­
mal breeding for specialized purposes was developed; one 
breed of cattle was kept for meat and another for milk; a 
Saluki-like hunting dog was bred, as were fat-tailed sheep 
with tails so heavy they were carried by a small cart 
drawn behind.

Meso-America and Peru. As far as is known, no ani-

Andre Held

Figure 2: Plowing and sowing in Thebes. Painting from Tomb No. 1, Sennedjem, Thebes, 
Egypt.
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Figure 3: Winnowing grain by the traditional method of tossing 
it in the wind, Ethiopia.
By courtesy of the United Nations

mals were domesticated in the Americas until a compara- 
tively late date. Available evidence seems to indicate that, 
in spite of the early domestication of some plants, village 
life did not begin to develop on any scale until 3500 bc 

Domesti- or possibly somewhat earlier in Mexico, following domes- 
cation of tication of corn. The process of agricultural development 
corn was therefore rather slow, occurring in widely dispersed

centres, often in areas of poor fertility, sometimes even in 
deserts. Cacao (chocolate used to maice a beverage), toma-

By courtesy of the «ongelige Bibliotek, Copenhagen

Figure 4: Inca cultivation with fire-hardened digging sticks. 
Drawing from “Nueva Crónica y Buen Gobierno” by Felipe 
Guaman Poma de Ayala. In Det Kongelige Bibliotek, 
Copenhagen.

toes, and avocados were cultivated. Irrigation, terracing, 
and the construction of islands in lakes increased land 
usage in drier areas. The land was cleared by chopping 
and buming, and the seeds were sown with the aid of 
fire-hardened digging sticks (Figure 4). Crops were stored 
in pits or granaries. The com was prepared by boiling in 
limewater and by wet grinding. Cornmeal paste was then 
made into tortillas or flat cakes and gruel. Fine textiles 
were woven of cotton, and paper was made from tree bark.
Village life was based on the extended family, composed 
of parents and their children’s families, which provided the 
labour force. Villages were organized into larger territorial 
units based on ceremonial centres commonly in the form 
of flat-topped pyramids. Larger territorial units developed 
early in the Ist millennium ad .
Much less is known about the formative stage in Peru. Agriculture 

Indeed, a civilization based on agricultural production in Peru 
may have begun there hundreds of years before it did in 
Meso-America, about the beginning of the Christian Era.
Corn did not become important as a main crop in Peru 
until the 9th Century bc, after perhaps 1,000 years of 
root crop, bean, and cotton agriculture. Corn was not ex- 
tensively cultivated until irrigation developed; the potato, 
domesticated since about 2500 bc, was the chief crop in 
many areas until the 16th Century ad .
At some time before the Inca civilization, the guanaco, 

ancestor of the llama and alpaca, was domesticated. The 
llama may have been domesticated as early as 2000 bc.
Though the llama was essentially a beast of bürden, the 
alpaca’s main product was its fine wool. Another animal, 
raised for food, was the guinea pig. (E.S.H.)

Agriculture in ancient Asia

On his way across the Pamirs in search of Buddhist texts 
(ad 518) the Chinese pilgrim Sung Yün noted that the 
crest of the bare, cold, snowy highlands was commonly 
believed to be “the middle point of heaven and earth”:

The people of this region use the water of the rivers for 
irrigating their lands; and when they were told that in the 
middle country (China) the fields were watered by the rain, 
they laughed and said, “How could heaven provide enough 
for all?”

Yet, heaven provided. It has long supported more than 
one-half of humanity on less than a seventh of the Earth’s 
land surface along the Continental rim to the south and east 
of the high interior mass with its festoons of mountains. In 
the so-called “golden fringe to a beggar’s mantle”—from 
Pakistan through India, Burma, Thailand, Indochina, and 
eastem China up to the Gulf of Chihli, and the offshore 
island groups of Japan, Indonesia, the Philippines, and 
Sri Lanka (formerly Ceylon)—lives the vast majority of 
the population of Asia. Some 1,800,000,000 people are 
concentrated in two countries, China and India.

There is no consensus on the origin and progress of 
plant and animal domestication. The Soviet plant geneti­
cist Nikolay Ivanovich Vavilov postulated several world 
centres of plant origin, of which,
an unusual wealth of original genera, species, and varieties 
of plants is found in India and China, countries which have 
contributed almost half of our crop plants . . . .

CHINA
Vavilov thought that the mountainous regions of central 
and western China, together with the adjacent lowlands, 
constituted the earliest and largest independent centre Two 
of the world’s agriculture. From earliest times, land use growing 
has been divided into two major regions by the Tsinling areas of 
Mountains, with wheat predominant in the northern realm China 
and rice in the south. At different periods and places, 
subsidiary crops have included soybean, kaoliang (a grain 
sorghum), millet, corn, barley, sweet potatoes, peanuts, 
fruits, and vegetables. Cotton, tobacco, sugarcane, tea, 
and sericulture (silkworms) have been the important cash 
crops.
Early history. Archaeological information is compara- 

tively scanty. It does not reveal when and how the first 
farmers settled down to cultivate food crops. Written rec­
ords, available from about 1750 bc, are more conclusive.
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Tradition accords the honour of inventing agriculture to 
the legendary emperor Shen Nung, who is said to have 
carved a piece of wood into a plowshare and bent another 
piece to make a handle and taught the world the advan- 
tages of plowing and weeding. The chronicle Pai-hu t ’ung 
relates that he did so out of necessity, because “the an­
cient people ate meat of animals and birds.” At the time 
of Shen Nung, there were so many people that the wild 
animals and birds became inadequate for people’s wants, 
and therefore Shen Nung taught the people to cultivate. 
As for the origin of cultivated plants, the problem was 
resolved by divinity: “Millet rained from heaven. Shen 
Nung collected the grains and cultivated them.” Pigs are 
believed to have been domesticated in eastern Asia as 
early as 2900 bc.

Apparently the “millet from heaven” rained over the 
North China Plain in the central region of the Yellow 
River Valley, which is regarded as the birthplace of agri- 
culture-based civilization in China. From there it spread 
throughout the country, but it failed to penetrate the 
northern grassland and plateaus. The Great Wall may be 
taken to demarcate the approximate frontier between the 
two basically different ways of life—the agrarian to the 
south and the pastoral nomadic of the steppes and deserts 
on the other side.
It is thought likely that the practice of irrigation spread 

to China from Babylonia. The Chinese are known to have 
had irrigation before 2200 bc. Notable Chinese irrigation 
works include the Tu-kiang Dam, built about 200 bc, 
which provided water for about 500,000 acres, and the 
Grand Canal, built in stages over several centuries and 
eventually extending for more than 1,000 miles.

The classical-imperial era. In about 335 bc, the Chinese 
philosopher Mencius wrote that, “If the farmer’s seasons 
are not interfered with, there will be more grain in the land 
than can be consumed.” By the Ist Century bc, however, 
wastelands were being reclaimed for cultivation, and there 
was a demand for limitation of landholdings. In about ad 
9, the first (unsuccessful) attempt was made to “national- 
ize” the land and distribute it among the peasants. By the 
end of the 2nd Century ad , severe agrarian crises culmi- 
nating generally in the downfall of the ruling dynasty had 
become a recurrent theme of history. Through the cen­
turies, Chinese agriculture has been a continual struggle 
between man and land to raise more food.

By the 4th Century ad cultivation was more intensive in 
China than in Europe or the rest of Asia. The major 
cereal-producing region and the population, however, were 
shifting rapidly from the wheat and millet area of the 
North China Plain to the paddies of the lower Yangtze 
Valley. By the 8th Century the lower Yangtze was export- 
ing enormous quantities of grain into the old Northwest by 
way of a unified System of canals linking the large rivers.
By about a d  1100 the population of South China had 

probably tripled, while that of the whole country may 
have exceeded 100,000,000. Consequently, cultivation be­
came extremely intensive, with a family of 10 crowded, 
for example, onto a farm of about 14 acres. Again, more 
new lands were opened to cultivation. Even tanks, ponds, 
reservoirs, streams, and creeks were reclaimed to be turned 
into farms. At the same time, complex water-driven ma­
chinery came into use for pumping irrigation water onto 
fields, for draining them, and for threshing and milling 
grain. A large variety of improved and complicated field 
implements were also employed; these are described and 
illustrated in the agricultural literature of the day.

Tools and techniques. The first significant revolution in 
Chinese agricultural technology had occurred when iron 
agricultural implements became available to the Chinese 
peasantry. The earliest iron plow found in northern Honan 
dates from the Warring States period (475-221 bc) and is 
a flat V-shaped iron piece that must have been mounted 
somewhat insecurely on wooden blades and handles to 
serve as working edges. It was small, and there is no ev­
idence that draft animals were used. Cattle-drawn plows 
do not appear until the Ist Century bc.

Several improvements and innovations, such as the three- 
shared plow, the lou-li (plow-and-sow) implement, and the 
harrow, were developed subsequently. By the end of the

Sung dynasty in 1279, Chinese agricultural engineering 
had reached a high state of development.

The common farmers continued to use these early me- 
dieval techniques into modern times. Their unfenced fields 
were cultivated by a wooden plow, with or without a cast- 
iron share and usually drawn by a water buffalo. Harvest­
ing was by sickle or billhook (a cutting tool consisting of 
a blade with a hooked point fitted with a handle). Sheaves 
carried from the field were slung at the ends of a pole 
across an individual’s shoulders. The grain was threshed 
by beating on a frame of slats or by flails on the ground. 
Winnowing was accomplished by tossing the grain in the 
wind. Rice was dehusked by hand pounding in a mortar 
or with a hand-turned mill. Irrigation techniques varied. 
The most common perhaps was a wooden, square-paddle 
chain pump with a radial treadle operated by foot. Fields 
were drained by open ditches and diking. Night soil, oil 
cakes, and ash fertilized the soil.

Over the past millennium, in fact, the revolution in Chi­
nese agriculture has not been in mechanical or Chemical 
technology but rather in the biological sphere: in crops, 
cropping Systems, and land utilization. Under increasing 
population pressures, cultivation was forced to become 
more labour intensive and also to expand into the sandy 
loams, arid hills, and the upper reaches of lofty mountains. 
Lacking major technological inventions, the Chinese peas- 
ant had to expand the area under cultivation by finding 
suitable crops for inferior land.

Land use. A “three fields in two years” rotation Sys­
tem for wheat and millet was being practiced by the 6th 
Century ad . Revolutionary changes in land utilization, 
however, started with the introduction in Fukien Province 
of an early-maturing and relatively drought-resistant rice 
from Champa, in central Indochina. In 1012, when there 
was a drought in the lower Yangtze and Huai Ho regions,
30,000 bushels of Champa seeds were distributed. Usually 
a summer crop, the native rice plant required 150 days 
to mature after transplanting. Not only did this make a 
second crop difficult, but, because of the plant’s soil and 
water requirements, cultivation was confined largely to 
the deltas, basins, and valleys of the Yangtze. The original 
Champa rice, on the other hand, ripened in 100 days after 
transplanting and required less water.
The success of Champa rice initiated the development 

and dissemination of many more varieties suited to the 
local peculiarities of soil, temperature, and crop rotation. 
The first new early-ripening strain to develop required 60 
days after transplantation. By the 18th Century, there was 
a 50-day Champa and a 40-day Champa. In 1834, a 30- 
day variety was available—probably the quiekest ripening 
rice ever recorded. The effect was revolutionary. By the 
13th Century, much of the hilly land of the lower Yangtze 
region and Fukien had been turned into terraced paddies. 
At the close of the 16th Century, Champa rice had made 
double, and sometimes triple, rice cropping common.
A second revolution in land utilization began in the 

16th Century, with adoption of food crops from the New 
World, such as corn, sweet potatoes, potatoes, and peanuts 
(groundnuts). These could be grown at drier altitudes and 
in sandy loams too light for rice and other indigenous 
cereals. Virgin heights of the Yangtze region and North 
China were turned into corn and sweet-potato farms. As 
the population in the mountain districts increased, the 
potato took over the soils too poor for corn and sweet 
potatoes. By the middle of the 19th Century, even ravines 
and remote mountains were being cultivated. Similarly, 
peanuts penetrated the remote and agriculturally back­
ward areas of Kwantung, Kwangsi, and Yunnan provinces 
and the sandbars of Szechwan. Gradually, they brought 
about a revolution in the utilization of sandy soils along 
the lower Yangtze, the lower Yellow River, the southeast 
coast, particularly Fukien and Kwantung, and numerous 
inland rivers and streams.
Even so, the revolution in land use failed to alter the 

basic man-land relationship in China. Again in the 18th 
Century, the emperor Ch’ien-lung rejected demands for 
limitation of landownership. In an edict (1740), however, 
he noted that “the population is constantly increasing, 
while the land does not become any more extensive.” He
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directed his subjects, therefore, to cultivate all and every 
odd piece of soil,
on top of the mountains or at the corners of the land. All 
these soils are suitable either for rice or for miscellaneous
crops___no matter how little return the people may receive
from cultivation of these lands, it will be always helpful in 
supplying food provisions for the people.

THE INDIAN SUBCONTINENT
India’s most important contribution to world agriculture 
is rice (Oryza sativa), the staple food and crop of most of 
Southern, Southeast, and East Asia. Sugarcane, varieties 
of legumes, and several kinds of tropical fruit, such as 
the mango and the muskmelon (Cucumis meid), also are 
native to the Indian subcontinent.
Archaeological records of this region’s prehistory are still 

incomplete and uneven. Evidence of how the transition 
from pastoralism to crop farming took place is lacking. 
Toward the close of the 3rd millennium bc, in the allu­
vial plains of the Indus River in Pakistan, ruins of the 
twin cities of Mohenjo-daro and Harappä reveal an ap- 
parently sudden explosion of an organized, sophisticated 

Indus urban culture. This society, known as the Indus Valley, or
Valley Harappan, Civilization, flourished until around 1750 bc,
Civilization and was much more extensive than those of Egypt or Bab- 

ylonia, and earlier than that of northern China. Peculiarly 
Indian, Harappan society was remarkably homogeneous, 
thoroughly individual and independent, and technically 
the peer of China and Egypt. Nothing is known, however, 
about the farm communities that must have produced a 
surplus of agricultural products sufficiënt to sustain the 
population and fill the granaries of the metropolitan cen­
tres. At Harappä, for instance, the granary consisted of 
two blocks of six chambers each. The floor space of the 
12 units covered an area of more than 90,000 square feet 
(about 8,100 square metres).
Barley (Hordeum vulgare), a small-seeded, six-rowed va­

riety, and two types of wheat—club wheat (Triticum aes- 
tivum) and an Indian dwarf variety (T. sphaerococcum)— 
were evidently the main cereal crops, supplemented by 
dates, sesame, field peas, and lentils. Humped Indian cattle 
and a humpless breed, goats, sheep, fowl, and the elephant 
had been domesticated. In addition to the domestication 
of a great variety of animals, fragments of dyed and woven 
cotton fabric attest to the antiquity of the cultivation of 
cotton plants and of the textile industry for which India 
was to become famous the world over.

No archaeological or pictorial evidence of farm imple­
ments has survived, and the Harappan script is yet to be 
deciphered. It has been surmised, however, that the cereals 
could have been sown in the fall on inundated land after 
the annual flooding of the rivers had receded and then 
harvested in spring. The System is still in use and involves 
minimal skill, labour, and equipment. The land does not 
have to be plowed, fertilized, or irrigated.
It was clearly more than a subsistence economy, for there 

is proof of river and sea traffic. There was a trading post 
at Lothai on the Gulf of Cambay with a brick dockyard 
and elaborate channel and spillway. Two-wheeled bullock 
carts and light, covered wagons—forms of transportation 
still common—were used for local travel. Caravans of 
pack oxen were the principal mode of transportation over 
longer distances.

South India, centre of the later distinctive Tamil culture, 
constituted a second, initially independent agricultural re­
gion. Crops were being raised there during the first half of 
the 2nd millennium bc. Two varieties of pulses (legumes) 
and finger millet (also called raggee) were cultivated.
To the north and west of the Deccan Plateau lay a third 

intermediate area. There, at Lothai and Rangpur, has been 
found the earliest evidence of rice cultivation, in the later 
Harappan period. Subsequently, wheat, cotton, flax, and 
lentils spread into the region from the Indus Valley, and 
pulses and millets from the south.
In all the three regions the basic cropping pattern of 

the 2nd millennium bc, except the pattern for rice, has 
continued into the 20th Century.
Early historie period. A fourth agricultural region de­

veloped during the Ist millennium bc in the Gangetic

Valley. Waves of invading Indo-Aryan tribes presumably Gangetic 
destroyed the Harappan cities and penetrated deep into Valley 
Hindustän proper, the principal seat of the classical Indian culture 
civilization. With the Aryans came the horse, coinage, the 
Brähml script, and the whole corpus of Vedic literature.
Sources of information henceforth are literary rather than 
archaeological. The plow, for example, figures in a hymn 
of the most ancient of the texts, the Rigveda: “Hamess the 
plows, fit on the yokes, now that the womb of the earth is 
ready to sow the seed therein.. . . ”
Apparently, rice played an important role in growth of 

population and new settlements. They had spread east- 
ward to the Ganges Delta by the 7th Century bc.

In the later Vedic texts (c. 1000-500 bc), there are re- 
peated references to iron. Cultivation of a wide range of 
cereals, vegetables, and fruits is described. Meat and milk 
products were part of the diet; animal husbandry was 
important. The soil was plowed several times. Seeds were 
broadcast. Fallowing and a certain sequence of cropping 
were recommended. Cow düng provided the manure. Ir­
rigation was practiced.

A more secular eyewitness account is available from 
Megasthenes (c. 300 bc), a Greek envoy to the court of the 
Mauryan Empire. In his four-volume Indica, he wrote:

India has many huge mountains which abound in fruit-trees 
of every kind, and many vast plains of great fertility.. . .  The 
greater part of the soil, moreover, is under irrigation, and 
consequently bears two crops in the course of the year.. . .  In 
addition to cereals, there grows throughout India much mil­
le t . . .  and much pulse of different sorts, and rice also, and 
what is called bosporum  [Indian millet].

And again,
Since there is a double rainfall [i.e., the two monsoons] in the 
course of each year.. . .  the inhabitants of India almost always 
gather in two harvests annually.
Other sources reveal that the soils and seasons had 

been classified and meteorological observations of rainfall 
charted for the different regions of the Mauryan Empire, 
which comprised nearly the whole subcontinent and terri­
tory to the northwest.

A special department of the state supervised construction 
and maintenance of the irrigation System. The best known 
work of the period is the Sudarshana Lake in Käthiäwär, 
created by an artificial dam and fumished with conduits.
Roads, too, were the government’s responsibility. The 
swifter horse-drawn chariot provided greater mobility than 
the bullock cart.

The Mughal Century (c. 1600). At the climax of the 
Mughal Empire, with the arrival and presence of the 
Western powers, a commercial economy based on oceanic 
trade was evolving. But no technological revolution in 
cultivating tools or techniques had occurred since roughly 
the time of the Upanisads (c. 600-300 bc).

The crops were broadly divided into rice zones and wheat 
and millet zones. Rice predominated in the eastern States, 
the Southwest coast, and in Kashmir. Aside from its origi­
nal home in Gujarät, it had spread also to the Punjab and 
Sind with the aid of irrigation. Wheat grew throughout its 
“natural” region in north and central India. Millets were 
cultivated in the wheat areas and in the drier districts of 
Gujarät and Khändesh as well.

Cotton, sugarcane, indigo, and opium were major cash 
crops; the last two have since passed out of cultivation. In­
troduced by the Portuguese, cultivation of tobacco spread 
rapidly. The Malabar coast was the home of spices, espe- Spices, 
cially black pepper, that had stimulated the first European coffee, tea, 
adventures in the East. Coffee had been imported from and fruit 
Abyssinia and became a populär beverage in aristocratie 
circles by the end of the Century. Tea, which was to 
become the common man’s drink and a major export, 
was yet undiscovered, though it was growing wild in the 
hills of Assam. Vegetables were cultivated mainly in the 
vicinity of towns. New species of fruit, such as the pine- 
apple, papaya, and cashew nut, also were introduced by 
the Portuguese. The quality of mango and citrus fruits was 
greatly improved.
Cattle continued to be important for draft and milk.

According to a Dutch observer, however, the cows gave 
far less milk than in his country. Land use never became
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as intensive as in China and the Far East, although, as 
noted by Megasthenes, double (and even triple) cropping 
was fairly common in regions favoured with irrigation 
or adequate double rainfall. Though the population must 
have increased many times over since Mauryan times, in 
the 17th Century virgin land was still abundant; peasants 
were scarce.

Irrigation from wells, tanks, and canals, however, had 
greatly expanded. Some new water-lifting devices—such 
as the sakia, or Persian wheel, which consisted of a series 
of leather buckets on an endless rope yoked to oxen—had 
been adopted and are still widely used.

The plow was the principal implement for tillage. Drawn 
Traditional by oxen, the traditional Indian plow has never had a 
mple- wheel or a moldboard. The part that penetrates the soil 
nents is a wedge-shaped block of hardwood. The draft pole pro-

jects in front, where it is attached to the neck yoke of 
the bullocks. A short, upright stilt in the rear serves as 
a guiding handle. The point of the wedge, to which an 
iron share may or may not be attached, does not invert 
the soil. Some plows are so light that the cultivator can 
carry them daily on his shoulder to and from the fields. 
Others are heavy, requiring teams of four to six pairs of 
oxen. Levelers and clod crushers, generally consisting of 
a rectangular beam of wood drawn by bullocks, are used 
to smooth the surface before sowing. Among hand tools, 
the most common is the kodali, an iron blade fitted to a 
wooden handle with which it makes an acute angle.
Drill sowing and dibbling (making small holes in the 

ground for seeds or plants) are old practices in India. 
An early 17th-century writer notes that cotton cultivators 
“push down a pointed peg into the ground, put the seed 
into the hole, and cover it with earth—it grows better 
thus.” Another simple device was a bamboo tube attached 
to the plow. The seed was dropped through the tube into 
the furrow as the plow worked and was covered by the 
soil in making the next furrow.

Operations of reaping, threshing, and winnowing have 
continued to be performed almost exactly as described in 
the Vedic texts. Thus, grain is harvested with a sickle. It 
is bound in bundles and threshed by bullocks treading on 
it or by hand pounding. To separate the grain from the 
chaff, it is either sieved with sieves made of stalks of grass 
or of bamboo, or it is winnowed by pouring by hand at a 
height from a supa (winnowing scoop). The grain is then 
measured and stored. The sickle, sieve, and supa remain 
today as they were more than two millennia ago.

SOUTHEAST AND EAST ASIA
The Chinese agrarian System could not conquer the north­
ern steppes and deserts nor could it cultivate the barren 
heights of the Tibetan plateau to the west. It did reach 
out, however, to areas with less extreme environmental 
factors—to the plains of Manchuria, Inner Mongolia, the 
lower valleys of eastern Tibet, and Chinese Turkistan, 
wherever conditions were favourable. It encountered no 
comparable barriers to the east. As a result, crops and 
cultivation techniques, especially of rice culture, spread 
to Korea and Japan, where they enjoyed notable success. 
Japan achieved higher yields per acre of rice than did 
China and most of the world.

Southeast Asia, on the other hand, constitutes an agricul­
tural subcentre supplementing that of the Indian subconti­
nent. Though it has a wealth of tropical wild and cultivated 
flora, rice became the staple and predominantly subsis- 
tence crop of the region after its introduction probably by 
Indian colonists around the middle of the 1 st millennium 
bc. Most of the other key farm products, such as sugar, 
tea, coffee, cotton, rubber, and com, also were introduced 
to this area from the outside by the European colonizers. 

Shifting Historically, shifting cultivation has been native to all the 
cultivation countries and still survives. As in South Asia, most of the 

rice is rain fed, and multiple cropping is infrequent, prob­
ably because of relatively low population densities in most 
of the region. With the exception of small pockets, as on 
the island of Java and in the Red River Delta of northern 
Vietnam, even wet-rice cultivation techniques have never 
been as intensive as in South China and Japan, nor have 
the yields been nearly as high. (K.Na.)

Improvements in agriculture in the West: 
c. 200 BC to AD 1600
THE ROMAN EPOCH
Crop farming and domestication of animals were well es­
tablished in western Europe by Roman times. Yields per 
acre were small by 20th-century Standards, and nearly half 
the annual crop had to be used as seed, but quantities 
of grain were still exported from Britain to Gaul. Where 
feasible, Roman farming methods were adopted.

Greek and Roman farming techniques are known from 
Contemporary textbooks that have survived. Methods were 
dictated to some degree by the Mediterranean climate and 
by the contours of the area. The majority of the crops 
cultivated today on the Mediterranean coast, wheat, speit, 
barley, some millet, and the legumes (beans, peas, vetches, 
chick-peas, alfalfa [lucerne], and lupines), were known at 
that time. The olive, the vine, and fruit trees were grown, 
as were turnips and radishes.

The farm. Roman holdings were commonly as small 
as 174 acres; the ground was prepared with hand tools, 
hoes, and mattocks, doubtless edged with bronze or iron.
Later, as farming developed, and estates of different sizes 
came into existence, two writers set out catalogs of the 
tools, implements, and labour required to exploit a given- 
size holding. These were Marcus Porcius Cato (234-149 
bc) and Marcus Terentius Varro (116-27 bc). Already in 
Cato’s time, emphasis was on production of wine and oil 
for sale, rather than cultivation of cereal crops, beyond 
the volume required to feed animals and slaves.

For an olive grove of 240 jugers (150 acres), Cato esti- 
mated necessary equipment as three large carts, six plows Equipment 
and plowshares, three yokes, six sets of ox hamess, one and labour 
harrow, manure hampers and baskets, three pack saddles, for an olive 
and three pads for the asses. Required tools included eight grove 
heavy spades, four smaller spades, shovels, rakes, scythes, 
axes, and wedges. Some 13 people, including an overseer, 
a housekeeper, five labourers, three teamsters, a muleteer, 
a swineherd, and a shepherd responsible for 100 sheep, 
would do the work. Other livestock included three yokes 
of oxen, three donkeys to carry manure, and one for the 
olive-crushing mill. The farm was also to be equipped 
with oil presses and containers for the oil.

Farm implements. Most Roman-era hand tools were 
similar in shape to their modern counterparts. The wooden 
plow was fitted with an iron share and, later, with a 
coulter (cutter). Though it had no moldboard to turn the 
soil over, it was sometimes fitted with two small ears 
that helped to make a more distinct rut. Though it could 
not tum a furrow, it could invert some of the soil if 
held sideways. It was usually followed by a man with a 
mattock who broke up clods and cleared the row so seed 
would fall into it. Two or three such plowings were given 
each year to land intended for cereals. Manure was spread 
only after the second plowing. If spread earlier, it would 
be buried too deep to do any good. The farm included 
a compost pit where human and animal excrement were 
placed along with leaves, weeds, and household waste.
Water was added from time to time to rot the mass, and 
an oak pole was driven into the middle to keep snakes 
away. Various animal and bird droppings were believed 
to have different effects on growing plants. Pigeon’s düng 
was valued, but that of aquatic birds was avoided. Marl— 
earth containing lime, clay, and sand—was used in Gaul 
and possibly in Britain.

Seeds were sown by hand, broadcast, or dropped. They 
were covered with a harrow, which may have had iron 
teeth or may simply have been a thornbush. A more com­
plex plow, fitted with a wheeled forecarriage, may have 
been used in Cisalpine Gaul (northern Italy) as early as 
the Ist Century ad . Traction normally was supplied by a 
pair of oxen; the Roman historian Pliny the Eider (ad 
23-79) mentions as many as eight being used on heavy 
land. In light soil, only one was necessary, and sometimes 
asses were used.

Cropping Systems. Olive groves and vineyards were 
permanent; grain and pulses were annuals. Although it 
was realized that different soils were better suited to some 
crops than to others, the same piece of land was used for
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all crops. A specific crop, however, was grown in altemate 
years in what is known as the two-field, or crop-and-fallow, 
System. The fallow land was plowed two or three times 
during the fallow year to kill the weeds, which typically ac- 
cumulate where cereal crops are continuously cultivated. 
Wetland was drained by digging V-shaped trenches, the 
bottom of which, usually four feet deep, was paved with 
loose stones, willow branches, or bundles of brushwood 
placed lengthwise, and covered with the replaced soil. Soil 
was judged by colour, taste, smell, adhesion to the fingers 
when rubbed, and whether it filled up a hole from which 
it had been dug or proved too loose.
Then as now, wheat was mostly sown in autumn, though 

a species known as Triticum trimestre was sometimes 
planted in spring; it ripened in three months. Barley was 
a spring-sown crop, as were most others. Though the Ro­
mans knew that growing alfalfa and clover was in some 
way good for the succeeding crop, they did not know why. 
Similarly, a crop of lupines was sometimes planted for 
plowing in as green manure, and occasionally a crop of 
beans was used in the same way.

Harvesting and processing. The harvest was reaped 
with a curved sickle, a tool that has changed little since 
Roman times. In some places, the ears of grain were cut 
and carried in wicker baskets to the threshing floor. The 
straw was cut and stacked later. In other areas, the plant 
was cut lower down, and the grain was threshed from 
the straw. Another set of tools was used, consisting of a 
short-handled sickle held in the right hand, with the blade 
at right angles to the handle. A short-handled hooklike 
implement held in the left hand was used to draw together 
enough grain to be cut at one stroke. In Gaul, a reaper 
was used, a cart with an open back pushed by an animal 
reversed in the shafts. On the edge of the back, a comb- 
like device was fixed to tear off the ears as the vehicle 
was pushed through the crop. The grain was threshed in 
the long-established way, by animals treading it on a firm 
floor, or by an implement known as a tribulum, a wooden 
framework with bits of flint or metal fixed to the under- 
side, hauled over the grain by an animal. Winnowing was 
still done by tossing in the air from a winnowing basket 
when there was a favourable wind to blow away the chaff. 

The quern Grain was ground with a quern, a hand implement made 
of two stones, a concave base with a convex upper stone 
fitted into it. Some querns turned in a circle, while others 
merely rubbed up and down on the grain. Though de- 
signed before the end of the Roman period, water mills 
were uncommon.
Some forage crops were necessary to feed the plow an­

imals and the cattle, sheep, and pigs. Grass was cut for 
hay, and many hours must have been spent in the woods 
collecting acorns for winterfeed for the swine. Alfalfa was 
the best fodder; it helped fertility as well. Lupines and a 
mixed crop of beans, vetch, and chick-peas and another 
mixture of barley, vetch, and legumes were also employed. 
Turnips were grown for human and animal consumption 
in some regions, notably Gaul.

Livestock. Little attempt was made at selective breed­
ing, and little was possible, for most of the animals spent 
their time at open range or in the woods. Nevertheless, 
different breeds of cattle were recognized as native to 
particular places. They were bred between the ages of two 
and 10 years; two bulls to 60 or 70 cows was the usual 
Proportion. Greek shepherds garbed some of the very fine 
wooled sheep in skin coats to keep their fleece clean. Ewes 
were bred at three years old, two if essential. They fed 
on the stubble after harvest. Transhumance, or seasonal 
migration in search of pasture, was normal. A supply of 
clear water near the grazing ground was necessary.
Goats were kept in large herds, with 50 to 100 the 

Optimum. Swine were also important. Very fat animals 
were preferred, and large numbers of these, whose meat 

Swine was frequently seen on the Roman table, were kept. Sows
raising were covered (bred) at from 12 to 20 months of age; it

was desirable for them to pig in July or August. The best 
Proportion of boars to sows was 10 to 100. Herds of 100 to 
150 ranged the woods. The bacon produced in Gaul had 
a reputation for quality; swine also flourished in northern 
Italy and eastern Spain.

The methods of the Roman farmer produced only limited 
yields, and cereals were regularly imported to Italy from 
lands more naturally favourable to grain growing: Egypt, 
Sicily, Sardinia, and Gaul. Yet the Roman methods were 
basically sound and, with the help of modern mechanical 
aids, remain to a large extent in force today.

THE MEDIEVAL PERIOD: 600-1600
In 1,000 years of medieval history, many details of farming 
in the Western world changed. The period falls into two 
divisions: the first, one of development, lasted until the 
end of the 13th Century; the second, a time of recession, 
was followed by two centuries of recovery.
Agricultural advances. The most important agricultural 

advances took place in the countries north of the Alps, 
in spite of the large population changes and warfare that 
accompanied the great migrations and the later onslaughts 
of Northmen and Saracens. Agriculture had, of course, 
been practiced regularly in Gaul and Britain and spo- 
radically elsewhere in Europe both before and during the 
Roman epoch. The climate and soils and, perhaps, the so­
cial Organization compelled different arrangements of land 
division and the use of more complex tools as more and 
more land was reclaimed from forest, marsh, and heath to 
meet the needs of a rising population.

Open-field System. The precise origin of the open-field 
arrangement (Figure 5), which involves long scattered 
strips of arable land separated from each other by a furrow, 
balk (ridge of land left after plowing), or mere (boundary), 
is obscure. The earliest examples of this System date from 
about 800, the year Charlemagne was crowned emperor of 
the West. Usually these strips of land, normally about one
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acre in size, were laid out in two or three large fields. Each 
farmer in the village worked a number of these acres; the 
units forming his holding were scattered among those of 
other men. The open-field system continued as more land 
was reclaimed and lasted for many centuries—longer, of 
course, in some places than in others. It has been sug- 
gested that the length of each strip was determined by 
the distance a draft animal, usually an ox, could haul a 
plow before stopping for a rest. The intermingling of the 
strips was said to have been the result of a jointly owned
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plow team and plow supplied by a number of farmers 
working together, each being allotted a strip in tum. A 
subsequent theory holds that in some places the division 
of fields, which may have originally been rectangular or 
square, among a number of heirs led to the creation of 
long, narrow acres.

In theory each person’s holding totaled 30 acres, com- 
prising strips equally divided among the three arable fields. 
With the passage of time, wide variations in the size of 
holdings came about; many became very small.

Plows and plowing. Besides the different arrangement 
of the plowland, there were other changes, some of them 
important. Though Pliny the Eider claimed a wheeled 
plow was used in Cisalpine Gaul about the time of Christ, 
there is a good deal of doubt about this. A wheeled 
asymmetrical plow was certainly in use in some parts of 
western Europe by the late 10th Century. Illuminations of 
manuscripts and calendars a little later in date show a 
plow with two wheels fitted with a rudimentary moldboard 
and a coulter (Figure 6). This plow could invert the soil 
and turn a true furrow, thus making a better seedbed. Its 
use left high ridges on the land, tracés of which can still 
be seen in some places.
The horse collar, which replaced the old harness band that 

pressed upon the animal’s windpipe, severely restricting 
its tractive power, was one of the most important inven- 
tions in the history of agriculture. Apparently invented in 
China, the rigid, padded horse collar allowed the animal 
to exert its full strength, enabling it to do heavier work, 
plowing as well as haulage. Many peasants continued to 
use oxen, however, because horses were more expensive 
to buy and to keep. Some plowing was done by two oxen 
as in former times; four, eight, or more were occasionally 
necessary in very difficult land.

Hand tools. Modifications, slight but important, had 
been introduced into the design of hand tools. A more 
effective ax made forest clearance easier and faster. The 
jointed flail supplanted the straight stick. The scythe was 
more frequently in use for mowing grass, reaping barley, 
and performing similar tasks. Wind power was applied to 
the grinding of grain by the earliest windmills. All these 
changes and adaptations helped expand the cultivated area 
and supply food for the growing population.

New lands and crops. Not only were forests cleared and 
heavy land cultivated but, in the Netherlands, reclamation 
from marsh and from the sea was extended. In the midst 
of the marshes, terps, artificially made patches of higher 
land on which houses and barns could be built, were made 
at a very early date. Ditches to drain the fens were dug 
in the 10th Century. Polders, land reclaimed from the sea, 
are first recorded in the 12th Century.

In Spain, the Moors had introduced new crops and a 
new breed of sheep, the Merino, that was to make Span- 
ish wool famous throughout Europe. New crops included 
sugarcane, rice, cotton, and some subtropical fruits, es­
pecially citrus. Grapevines and olive groves flourished in 
the south, as did the vines the Romans had introduced to 
the valleys of the Moselle and Rhine rivers. In the 12th 
Century, Venice became a major cotton-manufacturing 
city, processing cotton from the Mediterranean area into 
cloth for sale in central Europe; and in the Middle Ages 
Germany became a cotton-manufacturing centre.

Widespread expansion of farmed land occurred through­
out western Europe between the 10th Century and the 
later years of the 13th. German and Dutch settlers were 
encouraged to take up holdings eastward toward the Baltic 
countries and south to the Carpathians. In France, new 
villages were built and new farms carved out of the forest 
and the waste, while, in England, a great deal of land 
on the boundaries of the open fields was taken in and 
cultivated. All this new cultivation was canied out with 
the same old implements and tools; the same crops were 
cultivated and animals bred as before. In remote and des­
olate places, monastic organizations created great estates. 
These estates were formed to feed growing populations 
rather than to improve technical skills. A new literature 
of farming arose, directed to the attention of great lords 
and ecclesiastical magnates rather than to the illiterate 
majority of husbandmen. These bright prospects, how-

Figure 6: “The Ploughman” behind a two-wheeled plow drawn 
by horses. Wood engraving from the “Dance of Death" by 
Hans Holbein, the Younger, c. 1540. In the Victoria and Albert 
Museum, London.
By courtesy of the Victoria and Albert Museum, London

ever, were dimmed in the 14th Century by a combination 
of calamities.
Agricultural recession. What is now called a recession 

began toward the end of the 13th Century. The disasters 
of the I4ih, climatic, pestilent, and military, followed. 
Famine resulted from excessively bad weather in 1314, 
1315, and 1316; a small recovery followed in 1317. Yields, 
never high (from six to 10 bushels of wheat per acre; a little 
more for barley, rye, and oats), were reduced to nothing 
by the weather. Floods wiped out the reclaimed land in the 
Netherlands. Plague followed famine, bringing suffering to 
both animals and humans. The Black Death broke out in 
1347 and is estimated to have killed approximately one- 
third of the population of Europe. Renewed outbreaks 
followed throughout the remainder of the Century. The 
Hundred Years’ War desolated much of France; other 
conflicts, accompanied by similar pillage and destruction, 
broke out elsewhere. The result of all these misfortunes 
was to be seen in the landscape throughout western Eu­
rope. Much of the arable land could not be cultivated for 
lack of labourers; in some regions the countryside was 
inhabited by a few scattered peasants grubbing a scanty 
living in the grimmest isolation. Many of the newer Settle­
ments and some of the established ones were abandoned 
and became deserted villages.

The Netherlands. The Netherlands was not as seriously 
affected as most other countries. The flood destruction 
was repaired, and a System developed that was to become 
an example to all Europe. Leguminous and root crops 
were introduced into the rotation at least as early as the 
15th Century, and long continuous rotations almost with­
out fallow breaks were employed. Town refuse was added 
to the supplies of animal manure. The size and milk yield 
of the Dutch cattle became famous, though possibly exag- 
gerated. Some say that they owed part of their distinction 
to crosses with animals from Lombardy and Piedmont, 
which also enjoyed a great reputation. Flemish horses were 
already renowned for size and strength.

England. In England, when agricultural recovery began 
in the 15th Century, there was no immediate improvement 
in technique. During this period, England became known 
as the home of most medium- and long-wooled mutton 
breeds. The profits of the wool trade and, later, of the
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woolen manufacture induced landowners to increase the 
size of their Hoeks. This led to some difficulties. Not only 
had some arable land fallen down to rough grazing be­
cause of labour scarcity after the diseases and bad seasons 
of the 14th Century, but the profit of wool encouraged 
enclosure of formerly open fields for grazing; some villages 
were even destroyed to increase the area of grazing land. 
Though there was a considerable outcry against enclosure 
in the 16th and early 17th centuries, the practice was 
too profitable to halt. At the same time, farmers began 
exchanging their scattered plots of land in order to consol- 
idate individual holdings. These Consolidated plots were 
then enclosed with a hedge or fence to prevent them from 
being subjected to the regulations that governed the use 
of the remaining strips. Land was also acquired by pur­
chase for this purpose. None of these changes, however, 
involved any technological advances in farming.

Spain. In Spain, the shepherds, whose Organization, the 
Mesta, was a powerful body with great political influence, 
came into conflict with the farmers. The annual journey 
of sheep from their northern grazing area to the south 
carried them along an established route; this route steadily 
broadened, with the sheep trespassing upon the farmers’ 
lands and consuming crops. At the same time, the Mesta 
successfully opposed any expansion in the amount of 
arable land until the mid-16th Century.
Italy. In the 14th Century the city-states of Italy were 

devoted to commerce. There was little emphasis on farm­
ing, though some attempts at draining marshes were made, 
and, in spite of the introduction of rice culture in the 

Persistence north, Italian farming on the whole remained much as it 
of Roman had been in Roman times. In the south great flocks were 
farming kept and moved up to the mountains for the summer

along well-defined paths.
France. In the 15th Century French farmers made sub- 

stantial progress toward recovery, but even in France there 
was little advance in technology. The open-field System 
was prevalent in the north, and a type of Roman farming 
suited to the environment was practiced in the south, 
with alfalfa, dover, lupines, and other legumes grown for 
fodder and to maintain fertility. A fodder crop called Bur­
gundy grass was grown in Burgundy toward the end of the 
16th Century.
Germany. Many of the German villages depopulated 

by the disasters of the 14th Century were never resettled. 
Some of them had been established on marginal land, 
such as sandy heaths or high in the mountains. By the 
middle of the 16th Century, the advanced farming of the 
Netherlands penetrated into the north at the mouth of the 
Rhine and in Schleswig-Holstein. This is clear from one of 
the earliest printed books on farming, by a German, Con­
rad Heresbach. Heresbach described and recommended 
many of the methods used by the Romans, including 
raising lupines for green manure and rotating fallow- 
manured, winter-sown rape with wheat, rye, and spring 
barley. For the preparation of the seedbed, the destruction 
of weeds, manuring, sowing, and harvesting, implements 
that derived from the Roman pattern were used.

Heresbach’s book followed somewhat the pattern of Cre- 
scentius, who wrote in the 13th Century, and in that 
respect was similar to the growing number of agricultural 
treatises that appeared in Spain and France. These were 
often encyclopaedias of rural life presumably intended for 
the landowning public. In the late 16th Century, Henry 
IV of France and his minister, Sully, tried to stimulate 
interest among the lesser nobility in the management of 
their estates. In England, translations were made of Conti­
nental works.

Crop-farming changes in western Europe: 
1600-1800
THE NORFOLK FOUR-COURSE SYSTEM
Of the many changes that took place during this period 
in agricultural history, few were more important than the 
Norfolk four-course System, characterized by the disap- 
pearance of the fallow year and by a new emphasis on 
fodder crops. The movement toward change was further 
intensified by the invention of new farm machines, im­

provements in farm implements, and scientific interest and 
new biological theories relating to farm and animal life.

In the Norfolk four-course System, wheat was grown in 
the first year, followed by turnips in the second, then 
barley, with dover and ryegrass undersown, in the third. 
The dover and ryegrass were grazed or cut for feed in the 
fourth year. The turnips were either employed for feeding 
cattle in open yards during the winter (some covered yards 
were built) or for feeding sheep confined in folds set up 
on the ground. This new System was cumulative in effect, 
for the fodder crops eaten by the livestock produced large 
supplies of previously scarce animal manure, and that 
was richer in nature because the animals were better fed. 
When the sheep grazed the fields, their urine and drop­
pings fertilized the soil, so that heavier cereal yields were 
obtained in following years.
Established in Norfolk County, England, and in several 

other counties before the end of the 17th Century, the 
Norfolk four-course System became fairly general on the 
newly enclosed farms by 1800, remaining almost Standard 
practice on most British farms for the best part of the fol­
lowing Century. The System was used in the Lothians and 
some other parts of Scotland by about 1800 and, during 
the first three quarters of the 19th Century, was adopted 
in much of Continental Europe.

Enclosure. In order to adopt the Norfolk four-course 
System, it was first necessary to alter the thousand-year- 
old layout of the arable fields. It was virtually impossi- 
ble for an individual farmer to grow fodder crops on his 
strips of land in open fields, for at certain seasons (after 
harvest, for example) these fields were opened to grazing 
by the livestock of the whole community. The improving 
farmer, who grew dover and ryegrass or other legumes 
or a root crop, would simply have provided additional 
feed for his neighbours’ as well as his own animals. Such 
an arrangement was possible, of course, if all the farmers 
cooperated, a rather unlikely but not absolutely unknown 
state of affairs. On enclosed land, however, a farmer could 
cultivate these crops and benefit from his own efforts.

Consequently there was a rapid acceleration of the en­
closure movement in England, sometimes by local agree- 
ment, by Chancery decree (late 17th Century), and by 
private acts of Parliament in growing numbers (18th Cen­
tury). Some 6,000,000 acres of English fields were enclosed 
between 1700 and 1845. On the Continent, the change, 
where it was made, took place slightly later. Some farms 
are still worked in strips, though communal regulation 
has vanished.

Livestock. Where new fodder crops were introduced 
into the rotation, more and better livestock were bred 
and kept. Animal size increased, and meat development 
was greater. In cows, milk yield improved. Better breed­
ing increased fleece and flesh production in sheep and 
improved the size of pigs. Horses, essential to transport, 
were carefully bred. There were disastrous outbreaks of 
cattle plague, however, that spread throughout Europe in 
the second and fourth decades of the 18th Century, pos- 
sibly introduced from eastem Europe by cattle driven to 
markets in the west. As a result of these calamities, a 
veterinary school was founded at Lyon, in 1762, and a 
second at Alfort, Fr., in 1767. Denmark established its first 
veterinary school in 1773, and England followed in 1791.

An interesting aspect of livestock breeding was the admi- 
ration of all Europe for the Spanish Merino sheep, which 
were forbidden from export for fear of competition. It 
proved impossible to maintain the prohibition. Merinos 
were obtained by Louis XVI of France in 1786. Some 
had been imported into Sweden even earlier, before 1765. 
Both Prussia and Saxony raised them by midcentury, 
the Saxon Merino becoming famous. Austria also secured 
Merinos, and George III of England obtained a few by 
the end of the Century. Merinos were not a success in 
England, however.
Though a major source of meat since Roman times, pigs 

had been raised half wild, feeding in the woods under the 
care of a swineherd and his dogs. Over a large part of 
western Europe, this System continued, especially where 
open-field farming prevailed. In England, however, where 
population doubled during the 18th Century from about
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5,000,000 to about 10,000,000, more care was taken in 
breeding productive swine. Several different breeds could 
already be distinguished; some were crossed with Chinese 
animals possibly brought from that distant country in ves- 
sels carrying spices and tea.

IMPROVEMENTS IN TECHNOLOGY
Plows and farm machinery. Probably of Dutch origin, 

the Rotherham plow, the main design of which has re- 
mained virtually unchanged to this day, was first put into 
use in the Netherlands, England, and Scotland during the 
first half of the 18th Century. Details of design varied 
from area to area. Some Rotherham plows were wheeled, 
and some were not; some were made of timber; others of 
iron. The first factory for making plows was established in 
England in 1783.

Though the problem of mechanizing harvest work was 
not solved until the 19th Century, a few fairly simple 
threshing machines were designed and put in use by 1800. 
Similarly, a variety of machines for such tasks as prepar­
ing animal feed, chopping turnips, and cutting chaff were 
designed and used.

The English gentleman Jethro Tuil made important con- 
tributions during this period, among them the horse-drawn 
hoe and the seed drill. To save expensive hand labour, Tüll 
designed and fabricated horse-drawn hoes that destroyed 
the weeds and kept the soil between the rows in good 
crumbly (friable) condition. Tüll believed that friable soil 
would supply all the nutrients a plant required, and he was 
so convinced of his theory that he planted wheat in rows 
spaced widely enough to allow for horse hoeing while the 
plant was growing. Tüll also believed that placing the seed 
into the ground in small holes (drilling) would permit a 
much lighter rate of seeding than hand broadcast methods 
and still get high yields. To place the seeds, he designed 
and used a seed drill.

Tüll was not the first man to in vent a seed drill. A seed 
dropper, consisting of a tube attached to a plow through 
which seed could be dropped by hand at regulär inter­
vals, had been attached to an ancient Babylonian plow.
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shares set in a rectangular frame, was employed in 17th- 
century China, and probably at a very much earlier date. 
An Italian described a modern form of seed drill in the 
late 16th Century. An Austrian, Locatelli, described a sem- 
brador, or seed drill attached to a plow, which was either 
used or proposed for use in Spain. After Tüll, inventors 
were numerous, and, at the end of the 18th Century, the 
drilling of seed, though not commonplace, was accepted. 
Throughout this period, however, the ordinary farmer 
continued to prepare his seedbed by plowing three times 
a year, occasionally more, and broadcasting seed by hand 
and harrowing it in. All these techniques were thousands 
of years old.

Irrigation and drainage. Walter Blith, a captain in 
Water Cromwelfs army, was interested in land drainage and ir- 
meadows rigation in the form of water meadows, pieces of low, flat 

land capable of being kept in fertility by being overflowed 
from some adjoining stream. During his lifetime consid- 
erable drainage work was carried out in eastern England, 
where it has continued to the present day. At the same 
time, water meadows were constructed in Southwest En­
gland. This System was well known and of long Standing 
in Germany. Similarly, there were sporadic attempts to 
drain wetlands in France and Italy; maintenance of the 
drainage System was essential to parts of the Netherlands. 
Colonization of reclaimed lands in eastern England by 
Dutch settlers also introduced some novel crops to that 
area, especially rape and cole.

Importance of the New World. The age of exploration 
that began in the mid-15th Century led to disco very of ed- 
ible plants previously unknown to Europeans. The Arabs 
had introduced sugarcane and rice to some parts of South­
ern Europe. The voyagers to North America returned with 
corn (maize), tobacco, and the turkey. South America 
supplied the potato, cocoa, quinine, and some vegetable 
drugs, while coffee, tea, and indigo came from the Orient.

Though the tropical plants could not be cultivated in the 
temperate European climate, corn was rapidly adopted

in Southern Europe. Imported first to Ireland, the potato 
came into general use elsewhere by the end of the 18th 
Century.

These novel crops expanded the dietary range in some 
places, and importation of the new beverages may have 
helped reduce the very large consumption of alcoholic 
drinks. Tea drinking was regarded as harmful by some 
fervent propagandists at the end of the 17th Century and 
later, and, in the 1820s, William Cobbett even condemned 
the potato. By that time, however, the crop had become 
the staple food of the Irish rural population and was 
raised on a moderate scale in Lancashire and Cheshire for 
consumption by their growing manufacturing population, 
as it was in some parts of Germany, France, the Low 
Countries, and Italy.

In the 16th and 17th centuries the introduction of sheep 
into such New World countries as Argentina, with suitable 
climate and grazing land, proved highly successful.
Agricultural textbooks and improvement societies. The 

small number of vernacular farming textbooks printed in 
Europe during the 16th Century increased in the 17th 
and became much larger in the 18th, indicating a devel­
oping interest in commercial farming. Population growth, 
especially in the urban centres, and the rise of industry 
opened new opportunities for the enterprising landlord 
and farmer, even though transport was difficult. English 
writers on farming were more numerous than those in 
other countries. The French paid more attention to gar- 
dening, and the Thirty Years’ War (1618-48) brought a 
long interruption in agricultural development in Germany 
and adjacent countries.

The Flemish and Dutch produced no agricultural texts, Crop 
declaring that they were more interested in farming than rotation 
in writing about it. Indeed, the System of crop rotation in Brabant 
in Brabant and Flanders became the pattern for the rest and 
of Europe. In 1645 an Englishman, Sir Richard Weston, Flanders 
wrote the first description of this System, which featured 
crops such as clover or roots, rotating with industrial crops 
such as flax, with no fallow break. Adoption in England 
and other parts of western Europe increased agricultural
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The problem of educating the ordinary farmer occupied 
the minds of improving landlords who were the governing 
dass in every European country. Improvement societies 
formed in Great Britain, and a semiofficial Board of 
Agriculture, financed in part by a government grant, was 
established there in 1793. It lasted until 1822. One of the 
first tasks it undertook was to make and publish a survey 
of each county in the kingdom in order to make the best 
local methods known to other districts. A similar plan 
had been tried in France in 1759. Other countries in west­
ern Europe engaged in similar activities. A Royal Society 
was established in Denmark in 1769 and made practi­
cal researches. The Italian Societa di Georgofili, founded 
in 1753, tried to stimulate technical improvement and 
planned large drainage schemes. The first similar Swiss so­
ciety was established at Zürich in 1747. Frederick William 
I of Germany founded an agricultural school at Halle in 
1727; and the first agricultural high school was begun, with 
royal encouragement, at Möglin, near Berlin, in 1806.

PROGRESS IN DIFFERENT COUNTRIES
Italy. Although Italy was the first country where a four- 

course rotation was advocated, traditional farming per- 
sisted there into the 18th Century and even later. Italian 
farmers, however, had accepted com, potatoes, tomatoes, 
and tobacco and relied upon these and other subtropical 
products for subsistence and sale. The vine continued to 
be important, as did the olive. The north was more ad- 
vanced than the less fertile south; a wide variety of crops 
was grown there, often in long rotations with a reduction 
of the proportion of fallow. An occasional fodder crop 
of turnips, clover, and ryegrass was cultivated. Shortages 
of fodder encouraged adoption of the Norfolk four-course 
System. Plows and other implements, however, remained 
primitive. The mulberry tree, the leaves of which provided 
food for silkworms, was important in the Milanese and 
Piedmont area. Rice was also grown on irrigated land in 
that area. High-yielding milch cows were also kept. Trans-
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humance was practiced, with sheep on the lower lands in 
winter and on the mountain pastures in summer.

Spain. Spain remained backward, partly because of its 
physical and climatic conditions and partly from social 
pressure. The Merino sheep, fine horses, and mules con­
tinued to deserve their high repute. Some subtropical crops 
were cultivated in the south and east—sugarcane, cotton, 
grapes, olives, figs, raisins, and oranges—but the arid and 
stony land of the centre and elsewhere remained substan- 
tially unproductive and thinly populated by a poor dass 
of métayers (sharecroppers).

Britain. The Industrial Revolution in Great Britain 
drew many people from food production; this had hap- 
pened before in the mercantile and manufacturing Low 
Countries. Since these people still had to be fed, there 
existed a strong incentive toward increased farm produc- 
tivity. These countries could not, however, satisfy local 
demands, and they sought to import food, especially grain. 
Thus, industrialization in England stimulated cereal grow­
ing in Prussia, Poland, and parts of Russia.
Germany. Increased grain production in Prussia was 

also stimulated by the personal efforts of Frederick II the 
Great, who set out to repair some of the damage caused 
by the Thirty Years’ War and generally to improve con­
ditions in his country. He ordered the rearrangement of 
the open-field farms into separate enclosed holdings and 
did away with common grazing, doubtless to encourage 
better animal selection and breeding. He bred horses for 
the army and gave bulls and rams to favoured landowners. 
Elsewhere in the German congeries of small States, the 
princes enforced improvements by royal edicts. Fodder 
crops were introduced. In addition to keeping the animals 
indoors in winter, summer stall feeding was introduced in 
some areas, resulting in preservation of the animal ma­
nure formerly dropped on the commons.
Sugar beets had been grown for feed in Germany, but it 

was not until 1747 that sugar was successfully extracted 
and not until 1802 that the first factory for making beet 
sugar was built. This industry, however, did not really 
begin to grow until the time of the Napoleonic Wars.

Scandinavia. The countries of Scandinavia were influ- 
enced by the spirit of improvement, but less spectacularly. 
Danish farmers were somewhat hindered in the intro­
duction of novel methods by political restrictions, and it 
was not until the end of the 19th Century that serious 
advances in technique took place. Sweden had some im- 
provers who imported Merino sheep, English cattle, and 
Angora goats and who studied plow design. Nevertheless, 
Swedish farming in general remained almost static until 
after 1757, when some exchange of strips made enclosed 
farms possible. Potatoes became a staple.
North America. Changes in farming technique that in­

creased productivity, introduced primarily in Great Britain 
and the Netherlands before 1800, made British farm­
ing the example to the world, even the distant lands of 
America. That continent, north and south, had indeed 
supplied Europe with very valuable plants. By the end of 
the 18th Century, the production of North America was 
sufficiënt to supply some of the necessities of a warring 
Europe. The New England Settlements, like those of the 
Southern States, were expanding toward the west, as land 
was claimed from the forest. Agriculture produced small 
surpluses for export. The Southern States had, of course, 
always exported staples like tobacco, cotton, and (Loui­
siana) sugar; but the processes by which these plants were 
cultivated remained primitive.
Cattle raising expanded rapidly in the New World. The 

need for fresh and larger grazing areas drew cattle farming 
west into Ohio and Kentucky, where corn for fattening 
purposes could be raised at low cost. Cattle were being 
driven overland to seaboard markets by 1805.

The 19th-century power revolution 
on the farm: c. 1792-1914

The development of agriculture between the close of the 
18th Century and the early years of the 20th Century was 
characterized by the partial mechanization of agriculture 
in western Europe—especially in Great Britain—and in

the previously untapped lands of Australia, New Zealand, 
and North America, where wild, uncultivated, and virtu- 
ally unoccupied land was made to yield vast quantities of 
plant and animal crops.

MECHANIZATION
Though the first steps had been taken earlier, it was not 
until after 1850 that mechanization took hold in west­
ern Europe and the newly settled countries. A variety of 
machines were slowly coming into use when the French 
revolutionary wars broke out in the 1790s. An efficiënt 
seed drill had been devised but still required demonstra- 
tion in the 1830s to convince farmers of its value. A few 
threshing machines were in use before 1800, and they 
became steadily more populär until, in the 1830s, farm 
labourers in England rebelled against them because the 
machine robbed them of their winter employment. The 
speed with which the thresher was adopted is rather sur- 
prising, as there was a surplus rather than a shortage of 
labour at the time.

The reaper. Yet even an ample supply of labour could 
not always cope with the harvest by hand methods. Local 
labour frequently had to be supplemented by traveling

By courtesy of the Library of Congress, Washington. D.C.

Figure 7: The original McCorm ick reaper, 1831; from R.L. 
Ardrey, “American Agricultural Implements,” 1894.

gangs or by small tradesmen from neighbouring towns. 
This unsatisfactory Situation proved an incentive to inven- 
tion. Reaping machines had been proposed before, but not 
until Patrick Bell in Scotland and Cyrus Hall McCormick 
(Figure 7) in the United States produced their designs did 
this machine became a practical reality. After the Great 
Exhibition of London in 1851, the reaper slowly came into 
general use. About this time an animal-pushed combine 
härtester, which stripped the grain from the plant like the 
Gallo-Roman reaper of classical times, was devised. This 
machine was used successfully in South Australia, where 
more grain was grown than could be harvested manually 
by the few labourers available there.

Plows and plowing. Before harvesting machines could 
be used, however, the ground had to be prepared, and the 
fundamental instrument for this purpose was the plow. 
Though attempts had been made in the 17th and 18th 
centuries to develop a mathematical theory of plow design, 
in a less esoterie way practical men had made significant 
improvements. Prominent among these was the English 
inventor Robert Ransome, who patented a cast-iron share 
in 1785 and a self-sharpening share in 1803. Later he de­
signed a plow with Standard parts that could be removed 
and replaced in the field, a double plow (i.e., with two 
shares), and other patterns.
As settlers in the United States moved westward, plowing 

of the black prairie soils, high in organic matter, posed 
a special problem to the farmers who had cast-iron and 
iron-patched plows. The ingenuity of John Deere, an Illi-
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nois blacksmith and plow maker of the 1830s, resulted in 
a new kind of plow that was made entirely of steel except 
for the braces, beam, and handles. The one-piece share 
and moldboard of his first steel plow was cut from a mill- 
saw blade and shaped over a wooden form. This greatly 
improved implement not only made possible the effective 
plowing of the black prairie soils but also considerably 
lessened the animal power needed to turn the soil.
A mole plow, characterized by a cartridge-shaped “mole” 

attached to the bottom of its wide cutting blade, and 
intended for plowing a drain in heavy wetland, was suc­
cessfully fabricated and used in the late 18th Century. The 
plow, pulled by a capstan or team of animals, was a 
great help in draining wetland. Invention of a method for 
manufacturing tubulär clay pipes also aided and simpli- 
fied drainage. Use of these pipes spread rapidly beginning 
about 1850; large areas of land were thus drained all over 
Europe. Drainage by this method continues today.

Steam-powered equipment. The first attempts at steam- 
powered plowing took place in the 1830s. Though inge- 
nious, the early apparatus was impractically heavy and 
cumbersome. A successful steam plow was made in the 
1860s, after which steam power was widely adopted, es­
pecially on large farms (Figure 8). Supplementary imple­
ments helpful to the farmer were also produced about 
this time. They include hay rakes, hay-loaders, and potato 
spinners. Bam machinery, housed in especially designed 
buildings, was driven by a steam engine through a System 
of beits and pulleys or in more primitive style by horses. 
Threshing drums and supplementary machines were often 
hauled about the countryside by steam traction engines 
and worked on a contract basis by itinerant gangs of agri­
cultural labourers.

Steam power spread rapidly but thinly over Europe. The 
first steam plow was worked in The Netherlands in 1862. 
Though milking machines were built, they were not really 
successful until the end of the Century. The cream separa­
tor and milk cooler, both little changed since the time of 
their invention, were introduced in the 1880s.

Progress in mechanization in the second half of the 
19th Century was not, of course, confined to agriculture. 
Transport and Communications improved enormously. 
Steamships facilitated the movement of goods and the 
spread of ideas. Railroads were built throughout the world, 
making agriculture possible in areas where farmers previ- 
ously had no way to carry their goods to market. The first 
shipment of cattle marketed by rail originated in Lexing- 
ton, Ky., in 1852. These cattle were driven to Cincinnati, 
Ohio, freighted to Cleveland on Lake Erie, boated to Buf­
falo, freighted to Albany, N.Y., and then boated down 
the Hudson River to New York City. By 1860 railroads 
had extended beyond the Mississippi River, opening the 
Southwest to range production and the Middle West to 
cattle feeding.

APPLYING SCIENCE TO FARMING
New fertilizers. Mechanical developments were paral- 

leled by scientific discovery. Research in plant physiology 
and nutrition, begun in the 18th Century, continued and 
grew in scope. The brilliant English chemist Sir Humphry 
Davy summarized the current state of agricultural knowl- 
edge in a series of lectures, published as Elements o f 
Agricultural Chemistry in 1813. Though Davy’s lectures 
probably had little impact on the ordinary farmer, a 
few enterprising pioneers were soon conducting field ex- 
periments with new fertilizers. The beneficial effects of 
saltpetre (potassium nitrate) had been known since the 
17th Century. When a firm began to import saltpetre from 
India in the 1820s, interested farmers bought and used it. 
Imported Chilean nitrate of soda was more plentiful, how­
ever, and more often used. Peruvian guano, an organic 
fertilizer, was imported and extensively used, even though 
sellers often diluted it with useless material to increase its 
bulk. Ground bones and other kinds of waste had been 
used in the late 18th Century for restoring phosphate to 
pastures in dairy areas. Perhaps it was the use of these 
bones and their cracking and soaking in sulfuric acid that 
led to the production of superphosphate of lime in the 
1840s. As the 19th Century continued, more mineral fertil­
izers were discovered and marketed. With the development 
of the chemical industi y, other fertilizers were manufac- 
tured. Basic slag, a waste product of the iron industry, was 
applied to grasslands with success. Gypsum was also tried 
but was later superseded by more effective products.
Agricultural research and education. Scientists of the 

18th Century had established the principles that govemed 
plant life. About 1837 the English agriculturist Sir John 
Bennet Lawes began to experiment with the effects of 
manures on plants and crops. In 1842 he patented a 
process for treating phosphate rock to produce superphos­
phate and thus initiated the synthetic fertilizer industry. 
In the following year, Lawes enlisted the services of the 
English scientist J.H. (later Sir Henry) Gilbert, with whom 
he worked for more than half a Century, performing ex- 
periments on crop and animal nutrition. The work of 
Rotliamsted Experimental Station, which Lawes founded 
and endowed, became world renowned. At the same time 
similar work was carried out in France, Germany, and the 
United States.
Though a considerable number of books on agricultural 

subjects appeared during the 19th Century, their effect 
was perhaps less than that of the measures taken to pro- 
mote agricultural education in most European countries. 
Though schools for farmers had been established in some 
German States in the 18th Century, the first professor- 
ships of rural agriculture and economy were established 
at Oxford (1790) and Edinburgh (1797). Though similar 
events took place in France and Germany in the 19th 
Century, a key date in the history of agricultural research

By courtesy of J I Case Company

Figure 8: Self-propelled steam engines were extensively used during the latter part of the 
19th Century for operating grain-threshing machines and other stationary farm machines such 
as corn husker-shredders and shellers.
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and education is 1862, when the U.S. Congress set up the 
Department of Agriculture and provided for colleges of 
agricultural and mechanical arts in each state.

Disease. An important spur to research was the great 
prevalence of plant disease, which at intervals became epi­
demie. Two crops—the potato and the grapevine—were 
virulently attacked in the 1840s, and irreparable damage 
resulted. When the potato blight Struck Ireland, where 
the potato was a staple food crop, it caused widespread 
famine. The vine growers of Southern Europe suffered 
several disastrous epidemics of the vine fungus. Later in 
the Century, infestation by the vine louse grape phylloxera 
nearly put an end to European viticulture.

FARMING OUTSIDE EUROPE
European colonies. In the 19th Century, European colo­

nial expansion and plantation farming spread to many 
areas of the world. Coffee was grown widely in Ceylon (Sri 
Lanka) until disease destroyed the plants and they were 
replaced by tea bushes. Sugarcane was raised on a large 
scale in the East and West Indies, in the United States, 
and the Hawaiian Islands. Cocoa was carried from South 
America to colonies in West Africa, where it prospered. 
Natural rubber was tapped in the Congo and Brazil and 
was later cultivated in well-designed plantations in the 
Malay Peninsula. Palm oil was collected from trees in 
West Africa and the South Seas. Yet these spectacular 
developments had little impact on the native agriculture 
of the underdeveloped regions in general; ancient patterns 
of cultivation remained largely unchanged.
America and Australia. By 1900 much of the western 

United States had been settled; great livestock ranches 
and wheat farms had been established there and in Ar- 
gentina. A large dairy and sheep industry had grown up 
in Australia and New Zealand. Imported Merinos were 
the foundation stock of the vast flocks that grazed the 
Australian hinterland. Devon cattle were exported from 
England to South Africa, where sheep were also a signifi­
cant economic factor.
The Great Plains of the United States, lying between 

the Mississippi River and the Rocky Mountains, were 
first used by the open-range cattle industry, the heyday 
of which lasted from about 1866 to 1886. To improve 
their lean, lanky longhorn, breeders imported Herefords, 
Durham Shorthorns, and other fine European cattle. As 
the range became more and more heavily occupied, and as 
wheat farmers began to tili the soil of the Great Plains, it 
became necessary to put up fences. This was accomplished 
with a remarkable invention, barbed wire, a new, cheap, 
and rapidly erected kind of fencing, used in preference to 
the post and rail fences or the sod and stone walls that 
had been common in Europe for centuries.
Grain farmers rapidly followed the ranchers, and farming 

spread from Oklahoma north into Canada. Because hand 
labour was scarce, cultivation and harvesting were rapidly 
mechanized. A combine härtester hauled by a large team 
of mules was used in California in the late 1880s. Differ­
ent from the combine harvester used in South Australia, 
this was a prototype of today’s machine. Iron and steel 
plows were produced in large numbers, and steam traction 
engines were used as power units for many mechanized 
operations such as threshing. Though seed was usually 
drilled, yields were often low because manure was in short 
supply. Furthermore, with manure scarce, a three-year 
rotation was practiced to prevent soil depletion: two crop 
plantings were followed by a fallow year. In the Southern 
States, export staples were produced in addition to subsis- 
tence crops.

America’s prodigious new supplies of meat and grain 
were generally exported from the wide ranges of the West­
ern States to the more populous Eastern States and to 
Europe, where they lowered prices paid to European farm­
ers but played an important role in feeding populations 
in industrial centres. Fresh meat and dairy produce from 
Argentina and Australia were carried thousands of miles 
in newly developed refrigerator ships.
The huge quantities of inexpensive food produced by the 

newly settled countries created a difficult problem for the 
European farmer. The arable and mixed farming common

in most European countries simply could not compete. 
In Great Britain, much cropland was planted with grass, 
and farmers began to raise pedigree animals and dairy 
produce. On the Continent, where many farmers occupied 
peasant holdings, a kind of subsistence farming contin­
ued. Denmark and The Netherlands turned to production 
of dairy produce and high-quality bacon, feeding pigs on 
waste dairy materials. (G.E.F.)

Agricultural technology has developed more rapidly in the 
20th Century than in all previous history. Though the most 
important developments during the first half of this Cen­
tury took place in the industrial countries, especially the 
United States, the picture has changed somewhat since the 
1950s. With the coming of independence, former colonies 
in Africa and Asia have initiated large-scale efforts to 
improve their agriculture. In many cases they have used 
considerable ingenuity in adapting Western methods to 
their own climates, soils, and crops (see also farming
AND AGRICULTURAL TECHNOLOGY).

DEVELOPMENTS IN POWER!
THE INTERNAL-COMBUSTION ENGINE
The internal-combustion engine brought major changes to 
agriculture in most of the world. In advanced regions it 
soon became the chief power source for the farm.
The tractor. The first applications to agriculture of the 

four-stroke-cycle gasoline engine were as stationary en­
gines, at first in Germany, later elsewhere. By the 1890s 
stationary engines were mounted on wheels to make them 
portable, and soon a drive was added to make them self- 
propelled. The first successful gasoline tractor was built 
in the United States in 1892. Within a few years several 
Companies were manufacturing tractors in Germany, the 
United Kingdom, and the United States. The number of 
tractors in the more developed countries increased dra- 
matically during the 20th Century, especially in the United 
States: in 1907 some 600 tractors were in use, but the 
figure had grown to almost 3,400,000 by 1950.

Major changes in tractor design throughout the Century Design 
have produced a much more efficiënt and useful machine, changes 
Principal among these were the power takeoff, introduced 
in 1918, in which power from the tractor’s engine could 
be transmitted directly to an implement through the use 
of a special shaft; the all-purpose, or tricycle-type, tractor 
(1924), which enabled farmers to cultivate planted crops 
mechanically; rubber tires (1932), which facilitated faster 
operating speeds; and the switch to four-wheel drives and 
diesel power in the 1950s and 1960s, which greatly in­
creased the tractor’s pulling power. The last innovations 
have led to the development of enormous tractors—usu­
ally having double tires on each wheel and enclosed, air­
conditioned cabs—that can pull several gangs of plows.

Unit machinery. Since World War II, there has been 
an increase in the use of self-propelled machines in which 
the motive power and the equipment for performing a 
particular task form one unit. Though the grain combine 
is the most important of these single-unit machines, self- 
propelled units are also in use for spraying, picking cotton, 
baling hay, picking corn, and harvesting tomatoes, lettuce, 
sugar beets, and many other crops. These machines are 
faster, easier to operate, and above all, have lower labour 
requirements than those that are powered by a separate 
tractor.

Grain combine. The first successful grain combine, a 
machine that cuts ripe grain and separates the kerneis 
from the straw, was built in the United States in 1836.
Lack of an adequate power unit and the tendency of com­
bi ned grain to spoil because of excessive moisture limited 
its development, however. Large combines, powered by as 
many as 40 horses, were used in California in the latter 
part of the 19th Century. Steam engines replaced horses 
on some units as a power source, but, about 1912, the 
gasoline engine began to replace both horses and steam 
for pulling the combine and operating its mechanism. A 
one-man combine, powered by a two-plow-sized tractor 
(i.e., one large enough to pull two plows), was developed

Scientific agriculture: the 20th Century
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in 1935. This was followed by a self-propelled machine in 
1938.
Mechanized equipment for corn. Corn, the most im­

portant single crop in the United States and extremely 
important in many other countries, is grown commercially 
with the aid of equipment operated by tractors or by 
internal-combustion engines mounted on the machines. 
Corn pickers came into use in the U.S. Corn Belt after 
World War I and have been even more widely adopted 
since World War II. Corn pickers vary in complexity from 
the snapper-type harvester, which removes the ears from 
the stalks but does not husk them, to the picker-sheller, 
which not only removes the husk but Shells the grain 
from the ear. The latter is often used in conjunction with 
dryers. Modern machines can harvest as many as 12 rows 
of corn at a time.
Mechanized equipment for cotton. Mechanization has 

also reduced substantially the labour needed to grow cot­
ton. Equipment includes tractor, two-row stalk-cutter, disk 
(to shred the stalks), bedder (to shape the soil into ridges 
or seedbeds), planter, cultivator, sprayer, and harvester. 
Cotton fibre is harvested by a stripper-type harvester, de­
veloped in the 1920s, or by a pieker. The stripper strips 
the entire plant of both open and unopened bolls and 
collects many leaves and sterns. Though a successful cot­
ton pieker that removed the seed cotton from the open 
bolls and left the burrs on the plant was invented in 
1927, it did not come into use until after World War II. 
Strippers are used mostly in dry regions, while pickers are 
employed in humid, warm areas. The pickers are either 
single-row machines mounted on tractors or two-row self- 
propelled machines.

Tomato-harvesting equipment. The self-propelled me­
chanical tomato harvester, developed in the early 1960s 
by engineers working in cooperation with plant breeders, 
handles virtually all packing tomatoes grown in Califor­
nia. Harvesters using electronic sorters can further reduce 
labour requirements.

Automobiles, trucks, and airplanes. The automobile 
and truck have also had a profound effect upon agriculture 
and farm life. Since their appearance on American farms 
between 1913 and 1920, trucks have changed patterns of 
production and marketing of farm products. Trucks de- 
liver such items as fertilizer, feed, and fuels; go into the 
fields as part of the harvest equipment; and haul the crops 
to markets, warehouses, or packing and processing plants. 
Most of the livestock is trucked to market.

The airplane may have been used agriculturally in the 
United States as early as 1918 to distribute poison dust 
over cotton fields that were afïlicted with the pink boll- 
worm. While records of this experiment are fragmentary, 
it is known that airplanes were used to locate and map 
cotton fields in Texas in 1919. In 1921 a widely publicized 
dusting experiment took place near Dayton, Ohio. Army 
pilots, working with Ohio entomologists, dusted a six-acre 
grove of catalpa trees with arsenate of lead to control the 
sphinx Caterpillar. The experiment was successful. It and 
others encouraged the development of dusting and spray- 
ing, mainly to control insects, disease, weeds, and brush. 
In recognition of the possible long-term harmful effects of 
some of the Chemicals, aerial dusting and spraying have 
been subject to various Controls since the 1960s.
Airplanes are also used to distribute fertilizer, to re- 

seed forest terrain, and to control forest fires. Many rice 
growers use planes to seed, fertilize, and spray pesticides, 
and even to hasten crop ripening by spraying hormones 
from the air.

During heavy storms, airplanes have dropped baled hay 
to cattle stranded in snow. Airplanes have also been used 
to transport valuable breeding stock, particularly in Eu­
rope. Valuable and perishable farm products are frequently 
transported by air. Airplanes are especially valuable in 
such large agricultural regions as western Canada and 
Australia, where they provide almost every type of service 
to isolated farmers.

NEW CROPS AND TECHNIQUES
New crops and techniques are, in reality, modifications of 
the old. Soybeans, sugar beets, and grain sorghums, for

example, all regarded as “new” crops, are new only in the 
sense that they are now grown in wider areas and have 
different uses from those of earlier times. Such techniques 
as terracing, dry farming, and irrigation are nearly as old 
as the practice of agriculture itself, but their widespread 
application is still increasing productivity in many parts 
of the world.

New crops. The soybean. This is an outstanding exam­
ple of an ages-old crop that, because of the development 
of new processes to make its oil and meal more useful, is 
widely produced today. In the Orient, where the soybean 
originated long ago, more than half the crop is used di­
rectly for food, and less than a third is pressed for oil. lts 
high protein and fat content make it a staple in the diet, 
replacing or supplementing meat for millions of people.

Though first reported grown in America in 1804, the 
soybean remained a rare garden plant for nearly 100 years. 
Around the beginning of the 20th Century, when three 
new varieties were introduced from Japan, farmers began 
growing it for hay, pasture, and green manure. In the 
early 1930s a soybean oil processing method that elimi- 
nated a disagreeable odour from the finished product was 
developed. World War II brought an increased demand 
for edible oil. The food industry began using soybean 
oil for margarine, shortening, salad oil, mayonnaise, and 
other food products and continues to be its chief user. 
Manufacturers of paints, varnishes, and other drying oil 
products are the most important nonfood users.

Development of the solvent process of extracting soybean 
oil has greatly increased the yield. A 60-pound bushel of 
soybeans processed by this method yields IOV2 pounds of 
oil and 45 pounds of meal. Soybean meal and cake are 
used chiefly for livestock feed in the United States. The 
high protein content of the meal has made it an attractive 
source of industrial protein, and, with proper processing, 
it is an excellent source of protein for humans.
Development of new soybean varieties suited for different 

parts of the world is possible by means of hybridization. 
This permits isolating types superior in yielding ability, 
resistance to lodging (breakage of the plant by wind and 
rain) and shattenng (of the bcan), adaptaüon to suii var­
ious requirements for maturity, and resistance to disease. 
Hybridization, however, has not yet led to spectacular 
gains in yields.

Sorghum. Just as the soybean was used for many cen- 
turies in Asia before its introduction into the Western 
world, so sorghum was a major crop in Africa. Sorghum 
is fifth in importance among the world’s cereals, coming 
after wheat, rice, corn, and barley. It is called Guinea 
corn in West Africa, kafir corn in South Africa, durra 
in The Sudan, and mtama in East Africa. In India it is 
known as jowar, cholam, and great millet, and it is called 
kaoliang in China. In America it is often called milo, 
while the sweet-stemmed varieties are referred to as sweet 
sorghum, or sorgo.

Sorghum probably had been domesticated in Ethiopia by 
3000 bc . From there, it spread to West and East Africa, 
and then south ward. Traders from Africa to the East car­
ried sorghum as provisions on their dhows. It is likely 
that sorghum thus reached India, where cultivation began 
between 1500 and 1000 bc . Other traders carried sorghum 
to China and the Far East. The amber sorghums or sor- 
gos, useful for forage and syrup, may have moved by sea, 
while the grain sorghums probably moved overland. The 
movement to the Mediterranean and the Middle East also 
began through traders.

Sorghum reached the New World through the slave trade. 
Guinea corn and chicken corn came from West Africa 
to America as provisions for the slaves. Other types were 
introduced into the United States by seedsmen and scien­
tists from about 1870 to 1910. Seed was sometimes sold 
to farmers as a new, highly productive variety of corn. 
It was not until the 1930s, after the value of the plant 
as grain, forage, and silage for livestock feeding had been 
recognized, that acreage began to increase. Yields rose 
markedly in the late 1950s, after successful hybridization 
of the crop. Better yields led in turn to increased acreage.

Chinese ambercane was brought from France to the 
United States in 1854 and was distributed to farmers.

Solvent 
process for 
soybean oil
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Sorghum While the cane provided good forage for livestock, pro- 
sugar moters of the new crop were most interested in refining

sugar from the sorghum molasses, a goal that persisted for 
many years. While refining technology has been perfected, 
the present cost of sorghum sugar does not permit it to 
compete with sugar from other sources.
Large amounts of sorghum grain are eaten every year by 

people of many countries. If the world population contin- 
ues to grow as projected, food is likely to be sorghum’s 
most important use. Most of the sorghum is ground into 
flour, often at home. Some is consumed as a whole-kernel 
food. Some of the grain is used for brewing beer, particu- 
larly in Africa.

The sugar beet. The sugar beet as a crop is much newer 
than either soybeans or sorghum. Although beets had 
been a source of sweets among ancient Egyptians, Indians, 
Chinese, Greeks, and Romans, it was not until 1747 that 
a German apothecary, Andreas Marggraf, obtained sugar 
crystals from the beet. Some 50 years later, Franz Karl 
Achard, son of a French refugee in Prussia and student of 
Marggraf, improved the Silesian stock beet—probably a 
mangel-wurzel—as a source of sugar. He erected the first 
pilot beet-sugar factory at Cunem, Silesia (now Poland), 
in 1802. Thus began the new use for sugar of a crop 
traditionally used as animal feed.

When during the Napoleonic Wars Continental Europe 
was cut off from West Indies cane sugar, further ex- 

Napoleonic perimentation with beet sugar was stimulated. In 1808 
experimen- a French scientist, Benjamin Delessert, used charcoal in 
tation with clarification, which insured the technical success of beet 
beet sugar sugar. On March 25, 1811, Napoleon issued a decree that 

set aside 80,000 acres of land for the production of beets, 
established six special sugar-beet schools to which 100 se­
lect students were given scholarships, directed construction 
of 10 new factories, and appropriated substantial bounties 
to encourage the peasants to grow beets. By 1814, 40 small 
factories were in Operation in France, Belgium, Germany, 
and Austria. Although the industry declined sharply after 
Napoleon’s defeat, it was soon revived. For the last third 
of the 19th Century, beets replaced cane as the leading 
source of sugar.
Since World War II, major changes have taken place in 

sugar-beet production in the United States and, to a lesser 
extent, in the Soviet Union, Germany, and other nations 
with a substantial production. These changes may be il- 
lustrated by developments in the United States.
In 1931 the California Agricultural Experiment Station 

and the U.S. Department of Agriculture undertook a coop- 
erative study of the mechanization of sugar-beet growing 
and harvesting. The goal in harvesting was a combine that 
would perform all the harvesting operations—lifting from 
the soil, cutting the tops, and loading—in one trip down 
the row. By the end of World War II, four different types 
of harvesters were being manufactured.
The spring and summer operations—planting, blocking 

(cutting out all plants except for clumps Standing 10 or 
12 inches [25 or 30 centimetres] apart), thinning, and 
weeding—did not yield so easily to mechanization, largely 
because the beet seed, a multigerm seedball, produced sev­
eral seedlings, resulting in dense, clumpy, and somewhat 
irregulär stands. In 1941 a machine for segmenting the 
seedball was developed. The problem was solved in 1948, 
when a plant with a true single-germ seed was discovered 
in Oregon. Now precision seed drills could be used, and 
plants could be first blocked and then cultivated mechani- 
cally using a cross-cultivating technique; that is, cultivating 
the rows up and down and then across the field. During 
World War I, 11.2 hours of labour were required to pro­
duce a ton of sugar beets; in 1964, 2.7 hours were needed.
New techniques. As the development of the sugar beet 

shows, new techniques may bring particular crops into 
prominence. This discussion, however, is confined to three 
that, in some forms, are old yet today are transforming 
agriculture in many parts of the world.

Terracing. Terracing, which is basically grading steep 
land, such as hillsides, into a series of level benches, was 
known in antiquity and was practiced thousands of years 
ago in such divergent areas as the Philippines, Peru, and 
Central Africa. Today, terracing is of major importance

tn Japan, Mexico, and parts of the United States, while 
many other nations, including Israel, Australia, South 
Africa, Colombia, and Brazil, are increasing productivity 
through the inauguration of this and other soil-conserv- 
ing practices.

Colombia provides an example of the modern need 
for terracing. For many years the steep slopes used for 
producing the world-renowned Colombian coffee have 
been slowly eroding. During the 1960s experimental work 
showed that contour planting and terracing would help 
preserve the land. Farther south, the Brazilian state of Sao 
Paulo created a terracing service in 1938. Since then, the 
program has become a full Conservation service.

Irrigation. The usefulness of a full-scale Conservation 
project is seen in the Snowy Mountains Project of Aus- Snowy 
tralia, where three river Systems have been diverted to Mountains 
convert hundreds of miles of arid but fertile plains to Project 
productive land. Intensive soil Conservation methods have 
been undertaken wherever the natural Vegetation and soil 
surface have been disturbed. Drainage is controlled by 
stone and steel drains, grassed waterways, absorption and 
contour terraces, and settling ponds. Steep slopes are sta- 
bilized by woven wickerwork fences, brush matting, and 
bitumen sprays, followed by revegetation with white clover 
and willow and poplar trees. Grazing is strictly controlled 
to prevent silting of the reservoirs and damage to slopes.
The two main products of the plan are power for new 
industries and irrigation water for agriculture, with recre- 
ation and a tourist industry as important by-products.
The Snowy Mountains Project of Australia is a modem 

successor, so far as irrigation is concerned, to practices 
that have provided water for crops almost from the be­
ginnings of agriculture. The simplest method of irrigation 
was to dip water from a well or spring and pour it on 
the land. Many types of buckets, ropes, and, later, pulleys 
were employed. The ancient shaduf, which consists of a 
long pole pivoted from a beam that has a weight at one 
end to lift a full bucket of water at the other, is still in 
use. Conduction of water through ditches from streams 
was practiced widely in the Middle East, in Africa, and 
in America, where ancient canal Systems can be seen. A 
conduit the Romans built 2,000 years ago to provide a 
water supply to Tunis is still in use.

Sufficiënt water at the proper time makes possible the 
füll use of technology in farming—including the proper 
application of fertilizers, suitable crop rotations, and the 
use of more productive varieties of crops. Expanding ir­
rigation is an absolute necessity to extend crop acreage 
in significant amounts; it may be the most productive of 
possible improvements on present cropland. First, there is 
the possibility of making wider use of irrigation in districts 
that already have a high rate of output. Second, there is 
the possibility of irrigating nonproductive land, especially 
in arid zones. The greatest immediate economie returns 
might well come from irrigating productive districts, but 
irrigation of arid zones has a larger long-range appeal.
Most of the arid zones, occupying more than one-third of 
the landmass of the globe, are in the tropics. Generally, 
they are rieh in solar energy, and their soils are rich in 
nutrients, but they lack water.

Supplemental irrigation in the United States, used pri- 
marily to make up for poor distribution of rainfall during 
the growing season, has increased substantially since the 
late 1930s. This irrigation is carried on in the humid ar­
eas of the United States almost exclusively with sprinkler 
Systems. The water is conveyed in pipes, usually laid on 
the surface of the field, and the soil acts as a storage reser­
voir. The water itself is pumped from a stream, lake, well, 
or reservoir. American farmers first used sprinkler irriga­
tion in about 1900, but the development of lightweight 
aluminum pipe with quick couplers meant that the pipe 
could be moved easily and quickly from one location to 
another, resulting in a notable increase in the use of sprin­
klers after World War II.

India, where irrigation has been practiced since ancient 
times, illustrates some of the problems. During the late Irrigation 
20th Century, more than 20 percent of the country’s cul- problems 
tivated area was under irrigation. Both large dams, with 
canals to distribute the water, and small tube, or driven,
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wells, made by driving a pipe into water or water-bearing 
sand, controlled by individual farmers, have been used. 
Some have been affected by salinity, however, as water 
containing dissolved salts has been allowed to evaporate 
in the field. Tube wells have helped in these instances by 
lowering the water table and by providing sufficiënt water 
to flush away the salts. The other major problem has been 
to persuade Indian farmers to level their lands and build 
the small canals needed to carry the water over the farms. 
In Egypt, impounding of the Nile River with the Aswän 
High Dam has been a great boon to agriculture, but it has 
also reduced the flow of silt into the Nile Valley and ad- 
versely affected fishing in the Mediterranean Sea. In arid 
areas such as the U.S. Southwest, tapping subterranean 
water supplies has resulted in a lowered water table and, 
in some instances, land subsidence.
Dry farming. The problem of educating farmers to 

make effective use of irrigation water is found in many 
areas. An even greater educational effort is required for 
dry farming; that is, crop production without irrigation 
where annual precipitation is less than 20 inches.

Dry farming as a System of agriculture was developed in 
the Great Plains of the United States early in the 20th 
Century. It depended on the efficiënt storage of the lim­
ited moisture in the soil and the selection of crops and 
growing methods that made best use of this moisture. The 
System included deep fall plowing, subsurface packing of 
the soil, thorough cultivation both before and after seed­
ing, light seeding, and alternating-summer fallow, with the 
land tilled during the season of fallow as well as in crop 
years. In certain latitudes stubble was left in the fields 
after harvest to trap snow. Though none of the steps were 
novel, their systematic combination was new. Systematic 
dry farming has continued, with substantial modifications, 
in the Great Plains of Canada and the United States, in 
Brazil, in South Africa, in Australia, and elsewhere. It is 
under continuing research by the Food and Agriculture 
Organization of the United Nations.

The direction o f change. While no truly new crop has 
been developed by modern man, new uses and new 
methods of cultivation of known plants may be regarded 
as new crops. For example, subsistence and special-use 
plants, such as the members of the genus Atriplex that are 
salt-tolerant, have the potential for being developed into 
new crops. New techniques, too, are the elaboration and 
systematization of practices from the past.

NEW STRAINS: GENETICS
The use of genetics to develop new strains of plants and 
animals has brought major changes in agriculture since 
the 1920s. Genetics as the Science dealing with the princi- 
ples of heredity and Variation in plants and animals was 
established only at the beginning of the 20th Century. Its 
application to practical problems came later.

Early work in genetics. The modern Science of genet­
ics and its application to agriculture has a complicated 
background, built up from the work of many individuals. 

Mendel’s Nevertheless, Gregor Mendel is generally credited with its 
ïxperi- founding. Mendel, a monk in Brünn, Moravia (now Brno, 
ments Czech.), purposefully crossed garden peas in his monastery 

garden. He carefully sorted the progeny of his parent 
plants according to their characteristics and counted the 
number that had inherited each quality. He discovered 
that when the qualities he was studying, including flower 
colour and shape of seeds, were handed on by the parent 
plants, they were distributed among the offspring in def­
inite mathematical ratios, from which there was never a 
significant Variation. Definite laws of inheritance were thus 
established for the first time. Though Mendel reported his 
discoveries in an obscure Austrian journal in 1866, his 
work was not followed up for a third of a Century. Then 
in 1900, investigators in The Netherlands, Germany, and 
Austria, all working on inheritance, independently redis- 
covered Mendel’s paper.
By the time Mendel’s work was again brought to light, the 

Science of genetics was in its first stages of development. 
The word genetics comes from “genes,” the name given to 
the minute quantities of living matter that transmit char­
acteristics from parent to offspring. By 1903, scientists in

the United States and Germany had concluded that genes 
are carried in the chromosomes, nuclear structures visible 
under the microscope. In 1911 a theory that the genes 
are arranged in a linear file on the chromosomes and that 
changes in this conformation are reflected in changes in 
heredity was announced.

Genes are highly stable. During the processes of sexual 
reproduction, however, means are present for assortment,
Segregation, and recombination of genetic factors. Thus, 
tremendous genetic variability is provided within a species.
This variability makes possible the changes that man can 
bring about within a species to adapt it to his specific uses.
Occasional mutations (spontaneous changes) of genes also 
contribute to variability.

Development of new strains of plants and animals did 
not, of course, await the Science of genetics, and some 
advances were made by empirical methods even after the 
application of genetic Science to agriculture. The U.S. 
experimenter Luther Burbank, without any formal knowl- 
edge of genetic principles, developed the Burbank potato 
as early as 1873 and continued his plant-breeding research, 
which produced numerous new varieties of fruits and veg­
etables. In some instances, both practical experience and 
scientific knowledge contributed to major technological 
achievements. An example is the development of hybrid
A A m  / m o i 7 ö \W 1  XI

Corn. Corn originated in America, probably having 
been first developed by Indians in the highlands of Mexico.
It was quickly adopted by the European settlers, Spanish,
English, and French. The first English settlers found the Origins of 
northern Indians growing a hard-kerneled, early-matur- corn 
ing flint variety that kept well, though its yield was low.
The Indians in the south central area of English Set­
tlement grew a soft-kemeled, high-yielding, late-maturing 
dent com. There were doubtless many haphazard crosses 
of the two varieties. In 1812, however, John Lorain, a 
farmer living near Philipsburg, Pa., consciously mixed the 
two and demonstrated that certain mixtures would result 
in a yield much greater than that of the flint, yet with 
many of the flint’s desirable qualities. Other farmers and 
breeders followed Lorain s example, some awarc of his 
pioneer work, some not. The most widely grown variety 
of the Corn Belt for many years was Reid’s Yellow Dent, 
which originated from a fortuitous mixture of a dent and 
a flint variety.
At the same time, other scientists besides Mendel were 

conducting experiments and developing theories that were 
to lead directly to hybrid corn. In 1876 Charles Darwin 
published the results of experiments on cross- and self- 
fertilization in plants. Carrying out his work in a small 
greenhouse in his native England, the man who is best 
known for his theory of evolution found that inbreeding 
usually reduced plant vigour and that crossbreeding re- 
stored it.

Darwin’s work was studied by a young American 
botanist, William James Beal, who probably made the 
first controlled crosses between varieties of corn for the 
sole purpose of increasing yields through hybrid vigour.
Beal worked successfully without knowledge of the genetic 
principle involved. In 1908 George Harrison Shull con­
cluded that self-fertilization tended to separate and purify 
strains while weakening the plants but that vigour could 
be restored by crossbreeding the inbred strains. Another 
scientist found that inbreeding could increase the protein 
content of corn, but with a marked decline in yield. With 
knowledge of inbreeding and hybridization at hand, there 
was yet to be developed a technique whereby hybrid corn 
with the desired characteristics of the inbred lines and 
hybrid vigour could be combined in a practical manner.
In 1917 Donald F. Jones of the Connecticut Agricultural 
Experiment Station discovered the answer, the “double 
cross.”

The double cross was the basic technique used in develop- The double 
ing modern hybrid com and has been used by commercial cross 
firms since. Jones’s invention was to use four inbred lines 
instead of two in Crossing. Simply, inbred lines A and B 
made one cross, lines C and D another. Then AB and CD 
were crossed, and a double-cross hybrid, ABCD, was the 
result. This hybrid became the seed that changed much of
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American agriculture. Each inbred line was constant both 
for certain desirable and for certain undesirable traits, but 
the practical breeder could balance his four or more inbred 
lines in such a way that the desirable traits outweighed the 
undesirable. Foundation inbred lines were developed to 
meet the needs of varying climates, growing seasons, soils, 
and other factors. The large hybrid seed-com Companies 
undertook complex applied-research programs, while state 
experiment stations and the U.S. Department of Agricul­
ture tended to concentrate on basic research.
The first hybrid com involving inbred lines to be pro­

duced commercially was sold by the Connecticut Agri­
cultural Experiment Station in 1921. The second was 
developed by Henry A. Wallace, a future secretary of agri­
culture and vice president of the United States. He sold a 
small quantity in 1924 and, in 1926, organized the first 
seed Company devoted to the commercial production of 
hybrid com.

Many Midwestem farmers began growing hybrid com in 
the late 1920s and 1930s, but it did not dominate com 
production until World War II. In 1933, 1 percent of the 
total corn acreage was planted with hybrid seed. By 1939 
the figure was 15 percent, and in 1946 it rose to 69. The 
percentage was 96 in 1960. The average per acre yield 
of corn rose from 23 bushels (2,000 Ihres per hectare) in 
1933, to 83 bushels (7,220 Ihres per hectare) by 1980.
The techniques used in breeding hybrid com have been 

successfully applied to grain sorghum and several other 
crops. New strains of most major crops are developed 
through plant introductions, crossbreeding, and selection, 
however, because hybridization in the sense used with 
corn and grain sorghums has not been successful.

Wheat. Advances in wheat production during the 20th 
Century include improvements through the introduction 
of new varieties and strains; careful selection by farmers 
and seedsmen, as well as by scientists; and crossbreed­
ing to combine desirable characteristics (see Figure 1 for 
a comparison between wild and cultivated wheat). The 
adaptability of wheat enables it to be grown in almost 
every country of the world. In most of the developed 
nations producing wheat, endeavours of both govemment 
and wheat growers have been directed toward scientific 
wheat breeding.
The development of the world-famous Marquis wheat in 

Canada, released to farmers in 1900, came about through 
sustained scientific effort. Sir Charles Saunders, its dis- 
coverer, followed five principles of plant breeding: (1) the 
use of plant introductions; (2) a planned crossbreeding 
program; (3) the rigid selection of material; (4) evaluation 
of all characteristics in replicated trials; and (5) testing 
varieties for local use. Marquis was the result of Crossing 
a wheat long grown in Canada with a variety introduced 
from India. For 50 years, Marquis and varieties crossbred 
from Marquis dominated hard red spring wheat growing 
in the high plains of Canada and the United States and 
were used in other parts of the world.
In the late 1940s a short-stemmed wheat was introduced 

from Japan into a more favourable wheat-growing region 
of the U.S. Pacific Northwest. The potential advantage of 
the short, heavy-stemmed plant was that it could carry 
a heavy head of grain, generated by the use of fertilizer, 
without falling over or “lodging” (being knocked down). 
Early work with the variety was unsuccessful; it was not 
adaptable directly into American fields. Finally, by Cross­
ing the Japanese wheat with acceptable varieties in the 
Palouse Valley in Washington, there resulted the first true 
semidwarf wheat in the United States to be commercially 
grown under irrigation and heavy applications of fertil­
izer. This first variety, Gaines, was introduced in 1962, 
followed by Nugaines in 1966. The varieties now grown 
in the United States commonly produce 100 bushels per 
acre (8,700 Ihres per hectare), and world records of more 
than 200 bushels per acre have been established.

The Rockefeiler Foundation in 1943 entered into a coop- 
erative agricultural research program with the government 
of Mexico, where wheat yields were well below the world 
average. By 1956 per acre yield had doubled, mainly be­
cause of newly developed varieties sown in the fall instead 
of spring and the use of fertilizers and irrigation. The

short-stemmed varieties developed in the Pacific North­
west from the Japanese strains were then crossed with 
various Mexican and Colombian wheats. By 1965 the new 
Mexican wheats were established and were gaining an in­
ternational reputation.
Rice. The success of the wheat program led the Rocke- 

feller and Ford foundations in 1962 to establish the 
International Rice Research Institute at Los Banos in 
the Philippines. A research team assembled some 10,000 
strains of rice from all parts of the world and began out- 
breeding. Success came early with the combination of a 
tall, vigorous variety from Indonesia and a dwarf rice from 
Taiwan. The strain IR-8 has proved capable of doubling 
the yield obtained from most local rices in Asia.
The Green Revolution. The introduction into develop­

ing countries of new strains of wheat and rice was a 
major aspect of what became known as the Green Revo­
lution. Given adequate water and ample amounts of the 
required Chemical fertilizers and pesticides, these varieties 
have resulted in significantly higher yields. Poorer farm­
ers, however, often have not been able to provide the 
required growing conditions and therefore have obtained 
even lower yields with “improved” grains than they had 
gotten with the older strains that were better adapted to 
local conditions and that had some resistance to pests 
and diseases. Where Chemicals are used, concern has been 
voiced about their cost—since they generally must be im­
ported—and about their potentially harmful effects on the 
environment.
Genetic engineering. The application of genetics to agri­

culture since World War II has resulted in substantial 
increases in the production of many crops. This has been 
most notable in hybrid strains of corn and grain sor­
ghum. At the same time, crossbreeding has resulted in 
much more productive strains of wheat and rice. Called 
artificial selection, or selective breeding, these techniques 
have become aspects of a larger field called genetic engi­
neering. Of particular interest to plant breeders has been 
the development of techniques for deliberately altering the 
functions of genes by manipulating the recombination of 
DNA. This has made it possible for researchers to concen­
trate on creating plants that possess attributes—such as 
the ability to use free nitrogen or to resist diseases—that 
they did not have naturally.

ANIMAL BREEDING
The goal of animal breeders in the 20th Century has been 
to develop types of animals that will meet market de­
mands, be productive under adverse climatic conditions, 
and be efficiënt in converting feed to animal products. At 
the same time, producers have increased meat production 
by improved range management, better feeding practices, 
and the eradication of diseases and harmful insects. The 
world production of meat has been increasing steadily 
since World War II.
While the number of livestock in relation to the human 

population is not significantly lower in less developed than 
in more developed regions, there is much lower produc- 
tivity per animal and thus a much lower percentage of 
livestock products in diets. Less scientific breeding prac­
tices usually prevail in the less developed regions, while 
great care is given to animal breeding in the more devel­
oped regions of North America, Europe, Australia, and 
New Zealand.

The advances made in developing new, highly productive 
strains of crops through the application of genetics have 
not been matched by similar advances in livestock. Except 
for broiler chickens in the United States, little progress has 
been made in improving the efficiency with which animals 
convert feed to animal products. Research on the breeding 
and nutrition of poultry, for example, makes it possible to 
produce chickens for market in about 30 percent less time 
than it took before the research findings were applied.

Hogs. Advances in animal breeding have been made by 
careful selection and crossbreeding. These techniques are 
not new. The major breeds of English cattle, for example, 
were developed in the 18th and early 19th centuries by 
selection and crossbreeding. The Poland China and Duroc 
Jersey breeds of swine were developed in the United States
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in  th e  latter p a r t of th e  19 th  C entury  b y  th e  sam e m eans.
The hogs developed in the United States in the latter 

part of the 19th and first part of the 20th Century were 
heavy, fat-producing animals that met the demands for 
lard. During the 1920s lard became less important as a 
source of fat because of increasing use of cheaper veg- 
etable oils. Meat-packers then sought hogs yielding more 
lean meat and less fat, even though market prices moved 
rather slowly toward making their production profitable. 

Breeding At the same time, Danish, Polish, and other European 
ieaner hogs breeders were crossbreeding swine to obtain lean meat and 

vigorous animals. An outstanding new breed was the Dan­
ish Landrace, which in the 1930s was crossed with several 
older American breeds, eventually giving rise to several 
new, mildly inbred lines. These lines produced more lean 
meat and less fat, as well as larger litters and bigger pigs.

Sheep. Similar crossbreeding, followed by intermating 
and selection with the crossbreeds, brought major changes 
in the sheep industries of New Zealand and the United 
States. The goal in New Zealand was to produce more 
acceptable meat animals, while that in the United States 
was to produce animals suited to Western range condi­
tions and acceptable both for wool and mutton.

During the late 19th Century, several New Zealand sheep 
breeders began Crossing Lincoln and Leicester rams with 
Merino ewes. Early in the 20th Century, the Corriedale 
had become established as a breed, carrying approximately 
50 percent Australian Merino, with Leicester and Lincoln 
blood making up the remainder. The Corriedale was suc­
cessfully introduced into the United States in 1914. Since 
World War II, a more uniform lamb carcass has been 
developed in New Zealand by Crossing Southdown rams 
with Romney ewes.

With different objectives in view, breeders in the United 
States in 1912 made initial crosses between the long-wool 
mutton breed, the Lincoln, and fine-wool Rambouillets. 
Subsequent intermating and selection within the crossbreds 
led to a new breed, the Columbia. Both the Columbia and 
the Targhee, another breed developed in the same way as 
the Columbia, have been widely used. They are suited to 
the Western ranges, and they serve reasonably well both 
as wool and meat animals.

Beef cattle. Changes in beef cattle, particularly the es­
tablishment of new breeds, have resulted from selective 
linebreeding and from crossbreeding. The Polled Short- 
horn and the Polled Hereford breeds were established by 
locating and breeding the few naturally homless animals 
to be found among the horned herds of Shorthorns and 
Herefords, first established as distinctive breeds in En­
gland. It is of particular note that the originator of the 
Polled Herefords made an effort to locate naturally hom­
less Herefords and begin linebreeding with them after he 
had studied Darwin’s work on mutations and variations 
and how they could be made permanent by systematic 
mating.

New breeds Three new breeds originating in the United States were 
of beef developed for parts of the South where the Standard breeds
cattle lacked resistance to heat and insects and did not thrive

on the native grasses. The first of these breeds, the Santa 
Gertrudis, was developed on the King Ranch in Texas 
by crossbreeding Shorthorns and Brahmans, a heat- and 
insect-resistant breed from India. The Santa Gertrudis cat­
tle carry approximately five-eighths Shorthom blood and 
three-eighths Brahman. They are heavy beef cattle and 
thrive in hot climates and have been exported to South 
and Central America in order to upgrade the native cattle.
The Brangus breed was developed in the 1930s and 1940s 

by Crossing Brahman and Angus cattle. The breed has 
been standardized with three-eighths Brahman and five- 
eighths Angus breeding. The Brangus generally have the 
hardiness of the Brahman for Southern conditions but the 
improved carcass qualities of the Angus.

The Beefmaster was developed in Texas and Colorado 
by crossbreeding and careful selection, with the cattle 
carrying about one-half Brahman blood and about one- 
fourth each of Hereford and Shorthom breeding. Em­
phasis was given to careful selection, major points being 
disposition, fertility, weight, conformation, hardiness, ancl 
milk production.

Artificial breeding. An increase in milk production per 
cow in the 20th Century has come through better nutri­
tion and artificial breeding. Artificial breeding permits the 
use of proved sires, developed through successive crosses 
of animals of proved merit. An Italian scientist experi- 
mented successfully with artificial insemination in 1780, 
but its practical usefulness was not demonstrated until the 
20th Century. The Soviet biologist Ilya Ivanov established 
the Central Experimental Breeding Station in Moscow in 
1919 to continue work that he had begun some 20 years 
earlier. As early as 1936, more than 6,000,000 cattle and 
sheep were artificially inseminated in the Soviet Union.
After the Soviets reported their successes, scientists in 

many nations experimented with artificial breeding. Den­
mark began with dairy cattle in the 1930s. The first group 
in the United States began work in 1938. Statistics show 
that the milk and butterfat production of proved sires’ 
daughters, resulting from artificial breeding, is higher than 
that of other improved dairy cattle. Furthermore, a single 
sire can be used to inseminate 2,000 cows a year, as com- 
pared with 30 to 50 in natural breeding.

In summary, crossbreeding and careful selection, com- 
bined with such techniques as artificial insemination, bet­
ter feeding, and control of diseases and pests, have made 
substantial contributions to livestock production in the 
20th Century. More intensified research, particularly in hy­
bridization, offers promise of help to livestock producers 
in meeting increasing world demands for their products.

(W.D.R./K.Me.)

ELECTRICITY IN AGRICULTURE
Electric power has had an impact on modern agriculture 
that has been at least as significant as that of either steam 
or gasoline, because electricity in its nature is far more 
versatile than the earlier power sources. Although there 
had long been scientific interest on the effects electricity 
had on plant growth, especially after the development of 
electric lamps, it was the development of the electric motor 
that really gained the interest of the farming community.
Some authorities saw its value to farmers as early as 1870.

Electrical cooperatives. Despite the obvious advantages 
of the other, more available power sources, progressive 
farmers in a number of countries were determined to ex- 
ploit the possibilities of electricity on their farms. To get 
electricity, farmers formed cooperatives that either bought 
bulk power from existing facilities or built their own gen- 
erating stations.

It is believed that the first such cooperatives were formed 
in Japan in 1900, followed by similar organizations in 
Germany in 1901. Multiplying at a considerable rate, these 
farmer cooperatives not only initiated rural electrification Rural 
as such but provided the basis for its future development, electrifi-
From these small beginnings the progress of rural electri- cation 

fication, though necessarily slow, steadily gained impetus 
until, in the 192Ös, public opinion eventually compelled 
govemments to consider the development of rural electri­
fication on a national basis. Today in the most advanced 
countries virtually all rural premises—domestic, commer­
cial, industrial, and farms—have an adequate supply of 
electricity.

Early applications of electricity were of necessity re- 
stricted to power and some lighting, although the füll 
value of lighting was not completely realized for years.
Electric motors were used to drive bam machinery, chaff- 
cutters and root cutters, cattle cake and grain crushers, 
and water pumps. Electricity’s ease of Operation and low 
maintenance showed savings in time and labour. It was 
not long before the electric motor began to replace the 
mobile steam engine on threshing, winnowing, and other 
crop-processing equipment outside the bam.

In the fields, a number of electrically driven, rope-haulage 
plowing installations, some of them quite large, came into 
use in several European countries. These Systems, how­
ever, did not stand the test of time or competition from 
the mobile intemal-combustion-driven tractor.

Applications of electricity in agriculture did not increase 
greatly until the 1920s, when economie pressures and the 
increasing drift of labour from the land brought about a 
change in the whole structure of agriculture. This change,
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based on new techniques of intensive crop production 
resulting from the development of a wide range of me­
chanical, electrical, and electromechanical equipment, was 
the start of the evolution of agriculture from a labour- 
intensive industry to the present capital-intensive industry, 
and in this electricity played a major part.
Modern applications. Modem applications of electric­

ity in farming range from the comparatively simple to 
some as complex as those in the manufacturing industries. 
They include conditioning and storage of grain and grass; 
preparation and rationing of animal feed; and Provision 
of a controlled environment in stock-rearing houses for 
intensive pig and poultry rearing and in greenhouses for 
horticultural crops. Electricity plays an equally important 
part in the dairy farm for feed rationing, milking, and 
milk cooling; all these applications are automatically con­
trolled. Computers have increasingly been employed to 
aid in farm management and to directly control auto- 
mated equipment.
The engineer and farmer have combined to develop 

electrically powered equipment for crop Conservation and 
storage to help overcome weather hazards at harvesttime 
and to reduce labour requirements to a minimum. Grain 
can now be harvested in a matter of days instead of 
months and dried to required moisture content for pro- 
longed storage by means of electrically driven fans and, in 
many installations, gas or electrical heaters. Wilted grass, 
cut at the stage of maximum feeding value, can be turned 
into high-quality hay in the bam by means of forced 
Ventilation and with very little risk of spoilage loss from 
inclement weather.

Conditioning and storage of such root crops as potatoes, 
onions, carrots, and beets, in especially designed stores 
with forced Ventilation and temperature control, and of 
fruit in refrigerated stores are all electrically based tech­
niques that minimize waste and maintain top quality over 
longer periods than was possible with traditional meth­
ods of storage.
The two most significant changes in the pattern of agri­

cultural development since the end of World War II have 
been the degree to which specialization has been adopted 
and the increased scale of farm enterprjses. Large numbers 
of beef cattle are raised in enclosures and fed carefully 
balanced rations by automatic equipment. Pigs by the 
thousands and poultry by the tens of thousands are housed 
in special buildings with controlled environments and are 
fed automatically with complex rations. Dairy herds of up 
to 1,000 cows are machine-milked in milking parlours, 
and the cows are then individually identified and fed ap- 
propriate rations by complex electronic equipment. The 
milk passes directly from the cow into refrigerated bulk 
milk tanks and is ready for immediate shipment.

(A. W.Gr./K.Me.)

PEST AND DISEASE CONTROL IN CROPS
Beginnings of pest control. Wherever agriculture has 

been practiced, pests have attacked, destroying part or 
even all of the crop. In modem usage, the term pest in­
cludes animals (mostly insects), fungi, plants, bacteria, and 
viruses. Man’s efforts to control pests have a long history. 
Even in Neolithic times (about 7000 bc), farmers prac­
ticed a crude form of biological pest control involving the 
more or less unconscious selection of seed from resistant 
plants. Severe locust attacks in the Nile Valley during the 
13th Century bc are dramatically described in the Bible, 
and, in his Natural History, the Roman author Pliny the 
Eider describes picking insects by hand from plants and 
spraying. The scientific study of pests was not undertaken 
until the 17th and 18th centuries. The first successful 
large-scale conquest of a pest by Chemical means was the 
control of the vine powdery mildew (Unciluna necator) in 
Europe in the 1840s. The disease, brought from the New 
World, was controlled first by spraying with Urne sulfur 
and, subsequently, by sulfur dusting.
Another serious epidemie was the potato blight that 

caused famine in Ireland in 1845 and some subsequent 
years and severe losses in many other parts of Europe and 
the United States. Insects and fungi from Europe became 
serious pests in the United States, too. Among these were

the European com borer, the gypsy moth, and the chest- 
nut blight, which practically annihilated that tree.
The first book to deal with pests in a scientific way was 

John Curtis’ Farm Insects, published in 1860. Though 
farmers were well aware that insects caused losses, Curtis 
was the first writer to call attention to their significant 
economic impact. The successful battle for control of the 
Colorado potato beetle (Leptinotarsa decemlineata) of the 
western United States also occurred in the 19th Century. 
When miners and pioneers brought the potato into the 
Colorado region, the beetle feil upon this crop and became 
a severe pest, spreading steadily eastward and devastat- 
ing crops, until it reached the Atlantic. It crossed the 
ocean and eventually established itself in Europe. But an 
American entomologist in 1877 found a practical control 
method consisting of spraying with water-insoluble Chem­
icals such as London Purple, paris green, and calcium and 
lead arsenates.

Other pesticides that were developed soon thereafter in­
cluded nicotine, pyrethrum, derris, quassia, and tar oils, 
first used, albeit unsuccessfully, in 1870 against the winter 
eggs of the Phylloxera plant louse. The Bordeaux mixture 
fungicide (copper sulfate and lime), discovered acciden- 
tally in 1882, was used successfully against vine downy 
mildew; this compound is still employed to combat it 
and potato blight. Since many insecticides available in the 
19th Century were comparatively weak, other pest-control 
methods were used as well. A species of ladybird beetle, 
Rodolia cardinalis, was imported from Australia to Cali­
fornia, where it controlled the cottony-cushion scale then 
threatening to destroy the citrus industry. A moth intro­
duced into Australia destroyed the prickly pear, which had 
made millions of acres of pasture useless for grazing. In 
the 1880s the European grapevine was saved from destruc­
tion by grape phylloxera through the simple expedient of 
grafting it onto certain resistant American rootstocks.

This period of the late 19th and early 20th centuries was 
thus characterized by increasing awareness of the possi- 
bilities of avoiding losses from pests, by the rise of firms 
specializing in pesticide manufacture, and by development 
of better application machinery.

Pesticides as a panacea: 1942-62. In 1942 Paul Her­
mann Müller of Switzerland discovered the insecticidal 
properties of a synthetic chlorinated organic Chemical, 
dichlorodiphenyltrichloroethane, which was first synthe- 
sized in 1874 and subsequently became known as DDT. 
Müller received the Nobel Prize for Physiology or Medicine 
in 1948 for his discovery. DDT was far more persistent 
and effective than any previously known insecticide. Orig­
inally a mothproofing agent for clothes, it soon found use 
among the armies of World War II for killing body lice 
and fleas. It stopped a typhus epidemie threatening Naples. 
Müller’s work led to discovery of other chlorinated in­
secticides, including aldrin, introduced in 1948; chlordane 
(1945); dieldrin (1948); endrin (1951); heptachlor (1948); 
methoxychlor (1945); and Toxaphene (1948).
Research on poison gas in Germany during World 

War II led to the discovery of another group of yet 
more powerful insecticides and acaricides (killers of ticks 
and mites)—the organophosphorus compounds, some of 
which had systemic properties; that is, the plant ab- 
sorbed them without harm and became itself toxic to 
insects. The first systemic was octamethylpyrophosphor- 
amide, trade named Schradan. Other organophosphorus 
insecticides of enormous power were also made, the most 
common being diethyl-p-nitrophenyl monothiophosphate, 
named parathion. Though low in cost, these compounds 
were toxic to humans and other warm-blpoded animals. 
The products could poison by absorption through the 
skin, as well as through the mouth or lungs, thus, spray 
operators must wear respirators and special clothing. Sys­
temic insecticides need not be carefully sprayed, however; 
the compound may be absorbed by watering the plant.

Though the advances made in the fungicide field in the 
first half of the 20th Century were not as spectacular as 
those made with insecticides and herbicides, certain dithio- 
carbamates, methylthiuram disulfides, and thaladimides 
were found to have special uses. It began to seem that 
almost any pest, disease, or weed problem could be mas-

Origin 
of DDT
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Figüre 9: Low-volume spraying of pesticide on a field of corn.
Grant Heilman

tered by suitable Chemical treatment. Farmers foresaw a 
pest-free millennium. Crop losses were cut sharply; locust 
attack was reduced to a manageable problem; and the new 
Chemicals, by killing carriers of human disease, saved the 
lives of millions of people.

Problems appeared in the early 1950s. In cotton crops 
Standard doses of DDT, parathion, and similar pesticides 
were found ineffective and had to be doubled or trebled. 
Resistant races of insects had developed. In addition, the 
powerful insecticides often destroyed natural predators and 
helpfijl parasites along with harmful insects, Insects and 
mites can reproduce at such a rapid rate that often when 
natural predators were destroyed by a pesticide treatment, 
a few pest survivors from the treatment, unchecked in 
breeding, soon produced worse outbreaks of pests than 
there had been before the treatment; sometimes the result 
was a population explosion to pest status of previously 
harmless insects.

At about the same time, concern also began to be ex- 
pressed about the presence of pesticide residues in food, 
humans, and wildlife. It was found that many birds and 
wild mammals retained considerable quantities of DDT in 
their bodies, accumulated along their natural food chains. 
The disquiet caused by this discovery was epitomized in 
1962 by the publication in the United States of a book 
entitled Silent Spring, whose author, Rachel Carson, at- 
tacked the indiscriminate use of pesticides, drew attention 
to various abuses, and stimulated a reappraisal of pest 
control. Thus began a new “integrated” approach, which 
was in effect a retum to the use of all methods of control 
in place of a reliance on Chemicals alone.

Integrated control. Some research into biological meth­
ods was undertaken by govemments, and in many 
countries plant breeders began to develop and patent new 
pest-resistant plant varieties.

One method of biological control involved the breeding 
and release of males sterilized by means of gamina rays. 
Though sexually potent, such insects have inactive sperm. 
Released among the wild population, they mate with the 
females, who either lay sterile eggs or none at all. The 
method was used with considerable success against the 
screwworm, a pest of cattle, in Texas. A second method of 
biological control employed lethal genes. It is sometimes 
possible to introducé a lethal or weakening gene into a pest 
population, leading to the breeding of intersex (effectively 
neuter) moths or a predominance of males. Various stud­
ies have also been made on the Chemical Identification of 
substances attracting pests to the opposite sex or to food. 
With such substances traps can be devised that attract 
only a specific pest species. Finally, certain Chemicals have

been fed to insects to sterilize them. Used in connection 
with a food lure, these can lead to the elimination of a pest 
from an area. Chemicals tested so far, however, have been 
considered too dangerous to humans and other mammals 
for any general use.
Some countries (notably the United States, Sweden, and 

the United Kingdom) have partly or wholly banned the 
use of DDT because of its persistence and accumulation in 
human body fat and its effect on wildlife. New pesticides 
of lesser human toxicity have been found, one of the most 
used being mercaptosuccinatei tra.de named Malathion A 
more recent important discovery was the systemic fungi­
cide, absorbed by the plant and transmitted throughout it, 
making it resistant to certain diseases.

The majority of pesticides are sprayed on crops as So­
lutions or suspensions in water. Spraying machinery has 
developed from the small hand syringes and “garden en­
gines” of the 18th Century to the very powerful “autoblast 
machines” of the 1950s that were capable of applying up 
to some 400 gallons per acre (4,000 litres per hectare). 
Though spraying suspended or dissolved pesticide was 
effective, it involved moving a great quantity of inert 
material for only a relatively small amount of active in­
grediënt. Low-volume spraying was invented about 1950, 
particularly for the application of herbicides, in which 
10 or 20 gallons of water, transformed into fine drops, 
would carry the pesticide. Ultralow-volume spraying has 
also been introduced; four ounces (about 110 grams) of 
the active ingrediënt itself (usually Malathion) are applied 
to an acre from aircraft. The spray as applied is invisible 
to the naked eye. (G.O.)

ECONOMICS, POLITICS, AND AGRICULTURE
As the 20th Century opened, western Europe was recover- 
ing from an economie depression during which most of the 
nations had tumed to protecting agriculture through tar- 
iffs. The major exceptions were Great Britain, Denmark, 
and The Netherlands. In the first decade of the Century 
there was an increasing demand for agricultural products, 
a result of industrialization and population growth, while 
agriculture in the United States, France, Germany, and 
many other nations reached a state of equilibrium in rela- 
tion to the rest of the economy.

During World War I farmers benefited from high prices, 
which persisted for a short period after the war because of a 
shortage of food supplies. European agriculture recovered 
from wartime losses in land fertility, livestock, and Capital 
and by the eariy 1920s was fully productive. Elsewhere, 
production had expanded greatly during the war and af­
terward continued to rise. After the war prices declined,
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and, as farmers sought to compensate by expanding their 
output, the fall in prices was aggravated.
Agricultural tariffs, generally suspended during the war, 

were gradually reintroduced. The Great Depression of the 
1930s brought a new wave of protectionism, leading some 
industrial nations to look toward self-sufficiency in food 
supplies. In countries such as France, Germany, and Italy, 
where agriculture was already protected, the tariff structure 
was reinforced by new and more drastic measures, while 
countries such as Britain, Denmark, The Netherlands, 
and Belgium abandoned free trade and began to support 
their farmers in a variety of ways. The United States first 
raised tariffs and then undertook to maintain the prices of 
farm products. Major exporters of farm products, such as 
Argentina, Brazil, Australia, Canada, and New Zealand, 
tried a number of plans to maintain prices.

One of the most effective of the nontariff measures was 
The the “milling ratio” for wheat or, less often, rye, under
milling which millers were legally obliged to use a certain mini-
ratio mum percentage of domestically produced grain in their

grist. This device was first used in Norway in 1927. In
1929 both France and Germany adopted it, and, from
1930 on, it became customary in Europe and in some 
non-European nations as well. Milling ratios continued in 
many nations up to World War II and have been reintro­
duced in several since that time.
Import quotas, although used earlier in a limited way, be­

came a major protective device during the 1930s. Starting 
with France, by 1939 they had been adopted on a large 
scale, mainly for agricultural products, by most European 
and several non-European nations.

The most radical measures were undertaken in Germany 
under Hitler, where the Nazi govemment, seeking self- 
sufficiency in food, fixed farm prices at relatively high 
levels and maintained complete control over imports.

In the fall of 1931, Great Britain abandoned the free- 
trade policies followed for nearly a Century and turned 
to protectionism. The new policies emphasized indus­
trial rather than agricultural products. A commodity-by- 
commodity approach for agriculture through subsidies, 
marketing schemes, and import restrictions provided help 
for some farmers. Competition from the Dominions, how­
ever, was strong.

In 1932 Great Britain negotiated the Ottawa Agreements 
with the Dominions, which included comparatively free 
access of Dominion agricultural products to the British 
market. The agreement helped considerably to alleviate 
the difficulties the Dominions faced during the Depres­
sion. In addition, export subsidies were adopted by several 
of the Dominions: for wheat by Canada and Australia; for 
dairy products by New Zealand; and for several products 
by South Africa.

In the United States the Agricultural Marketing Act of
1929 established the Federal Farm Board to promote or- 
derly marketing through cooperatives. The Tariff Act of
1930 imposed virtually exclusive tariffs on many products, 
including those of the farm. These acts, comparatively in- 
effective in meeting the pressures of the Great Depression, 
were followed by the Agricultural Adjustment Act of 1933 
and subsequent legislation that included restoring the bal- 
ance between production and consumption, restoration of 
farm purchasing power, and the attainment of parity, the 
ratio between prices farmers paid and those they received 
during the period 1910-14.

Some of the exporting nations adopted extreme measures 
during the Depression in an attempt to maintain prices 
for their Commodities. Brazil burned surplus coffee stocks, 
destroying more than 8,000,000,000 pounds of coffee over 
10 years beginning in 1931. An Inter-American Coffee 
Agreement, signed in 1940, assigned export quotas to 
producer nations for shipment to the United States and 
other consuming nations and was effective during World 
War II. Other commodity agreements have met with very 
limited success.

During World War II, agricultural production declined 
in most of the European countries, shipping became diffi- 
cult, and trade channels shifted.

In contrast, agriculture in the United States, undisturbed 
by military action and with assurance öf full demand

and relatively high prices, increased productivity. The 
United States, Great Britain, and Canada cooperated in a 
combined food board to allocate available supplies. The 
United Nations Relief and Rehabilitation Administration United 
(UNRRA) was organized in 1943 to administer postwar Nations 
relief, while the Food and Agriculture Organization (FAO) activity 
of the United Nations was established in 1945 to provide 
education and Technical assistance for agricultural devel­
opment throughout the world.
By the end of World War II, food production in most of 

the countries of Europe had fallen below the prewar level.
Through assistance given primarily by the United States 
and the United Nations, recovery was rapid. Western Eu­
rope was greatly helped from 1948 on by U.S. aid under the 
Marshall Plan, administered through the Organisation for 
European Economic Co-operation (OEEC). In September 
1961, this Organization was replaced by the Organisation 
for Economic Co-operation and Development (OECD), 
with Canada and the United States, and later other non- 
European developed nations, as full members. Its agricul­
tural programs have dealt, for example, with economic 
policies, Standardization, manpower, and development.

From the 1950s on, agricultural production increased 
markedly in western Europe, in the United States, and in 
most of the nations that ordinarily export large quantities 
of agricultural products. The Soviet Union, which in the 
1930s had organized agricultural production into state-run 
collective farms, has increased its output substantially, in 
part by opening new lands. It has been hampered, how­
ever, by periodic crop failures that have made it necessary 
to import large quantities of grain. Agricultural produc­
tion in China, though adversely affected by the social and 
economic upheavals caused by the policies of the Great 
Leap Forward (1958-60) and the chaotic atmosphere of 
the Cultural Revolution (1966-76), has steadily improved, 
especially since the Cultural Revolution.

Most of the Western nations offer some type of protec­
tion to their farmers—price supports, import quotas, and 
plans for handling surplus production. Notable examples 
are the agricultural programs run by the U.S. Department 
of Agriculture and by the European Communities. On 
the other hand, many of the developing nations have had 
food deficits, with little in the way of exportable goods to 
pay for food imports. Several national and international 
organizations have been established in an effort to deal 
with the problems of the developing nations, and direct 
assistance has also been provided by the governments of 
developed countries.

Individual farmers in the nations where commercial agri­
culture is important have been forced to make changes 
to meet the problems of world surpluses and low world 
prices for farm products. Thus, in many nations, farmers 
have increased productivity through adopting advanced 
technology. This has permitted each worker, generally 
speaking, to farm larger areas and has thus reduced the 
number of farmers. In some nations, commercialization 
has led to farming by large-scale corporations. Thus, the 
world tendency is toward larger farms. The farm operated 
by a single family, however, is still the dominant unit of 
production in most of the world. (W.D.R./K.Me.)
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Albania

Albania, officially the People’s Socialist Repub- 
lic of Albania (Republika Popullore Socialiste e 
Shqipërisë), is located in the western part of the 

Balkan Peninsula on the Strait of Otranto, the Southern 
entrance to the Adriatic Sea. The smallest of the Balkan 
countries, Albania encompasses an area of 11,100 square 
miles (28,748 square kilometres), with a maximum length 
from north to south of about 210 miles (340 kilometres) 
and a maximum width of about 95 miles. It is bounded 
to the north and east by Yugoslavia and to the south by 
Greece. To the west and Southwest, Albania is bordered by 
the Adriatic and Ionian seas. The border with Yugoslavia 
runs generally northward from Lake Prespa to the Alba- 
nian Alps, then Southwest to the Adriatic, west of Shkodër. 
The border with Greece runs Southwest from Lake Prespa 
to the Ionian Sea. Albania’s immediate western neighbour, 
Italy, lies some 50 miles away. The Capital is Tiranë. 
Albanians refer to themselves as shqiptarë, meaning “sons 

of eagles,” and to their country as Shqipëria. Descended 
from the ancient Illyrians, they have lived in relative isola- 
tion and obscurity through most of their difficult history, 
in part because of the rugged terrain of their mountainous 
land but also because of a complex of historical, cultural, 
and social factors. Owing to its location on the Adriatic 
Sea, Albania has long served as a bridgehead for various 
nations and empires seeking conquest abroad. As a result, 
Albanians have often faced extinction as a people. In 
168 bc the Illyrians were conquered by the Romans, and 
from a d  395 they were ruled by the Byzantine Empire. 
After suffering centuries of invasion by Visigoths, Huns, 
Bulgars, and Slavs, the Albanians were finally conquered 
by the Ottoman Turks in the 15th Century. But before 
this conquest was completed, there occurred one of the 
most stirring moments in Albanian history, when for 25 
years Albanians struggled for their independence under 
the leadership of Gjergj Kastrioti, known to posterity as

Skanderbeg. As an embodiment of the familial loyalty, 
love of country, and martial skill often attributed to his 
people, Skanderbeg has lived on in the imagination of 
Albanians as their greatest national hero.

Turkish rule cut off Albania from Western civilization for 
more than four centuries, but in the late 19th Century the 
country began to remove itself from Ottoman Orientalism 
and to rediscover old affinities and common interests with 
the West. Albania was declared independent in 1912, but 
the following year the demarcation of its boundaries by the 
Great Powers of Europe assigned about half of its territory 
and people to neighbouring States. This division, still in 
effect, has entered deeply into the political psychology of 
Albanians. In particular, the people of Albania proper and 
the ethnic Albanians of the Yugoslav region of Kosovo 
view themselves as members of the same nation, at times 
severely straining the relations of their two States.

Ruled as a monarchy between the world wars, Albania 
feil under the dominance of Italy. It emerged from the 
violence of World War II as a communist state that has 
fiercely protected its sovereignty and in which almost 
all aspects of life have been controlled by the govem- 
ment. Nevertheless, although the ruling Albanian Party of 
Labour has rejected the Western political and economie 
model, it has used Western technology and Science in its 
efforts to modemize the country. In addition, the Alba­
nian people have long shown great appreciation for the 
cultural achievements of western Europe, even while re- 
taining their own ethnic identity, cultural heritage, and 
individuality. (E.Bi./P.R.P.)

This article covers the land, people, economy, govem- 
ment, culture, and history of Albania. The Albanian- 
speaking region of Kosovo is covered in y u g o s l a v ia . For 
discussion of Albania and Albanians within the broader 
context of their region, see b a l k a n s .
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Physical and human geography
THE LAND

Relief. Albania is predominantly a mountainous coun­
try. About three-quarters of its territory consists of moun­
tains and hills with elevations of more than 650 feet (200 
metres) above sea level; the remainder consists of Coastal 
and alluvial lowlands. The North Albanian Alps, an ex- 
tension of the Dinaric mountain system, extend over the 
northern part of the country, with elevations approach- 
ing 8,900 feet. The most rugged part of the country, the

Alps have limited arable land and are sparsely populated. 
Forestry and animal husbandry form the main economie 
activities.

The central mountain region, extending from the valley 
of the Drin River in the north to the central Devoll and 
the lower Osum valleys in the south, has a generally less 
rugged terrain and is more densely populated than the 
Alps region. In the eastemmost portion, the imposing gyp- 
sum block of Albania’s highest peak, Korab, rises to 9,025 
feet (2,751 metres). The region is characterized by sub­
stantial mineral deposits such as chromium, iron-nickel,
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Lushnje........... . . .40 55 N 19 39 e Elbasan............... . 41 06 n 20 05 E
M a t................. . . . 41 35 n 20 05 e Ersekë ............... . 40 20 n 20 41 e

Mirditë ........... . . .41 49 n 19 56 e F ie r .................... . 40 43 n 19 34 e
P ë rm e t.......... ..  .40 17 n 20 20e Fierzë . . . . . . . . . . 41 44 n 19 47 e
Pogradec . . . . . . .  40 56 n 20 35 e Fushë e Arrëzit . . . 42 04 n 20 02 e
Pukë____. . . . . . .42 06 N 19 55 e Fushë-Krujë .41 29 N 19 43 e
Sarandë ........ . . .  39 50 N 20 05 E Gjirokastër ........ .40 05 n 20 10 e
Shkodër ........ .. .42 15n 19 37e Gram sh............... . 40 52 n 20 11 e

Skrapar.......... . . .40 33n 20 16e Himarë . . . . . . . . . 40 07 n 19 44 e
Tepelenë........ . . .  40 20 n 20 00 E Kavajë .............. .41 11 n 19 33 e

Korgë (Koritsa) . . . 40 37 n 20 46 E Devoll, river........ .40 49 n 19 51 e

Krrabë .............. .41 12 n 19 59 e Drin, river.......... .40 17 n 20 02 e
Krujë................... .41 30 N 19 48 e Drin, river.......... .41 45 n 19 34 e

Krumë................ .42 12 n 20 25 e Drin i Zi (Crni
Kugovë, Drim), river . . . . . 42 05 n 20 23 e
see Stalin Erzen, river........ .41 26n 19 27 e

Kukës ................ . 42 05 n 20 24 e Fierzë, Lake,
Kurbnesh .......... . 41 47 n 20 05 E reservoir.......... .42 12 n 20 18 e
L a g ..................... .41 38 N 19 43 e Gramos, Mount .. . 40 20 n 20 45 e
Leskov ik ............ . 40 09 n 20 35 e Ionian S e a .......... . 39 40 n 19 20 e
L e zh ë ........ ........ .41 47 n 19 39 e Ishm, river.......... .41 37 n 19 35 e
Libohovë............ . 40 02 n 20 16 e Jezerce
L ib razhd ............ .41 11 n 20 19e (Jeserce), Mount .42 26 n 19 49 e
Lushnje.............. . 40 56 n 19 42 e Karaburun
M aliq .................. . 40 43 n 20 41 e Peninsula ........ . 40 22 n 19 22 e
Mam urras.......... .41 34 N 19 42 e Karavasta Lagoon,
Memaliaj............ . 40 20 n 19 58 e salt lake .......... . 40 55 n 19 30 e
Patos .............. .. . 40 38 n 19 39 e Koman Reservoir . .42 15 n 19 55 e
Peqin ................ .41 03 n 19 45 e Korab, mountains . 41 44 n 20 32 e
P ë rm e t.............. . 40 14 n 20 21 e Korab, Mount . . . .41 46 n 20 32 e
Peshkopi............ . 41 41 n 20 26 e Korgë P la in ........ . 40 37 n 21 40 e
Pogradec .......... . 40 54 n 20 39 E Kurvelesh i
P o ligan .............. . 40 36 n 20 06 e Sipërm, upland . .40 11 n 19 56 e
Pren jas.............. . 41 04 n 20 32 e Llogora Pass . . . . .40 12 n 19 35 e
P u kë ................... . 42 03 N 19 54 e Lurë National
Roskovec .......... . 40 44 n 19 43 e Park ................. .41 45 n 20 10 e
Rrëshen ............ 41 47 N 19 54 e Mat, river .......... .41 39 N 19 34 e
Rrogozhinë........ .41 05 n 19 40 e Mat P la in ............. .41 30 n 20 10 e
Rubik ................ .41 46 N 19 45 e Morava Ridge . . . . 40 37 n 20 50 E
Sarandë ............ . 39 52 n 20 00 e Myzeqe Plain . . . . 40 55 N 19 40 e
S e le n icë ............ . 40 32 N 19 38 e Nartës Lagoon,
Shëngjin ............ .41 49 n 19 35 e salt lake .......... . 40 32 n 19 25 e
S h ija k ................ .41 20 jm 19 34 e Nëmergkë
Shkodër(Scodra Mountains . . . . . . 40 08 n 20 24 e
or Scutari)........ .42 05 N 19 30 e North Albanian

Stalin (Kugovë) .. . 40 48 N 19 54 e Alps (Nemuna
Tepelenë............ .40 18 N 20 01 E Mountains or
Tiranë (Tirana) . 41 20 N 19 50 e Albanian Alps) .. . 42 30 n 19 50 e
Ulzë .................. .41 41 n 19 54 e Ohrid, Lake . . . . . . 41 00 n 20 45 E
Vlorë (Valona or Osum, river........ . 40 48 n 19 52 e
Vlora) ............ .. . 40 27 n 19 30 e Otranto, Strait of . . 40 00 n 19 00 e

V o rë ___ . . . . . . .41 23 N 19 40 e Partizan, Mount .. 
Pindus,

.40 42n 20 07e

Physical features mountains........ . 40 15 n 20 50 e
and points of interest Prespa, Lake . . . . . 40 55 n 21 00 E
Adriatic Sea . . . .  
Albanian Alps, see

.41 30 N 19 00 e Sazan Island . . . .  
Scutari

. 40 30 n 19 16 e

North Albanian (Shkodër). Lake . .42 10 n 19 20 e
Alps Seman, river . . . . . 40 56 n 19 24 e

Buenë (Bunë), Shkumbin, river . . .41 01 n 19 26 e
river ................ .41 52 n 19 22 e Tomorrit

Butrintit, Lake, Mountain.......... . 40 40 n 20 09 e
salt lake .......... 39 47 n 20 02 e Ulzë, Lake,

Corfu Channel 
Crni Drim, see

. 39 35 N 20 05 E reservoir..........
Va i Dejës, Lake,

.40 41 n 19 55 e

Drin i Zi reservoir.......... . 42 03 n 19 40 e

Cukalit, Mount . . . . 42 08 n 19 44 e Vijosë, river........ . 40 37 n 19 20 e
Dajti National 
Park . . . . . . . . . .41 20 N 19 55 e

Vlorë Bay .......... . 40 25 n 19 25 e

and copper. Forestry, animal husbandry, mining, and, to 
an extent, agriculture are the main economic activities 
of the region.

South of the central mountain region there is a series of 
northwest-southeast-trending mountain ranges, with ele­
vations of up to 8,200 feet. Composed of limestone rock, 
the ranges are separated by wide valleys. While the Alps 
and the mountains of the central region are covered with 
dense forests, the mountains of the southem region are ei- 
ther bare or have a thin covering of Mediterranean shrubs, 
oaks, and Mediterranean pines. They serve essentially as 
pasture grounds for livestock.

In contrast to the three mountain regions, western Al­
bania, Stretching along the Adriatic coast, consists of low, 
fertile plains. The most densely populated region in the 
country, this area extends over a distance of nearly 125 
miles from north to south and penetrates some 30 miles 
into the interior from the coast. It is the most important 
agricultural and industrial region of the country. The 290 
miles of coastline along the Adriatic are well known for 
their splendid beaches and surrounding landscape.

Drainage. The longest river (175 miles in Albania) is 
the Drin, which originales in Yugoslavia. Other main 
rivers are the Seman, Shkumbin, and Vijosë, all of which 
drain the central part of the western plain. Albania also 
has many lakes, the most important of which are Liqeni i 
Shkodrës (Lake Scutari) in the northwest and Lakes Ohrid 
and Prespa along the eastern border.

The fertile
Coastal
p la in
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The mountain town of Krujë.
Robert Harding Picture Library

Climate. Albania has a Mediterranean type of climate, 
with characteristically warm, dry summers and mild, wet 
winters. Local climatic Variation is considerable, however, 
from one region to another. The western part, which is un­
der the influence of warm maritime air from the Adriatic 
and Ionian seas, has more moderate temperatures than the 
rest of the country. For example, Sarandë, on the Southern 
coast, has average daily temperatures of 75° F (24° C) in 
July and 48° F (9° C) in January. The eastern part of the 
country, on the other hand, is mainly under the influence 
of Continental air and is characterized by mild summers 
(owing to the high elevations) and cold winters. Peshkopi, 
in the eastern mountains, averages 73° F in July and 30° 
F in January.

Rainfall in Albania is abundant but irregularly distributed 
throughout the year. Average annual precipitation varies 
from more than 100 inches (2,500 mm) in the Albanian 
Alps to less than 30 inches along much of the eastern 
border. Some 40 percent of the annual precipitation falls 
in the winter. Summer droughts are common, especially 
in the Southwest of the country.

Plant and animal life. Only a small part of Albania 
is completely without Vegetation, and forests cover more 
than one-third of the total area. The Coastal lowlands are 
characterized by Mediterranean shrubs such as laurel and 
myrtle. Citrus fruits are grown on the Southern coast, 
with figs and olives wherever there is sufficiënt irrigation. 
Above the lowlands, oak forests predominate. Cultivated 
fruits in this zone include apples, plums, and grapes, and 
walnuts and chestnuts are also grown. Above the oak beit, 
beginning at about 3,000 feet, is a beit of beeches and 
pines, and Alpine pastures lie above the timberline.

Old customs of weapon carrying and unrestricted shoot- 
ing took a heavy toll of Albanian wildlife, but hunting 
laws have been introduced and nature preserves estab­
lished to protect the remaining jackals, wolves, and foxes 
and the even rarer wild boars, bears, and chamois. The 
mild Coastal climate attracts great numbers of migratory 
birds, such as swallows, storks, ducks, geese, and pelicans. 
Sardines and mullet are among the fishes that swim Al­
banian Coastal waters, and trout are found in the streams 
and lakes of the mountains.

Settlement patterns. The west is the most densely pop­
ulated part of Albania. About one-third of the people live 
in urban centres, but they are evenly distributed among 
the country’s major cities.

The mountain regions, being suitable mainly for pasture, 
traditionally saw sparse Settlement, with small, often al­
most inaccessible villages of only a few dozen families. 
Houses, built of stone, consisted of one or two rooms 
around a hearth. In the mountain valleys or basins, towns 
such as Elbasan, Korgë, and Berat grew up as centres of 
local farming and trading.

Under the legacy of Ottoman rule, even such centres of 
the Coastal plain as Tiranë, Durrës, and Vlorë were small 
towns with virtually no industry, but, with the growth of 
industry under socialism, the urban population has more 
than doubled. Large apartment blocks, often with several 
units sharing kitchens and toilets, are typical of the new 
sections. In the countryside are planned communities that 
house the workers of huge collective farms, many of which 
have been built around formerly private estates.

THE PEOPLE

There are an estimated seven million ethnic Albanians 
in the world, but fewer than half of them live within 
the boundaries of the Albanian state. On almost all its 
frontiers with Yugoslavia, Albania borders on Albanian- 
speaking regions, which, in the opinion of most Albani­
ans, should have been incorporated within the borders of 
the Albanian state when the Great Powers delimited its 
national boundaries. The ethnic Albanians in Yugoslavia 
number more than two million, making them that coun­
try’s third largest ethnic group. There are large Albanian 
communities in Italy, Greece, Turkey, and, to a lesser 
extent, Bulgaria and Romania. There is also a sizable 
community in the United States.

Albania itself has one of the most ethnically homogeneous 
populations in the world, with non-Albanians accounting 
for only 2 percent of the total population. Greeks, con- 
centrated mainly in the southeast, and Slavs, almost all of 
them Macedonians, constitute the largest minorities.

Population growth. The Albanian govemment has ac- 
tively encouraged population growth, and the population 
has been increasing four to five times faster than the av­
erage annual rate in other European countries. Nearly all 
of the growth has been due to natural increase rather than 
migration. The birth rate has consistently been the highest 
in Europe since the end of World War II, while the death 
rate has been one of the continent’s lowest. Albania’s 
population, consequently, is the youngest in Europe, with 
more than one-third of the total under 15 years of age.

Language. The Albanian language (called Shqip by Al­
banians) is of interest to linguists because, as a descendant 
of the extinct Illyrian tongue, it is the only surviving mem- 
ber of its branch of the Indo-European language family. 
Owing to centuries of rule by foreigners, its vocabulary 
has adopted many words from the Latin, Greek, Turk­
ish, Italian, and Slavic tongues. There are two principal 
dialects: Geg, spoken north of the Shkumbin River, and 
Tosk, spoken in the south. Geg dialects are also spoken 
in Yugoslavia, and Tosk dialects in the Albanian commu­
nities of Greece and Italy. Although there are variations 
even within these two dialects, all Albanians can under- 
stand one another with little difficulty.

Because official business and ecclesiastical functions were 
carried on in foreign languages, Albanian did not acquire 
a definitive orthography until 1908, when a writing Sys­
tem was adopted based on the Roman alphabet. Attempts 
were then made in following decades to create a unified 
language based on the Geg dialect of the central Elbasan 
region, but after 1944 the communist regime established 
Tosk as the official Standard. Since 1952 all printed Alba­
nian works have been published in Tosk.

Northerners and southerners. Differences in dialects 
used by Gegs and Tosks, as well as their different outlooks 
and ways of life, were quite pronounced before World 
War II, but the communist regime has sought to integrate 
the two groups and has therefore banished the terms Geg 
and Tosk from the political vocabulary.

Before 1945 the more numerous Gegs traditionally dom- 
inated Albanian politics. Well known for their indepen­
dent spirit and fighting abilities, they managed to enjoy a 
great degree of independence and opposed the authority 
of foreign invaders and, subsequently, that of the Alba-

Albanians 
outside the 
Albanian 
state

Traditional 
Geg society
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nian government. Before the communist takeover, Geg 
society was organized according to tribal groups, with the 
clan chieftain, or bajraktar, playing an important political 
and social role. While the clan System and the traditional 
Geg way of life have largely disappeared from Albania, 
the patriarchal family System is still evident among ethnic 
Albanians in Yugoslavia.

Because their territories were easily accessible, the Tosks 
had substantial contacts with the outside world; as a result, 
foreign influences among them were more pronounced 
than among the Gegs. Before World War II the south 
was characterized by a semifeudal society. The peasantry, 
which made up most of the population, was exploited by 
a small group of large landowners who controlled about 
two-thirds of the rieh land. The communist movement 
was largely based in the south.

Religion. Albania is Europe’s only predominantly Mus­
lim country—a legacy of nearly five centuries of Ottoman 
rule. At the end of World War II, some 70 percent of the 
population was Muslim, 20 percent Eastern Orthodox, and 
10 percent Roman Catholic. The Roman Catholics were 
located in the northern part of the country, particularly in 
the city of Shkodër, while Orthodox Christians lived in the 
Southern districts of Gjirokastër, Korgë, Berat, and Vlorë. 
The Muslims were spread throughout the land, although 
they particularly dominated the centre. Most of them were 
traditional Sunnites, but about one-quarter were members 
of the liberal, pantheistic Bektashi sect, which for a time 
had its headquarters in Tiranë.

Albanians traditionally displayed a high degree of religious 
tolerance, and religious diversity did not obstruct national 
unity since the Albanians’ main identification was ethnic 
and national rather than religious. Nevertheless, soon after 
seizing power, the communist regime launched a campaign 
against religious institutions. In 1967 Albania became the 
world’s first self-proclaimed atheistic country. All religious 
institutions were closed, church property confiscated, and 
religious practices prohibited. The govemment’s policy of 
supplanting religion with communist ideology, however, 
has largely failed, and officials have acknowledged that 
Albania has experienced a religious revival.

THE ECONOMY
Albania has a centrally planned economy, with all means 
of production under state control, agriculture fully col- 
lectivized, industry nationalized, private enterprise strictly 
prohibited, and the administrative structure highly central- 

Economic ized. Since the break in relations with China in 1978, the 
self- main element in Albania’s development program has been
reliance the policy of self-reliance, which promotes the maximum 

utilization of internal human, material, and monetary 
resources. The government is prohibited by a constitu- 
tional Provision from seeking foreign aid, accepting loans, 
or allowing foreign investments. The Albanian Party of 
Labour (APL) directs the country’s entire economic activ- 
ity through a single five-year plan.

Resources. For a small country, Albania is endowed 
with considerable resources. The southwestern part of the 
country is rieh in petroleum and natural gas. The north- 
eastern region has substantial reserves of metallic mineral 
deposits, including chromium, copper, and iron-nickel. 
Large deposits of lignite (soft coal) are found near Tiranë, 
and natural asphalt is mined near Selenicë.

Albania is also rieh in rivers and streams with signif­
icant hydroelectric potential. These have been exploited 
quite effectively, making the country an energy exporter. 
A number of huge hydroelectric power plants have been 
built, mainly on the Drin River, and more than half of the 
country’s arable land is irrigated, largely from the artificial 
reservoirs created upstream of the dams.

Industry. The government has pursued an ambitious 
policy of rapid industrialization aimed at making the 
country economically self-sufficient in as many fields as 
possible. This policy has led to the creation of a relatively 
modem multibranched industry, which now generates 
more than half of the total national income. Priority has 
been given to the exploitation of the country’s consider­
able natural resources. Albania is the world’s third largest 
producer of chromium. Electrification of the entire coun­

try was completed in 1971, and by the late 1980s Albania 
was exporting electricity to several surrounding countries.

Albania processes most of its minerals domestically.
Machinery and industrial equipment sufficiënt to outfit 
complete factories and plants, as well as Albanian-brand 
tractors, are produced domestically. The engineering in­
dustry reportedly met 95 percent of the country’s needs 
for spare parts in the late 1980s. Besides selling hydro- 
electricity abroad, Albania also exports oil and petroleum 
products.

Despite this progress, Albania experiences difficulties in 
industrial production, particularly in the extraction of oil 
and the production of electricity. The exploitation of nat­
ural resources has been hampered by obsolete machinery 
and equipment, a lack of technical expertise, poor Or­
ganization, and an inability fully to assimilate imported 
technology. Also, because most state investment has gone 
into heavy industry, the economy is unable to meet the 
population’s demands for various consumer goods.
Agriculture. About one-half of the economically ac­

tive population is employed in agriculture. Arable land 
amounts to only one-fourth of the total land area, yet the Achieve- 
country meets nearly all of its food needs from domestic ments in 
production. In the mid-1970s, moreover, Albania became agriculture 
self-sufficient in bread grains. Main crops are wheat, com 
(maize), sugar beets, cotton, sunflower seeds, tobacco, 
potatoes, and fruits. Major livestock are sheep, goats, cat­
tle, and pigs.
The government claims that Albania has achieved the 

stage of development of an agricultural-industrial country 
and is on the way to becoming an industrial country 
with an advanced agriculture. Large-scale programs of 
land reclamation, soil improvement, and irrigation, the 
introduction of new farm techniques and mechanization, 
and increased use of fertilizers have all contributed to a 
significant expansion and modemization of agricultural 
production.

But, despite impressive gains, agriculture is a problem 
sector of the economy, consistently failing to meet planned 
targets. The government apparently has never been able to 
overcome the resentment caused by its violent and all-out 
assault on peasant agriculture, which, when completed in 
1967, resulted in the füll collectivization of farmland and 
the reduction of private plots allowed to individuals. In ad­
dition, agricultural production continues to be hindered by 
the persistence of traditional agricultural methods, a low 
level of mechanization, and a lack of material incentives.

Trade. Albania’s major trading partners are Yugoslavia,
Romania, Italy, Czechoslovakia, and West Germany. It 
exports crude petroleum, chromium ore and iron ore, 
copper wire, vegetables and fruits, tobacco, and wine. The 
principal imports are machinery and equipment, spare 
parts, minerals and metals, construction materials, and 
food products.

Transportation. Albania built its first railroad in 1947, 
and 40 years later Tiranë was linked to all other major 
industrial centres in the country. The highway network 
has been extended even to remote mountain villages.
Air transport, however, remains largely underdeveloped.
There is no scheduled domestic air service.

ADMINISTRATION AND SOCIAL CONDITIONS
Government. Albania’s Constitution recognizes the Al­

banian Party of Labour (until 1948 known as the Alba­
nian Communist Party) as “the sole leading political force 
of the state and the society” and proclaims Marxism- 
Leninism as the official ideology. The party has set as its 
immediate objective the complete construction of a social­
ist society and as its ultimate objective the construction of 
a communist society, in which the principle “from each 
according to his abilities, to each according to his needs” 
will be applied. In the late 1980s the party had some
147,000 members, or about 8 percent of the adult pop­
ulation. Workers accounted for about 40 percent of the 
total membership, peasants 25 percent, and white-collar 
workers 30 percent. Women constituted one-third of the The 
membership. Albanian
The APL operates on the principle of democratie een- Party of 

tralism, which provides for strict party discipline and the Labour
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Subordination of the minority to the majority. The highest 
body of the party is the Congress, which meets every five 
years. Between congresses, the Central Committee directs 
party activities. The Politbüro is the party’s policy-making 
body and the real locus of power, while the Secretariat is 
in charge of the day-to-day functioning of the party.

In 1976 the Albanian People’s Assembly approved a 
new Constitution, replacing the one adopted in 1946 and 
revised in 1950. This document sanctions the one-party 
System and designates the first secretary of the APL as 
Commander in chief of the armed forces. Albanian cit- 
izens are guaranteed such inalienable rights as freedom 
of speech, press, Organization, association, assembly, and 
public demonstration. The Constitution stresses, however, 
that citizens cannot exercise their rights in Opposition to 
the socialist order, and the penal code contains enough 
provisions to provide a legal basis for suppressing any 
signs of dissident opinion.
The People’s Assembly is the legislative branch of the 

government. Its 250 deputies are elected by direct suffrage 
of all citizens over 18 to four-year terms and meet in 
regulär session twice a year. The 15-member Presidium 
of the People’s Assembly acts on behalf of the assembly 
between sessions. The Council of Ministers, appointed 
by the People’s Assembly, is the executive branch of the 
government. It is in charge of the country’s social, eco­
nomic, and cultural activities. The country is divided into 
26 rrethe, (districts). Government at the district, regional, 
and city levels operates through people’s councils. Elected 
for three-year terms, people’s councils administer all the 
affairs of their geographic areas. The Supreme Court is 
the country’s highest judicial organ, and its members are 
elected by the People’s Assembly. Albania abolished its 
ministry of justice in the 1960s, and the Office of the 
Attorney General supervises the implementation of the 
country’s laws.

The APL supervises government work. Although the 
Constitution officially grants the People’s Assembly con­
siderable power, the composition of its Presidium as well 
as that of the Council of Ministers is actually decided 
by the party’s Politbüro. The chairman of the Council 
of Ministers (the prime minister), his deputies, and the 
ministers in charge of the most important ministries are 
usually members of the Politbüro.

Since only a small percentage of Albania’s total popula­
tion are members of the APL, the party relies heavily on 
mass organizations to achieve its objectives. The Demo­
cratie Front is an umbrella Organization for cultural, pro­
fessional, and political groups. It also serves as a school for 
mass political education. As an instrument of the party, 
the Democratie Front nominates and campaigns for can- 
didates for local and national elective posts. The list of 
candidates, however, is approved by the party. The Union 
of Albanian Women helps the party supervise the political 
and social activities of women. Other mass organizations 
include the United Trade Unions of Albania and the 
Union of Albanian Working Youth.

Education. The government has devoted considerable 
resources to the educational development of the country. 
Schooling is compulsory between ages 7 and 15. Educa­
tion at the primary and secondary levels is free, and higher 
education fees are based on family income. Upper-level 
studies are combined with work in factories or collective 
farms and military service. Enver Hoxha University of 
Tiranë (1957) is the country’s major institution of higher 
education. The government has also built an impressive 
network of professional and vocational schools.
From the outset, the communist authorities have empha- 

sized the necessity of raising the cultural level of the pop­
ulation. Indeed, the rapid expansion of educational and 
occupational opportunities, especially for the previously 
unprivileged sectors of Albanian society, helped strengthen 
the APL’s populär support and legitimacy. Whereas in 
1945 about 80 percent of the population was illiterate, 
by the end of the 1980s the authorities could claim that 
illiteracy had been eliminated.

The goals Education, like other aspects of life in socialist Albania, 
of socialist has been subjected to rigid centralized planning, with the 
education emphasis on technical education and the training of tech-

nicians and skilled workers. Enrollment past secondary 
school is strictly regulated by the APL, with priority given 
to children of party members. Moreover, the educational 
System serves the govemment’s ideological and political 
objectives, which include the education of the “new” man 
with appropriate communist traits, morality, and atheis- 
tic ideas, as well as the eradication of the country’s past 
“bourgeois” cultural traits. With the APL Controlling every 
facet of the school System, educational institutions have 
little say regarding their programs, curricula, administra- 
tion, and teaching staffs.

Health. Albania has a relatively well-developed health 
System, with all services reported to be provided free of 
charge. There are about 20 doctors for every 10,000 in- 
habitants. There has been a considerable reduction in the 
incidence of most infectious diseases, with malaria and 
Syphilis having been especially widespread in the past. 
Nevertheless, despite real improvements in health care, 
Albania still has a high infant-mortality rate, about 25 
deaths per 1,000 live-born children. This is a result of poor 
nutrition and the difficulty of obtaining medical treatment 
in many rural areas. Life expectancy, at 69 years for men 
and 74 years for women, is slightly below the average for 
Southern Europe.

CULTURAL LIFE
The government has made a conscious effort to enrich 
the population’s cultural life, and it has particularly en- 
couraged and preserved the nation’s rieh folk life. There 
are some 4,300 cultural institutions of various sorts in the 
country. The National Library, as well as the State Choir 
and the Opera and Ballet Theatre, are located in Tiranë. 
Albania’s best-known writer is Ismail Kadare, a novelist 
and poet whose writings have been translated into some 
30 foreign languages.
Cultural development in general, however, is handi- 

capped by restrictions on freedom. All means of Infor­
mation and communication are under state ownership, 
and the authorities impose strict censorship on the press, 
publications, and the performing arts. The writers’ union 
serves as a supplemental instrument for the implementa­
tion of the APL’s policies.

The most widely circulated newspapers are Zëri i Pop- 
ullit, the organ of the APL, and Bashkimi, published 
by the Democratie Front. Other important publications 
are: Rruga e Partise (monthly), an ideological journal; 
Ylli (monthly), a social and literary review; Studime Poli- 
tiko-Shoqërore (quarterly), an academie journal; Nentori 
(monthly) and Drita (weekly), both published by the Union 
of Writers and Artists of Albania; and Puna (weekly), the 
organ of the Central Council of Albanian Trade Unions.

(E.Bi.)
For Statistical data on the land and people of Albania, 

see the Britannica World Data section in the britannica
WORLD DATA ANNUAL.

History
ANTIQUITY
The Illyrians. The origins of the Albanian people are 

not definitely known, but data drawn from history and 
from linguistic, archaeological, and anthropological stud­
ies have led to the conclusion that Albanians are the direct 
descendants of the ancient Illyrians and that the latter 
were natives of the lands they inhabited. Similarly, the 
Albanian language derives from the language of the Illyr­
ians, the transition from Illyrian to Albanian apparently 
occurring between the 4th and 6th centuries ad . (Some 
scholars, however, dispute these theses, arguing that Illyr­
ians were not autochthonous and that Albanian derives 
from a dialect of the now-extinct Thracian language.)

Illyrian culture is believed to have evolved from the Stone 
Age and to have manifested itself in the territory of Alba­
nia toward the beginning of the Bronze Age, about 2000
bc. The Illyrians were not a uniform body of people but a 
conglomeration of many tribes that inhabited the western 
part of the Balkans, from what is now the Yugoslav re- 
public of Slovenia in the northwest to (and including) the 
region of Epirus, which extends about halfway down the
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'ultures mainland of modern Greece. By the beginning of the Iron 
f  the Age, about 1000-800 bc, the majority of Illyrian tribes 
>wlands had abandoned migratory life and settled down, mostly as
nd agrarian communities in the plains and as pastoral soci-
ighlands eties in the highlands. In general, Illyrians in the highlands 

of Albania were more isolated than those in the lowlands, 
and their culture evolved more slowly—a distinction that 
persisted throughout Albania’s history.

Authors of antiquity relate that Illyrians were a socia- 
ble and hospitable people, renowned for their daring and 
bravery at war. Illyrian women were fairly equal in status 
to the men, even to the point of becoming heads of tribal 
federations. In matters of religion, Illyrians were pagans 
who believed in an afterlife and buried their dead along 
with arms and various articles intended for personal use.

The land of Illyria was rieh in minerals—iron, copper, 
gold, silver—and Illyrians became skillful in the mining 
and processing of metals. They were highly skilled boat 
builders and sailors as well; indeed, one of their boats, 
the Liburna, was of such superior design that the Romans 
incorporated it into their own fleet as a type of warship 
called the Libumian galley.

The Greeks. From the 8th to the 6th Century bc the 
Greeks founded a string of colonies on Illyrian soil, two 
of the most prominent of which were Epidamnus (mod­
ern Durrës) and Apollonia (near modern Vlorë). These 
colonies carried on a prosperous trade with Illyrian natives 
and served as channels for Italic trade with Southern Illyria. 
The presence of Greek colonies on their soil brought the 
Illyrians into contact with a more advanced civilization, 
which helped them to develop their own culture, while 
they in tum influenced the economic and political life of 
the colonies. In the 3rd Century bc the colonies began to 
decline and eventually perished.

Roughly parallel with the rise of Greek colonies, Illyrian 
tribes began to evolve politically from relatively small and 
simple entities into larger and more complex ones. At 
first they formed temporary alliances with one another for 
defensive or offensive purposes, then federations and, still 
later, kingdoms. The most important of these kingdoms, 
which flourished from the 5th to the 2nd Century bc, were 
those of the Enkalayes, the Taulantes, the Epirotes, and 
the Ardianes.

After warring for the better part of the 4th Century bc 
against the expansionist Macedonian state of Philip II and 
Alexander the Great, the Illyrians faced a greater threat 
from the growing power of the Romans. Seeing Illyrian 
territory as a bridgehead for conquests east of the Adri­
atic, in 229 bc Rome attacked and defeated the Illyrians, 
led by Queen Teuta, and by 168 bc established effective 
control over Illyria.
The Roman Empire. The Romans mied Illyria—which 

now became the province of Illyricum—for about six 
centuries. Under Roman rule Illyrian society underwent 
great change, especially in its outward, material aspect. 
The use of new tools and techniques led to notable ad- 
vancements in agriculture, the crafts, mining, trade, and 
construction. Art and culture flourished, particularly in 
Apollonia, whose school of philosophy became celebrated 
in antiquity. To a great extent, though, the Illyrians re- 
sisted assimilation into Roman culture. Illyrian culture 
survived, along with the Illyrian tongue, though many 
Latin words entered the language and later became a part 
of the Albanian language.

The advent Christianity manifested itself in Illyria during Roman 
>f Chris- rule, about the middle of the Ist Century ad . At first
ianity the new religion had to compete with a number of Ori­

ental cults—among them that of Mithra, Persian god of 
light—which had entered the land in the wake of Illyria’s 
growing interaction with eastern regions of the empire. 
For a long time it also had to compete with scores of 
gods worshiped by Illyrian pagans. The new faith initially 
made converts along the coast, then spread into the hin­
terland. The steady growth of the Christian community in 
Dyrrachium (the Roman name for Epidamnus) led to the 
creation there of a bishopric in ad 58. Later, episcöpal 
seats were established in Apollonia, Buthrotum (modern 
Butrint), and Scodra (modem Shkodër).

By the time the empire began to decline, the Illyrians,

profiting from a long tradition of martial habits and 
skills, had acquired great influence in the Roman military 
hierarchy. Indeed, several of them went on from there 
to become emperors. From the mid-3rd to the mid-4th 
Century ad the reins of the empire were almost continu- 
ously in the hands of emperors of Illyrian origin: Gaius 
Decius, Claudius Gothicus, Aurelian, Probus, Diocletian, 
and Constantine the Great.

THE BYZANTINE EMPIRE
From Illyria to Albania. When the Roman Empire di- 

vided into east and west in 395, the territories of modem 
Albania became part of the Byzantine Empire. As in the 
Roman Empire, some Illyrians rose to positions of em- 
inence in the new empire. Three of the emperors who 
shaped the early history of Byzantium (reigning from 491 
to 565) were of Illyrian origin: Anastasius I, Justin I, and— 
the most celebrated of Byzantine emperors—Justinian I.

In the first decades under Byzantine rule (until 461), Il­
lyria suffered the devastation of raids by Visigoths, Huns, 
and Ostrogoths. Not long after these barbarian invaders 
swept through the Balkans, the Slavs appeared. Between 
the 6th and 8th centuries they settled in Illyrian territories 
and proceeded to assimilate Illyrian tribes in much of 
what is now Yugoslavia. The tribes of southem Illyria, 
however—including modem Albania as well as Kosovo 
and western Macedonia in Yugoslavia—averted assimila­
tion and preserved their native tongue.

In the course of several centuries, under the impact 
of Roman, Byzantine, and Slavic cultures, the tribes of The 
southem Illyria underwent a transformation, and a trän- genesis of 
sition occurred from the old Illyrian population to a new Albanian 
one, Albanian. As a consequence, from the 8th to the nationality 
l l th  Century, the name Illyria gradually gave way to the 
name, first mentioned in the 2nd Century ad  by the geog- 
rapher Ptolemy of Alexandria, of the Albanoi tribe, which 
inhabited what is now central Albania. From a single tribe 
the name spread to include the rest of the country as 
Arbëri and, finally, Albania. The genesis of the Albanian 
nationality apparently occurred at this time as the Alba­
nian people became aware that they shared a common 
territory, name, language, and cultural heritage. (Scholars 
have not been able to determine the origin of Shqipëria, 
the Albanians’ own name for their land, which is believed 
to have supplanted the name Albania during the 16th and 
17th centuries. It probably was derived from shqipe, or 
“eagle,” which, modified into shqipëria, became “the land 
of the eagle.”)

Long before that event, Christianity had become the es­
tablished religion in Albania, supplanting pagan polythe- 
ism and eclipsing for the most part the humanistic world 
outlook and institutions inherited from the Greek and Ro­
man civilizations. But, though the country was in the fold 
of Byzantium, Albanian Christians remained under the 
Jurisdiction of the Roman pope until 732. In that year the 
iconoclast Byzantine emperor Leo III, angered by Alba­
nian archbishops because they had supported Rome in the 
Iconoclastic Controversy, detached the Albanian church 
from the Roman pope and placed it under the patriarch of 
Constantinople. When the Christian church split in 1054 
between the East and Rome, southem Albania retained 
its tie to Constantinople while northern Albania reverted 
to the jurisdiction of Rome. This split in the Albanian 
church marked the first significant religious fragmentation 
of the country.

Medieval culture. In the latter part of the Middle Ages,
Albanian urban society reached a high point of develop­
ment. Artisans continued the country’s tradition of skilled 
workmanship in metals, gaining esteem as well for their 
fine silk fabrics and carvings in stone and wood. For­
eign commerce flourished to such an extent that leading 
Albanian merchants had their own agencies in Venice,
Ragusa (modem Dubrovnik, Yugos.), and Thessalonica 
(now Thessaloniki, Greece). The prosperity of the cities 
also stimulated the development of education and the arts.

Albanian, however, was not the language used in schools, 
churches, and official government transactions. Instead,
Greek and Latin, which had the powerful support of the 
state and the church, were the official languages of culture
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and literature. In this respect, the country was divided 
linguistically and culturally, although Albanian was the 
everyday language of the people.
The new administrative System of the themes, or military 

provinces created by the Byzantine Empire, contributed 
to the eventual rise of feudalism in Albania, as peasant 
soldiers who served military lords became serfs on their 
landed estates. Among the leading families of the Albanian 
feudal nobility were the Thopias, Balshas, Shpatas, Muza- 
kas, Aranitis, Dukägjinis, and Kastriotis. The first three 
of these rose to become principalities that were practically 
independent of Byzantium. In the 14th Century, quarrels 
among the feudal lords as they competed for power and 
wealth plunged Albania into anarchy, reiidering it more 
vulnerable to foreign intrigue and penetration.
The decline of Byzantium. Owing partly to the weak- 

ness of the Byzantine Empire, Albania, beginning in the 
9th Century, came under the domination, in whole or in 
part, of a succession of foreign powers: Bulgarians, Nor­
man crusaders, the Angevins of southem Italy, Serbs, and 
Venetians. The final occupation of the country in 1347 by 
the Serbs, led by Stefan Dusan, caused massive migrations 
of Albanians abroad, especially southward to Greece and 
the Aegean islands. By the mid-14th Century, Byzantine 
mle had come to an end in Albania, after nearly 1,000 
years.
A few decades later the country was confronted with a 

new threat, that of the Turks, who at this juncture were 
expanding their power in the Balkans. The Ottoman Turks 
invaded Albania in 1388 and completed the occupation of 
the country about four decades later (1430). But after 1443 

Skanderbeg an Albanian of military genius—Gjergj Kastrioti (1405- 
68), known as Skanderbeg-—rallied the Albanian princes 
and succeeded in driving the occupiers out. For the next 
25 years, operating out of his stronghold in the mountain 
town of Krujë, Skanderbeg frustrated every attempt by 
the Turks to regain Albania, which they envisioned as a 
springboard for the invasion of Italy and western Europe. 
His unequal fight against the mightiest power of the time 
won the esteem of Europe as well as some support in the 
form of money and military aid from Naples, the papacy, 
Venice, and Rägusa. After he died, Albanian resistance 
gradually collapsed, enabling the Turks to reoccupy the 
country by 1506.

Skanderbeg’s long struggle to keep Albania free became 
highly significant to the Albanian people, as it strength- 
ened their solidarity, made them more conscious of their 
national identity, and served later as a great source of 
inspiration in their struggle for national unity, freedom, 
and independence.

THE OTTOMAN EMPIRE
The nature of Turkish rule. The Turks established their 

dominion over Albania just as the Renaissance began to 
unfold in Europe, so that, cut off from contact and ex- 
changes with western Europe, Albania had no chance to 
participate in, or benefit from, the humanistic achieve- 
ments of that era. Conquest also caused great suffering and 
vast destruction to the country’s economy, commerce, art, 
and culture. Moreover, to escape persecution by their con- 
querors, about one-fourth of the country’s population fled 
abroad to Southern Italy, Sicily, and the Dalmatian coast.

Although the Turks mied Albania for more than four 
centuries, they were unable to extend their authority 
throughout the country. In the highland regions Turkish 
authorities exercised only a formal sovereignty, as the 
highlanders refused to pay taxes, serve in the army, or 
surrender their arms—although they did pay an annual 
tribute to Istanbul.

Albanians rose in rebellion time and again against Ot­
toman occupation. In order to check the ravages of 
Albanian resistance—which was partly motivated by reli­
gious feelings, namely, to defend the Christian faith—as 
well as to bring Albania spiritually closer to Turkey, the 
Ottomans initiated a systematic drive toward the end of 
the 16th Century to Islämize the population. This drive 
continued through the following Century, by the end of 
which two-thirds of the people had converted to Islam. A 
major reason Albanians became Muslims was to escape

Turkish violence and exploitation, an instance of which 
was a emshing tax that Christians would have to pay if 
they refused to convert.

Islämization aggravated the religious fragmentation of 
Albanian society, which had first appeared in the Middle 
Ages and which was later used by Istanbul and Albania’s 
neighbours in attempts to divide and denationalize the 
Albanian people. Hence, leaders of the Albanian national 
movement in the 19th Century used the rallying cry “The 
religion of Albanians is Albanianism” in order to over- 
come religious divisions and foster national consciousness 
and unity.

The basis of Ottoman mle in Albania was a feudal-mili- 
tary System of landed estates, called timars, which were 
awarded to military lords for loyalty and service to the 
empire. As Ottoman power began to decline in the 18th 
Century, the central authority of the empire in Albania 
gave way to the local authority of autonomy-minded lords, 
and in time, under conditions of instability and lawless- 
ness, more and more power gravitated into the hands of 
a few of them. The most successful of these lords were 
three generations of pashas of the Bushati family, who 
dominated most of northern Albania from 1757 to 1831, 
and Ali Pasa Tepelenë of Janina (now Ioännina, Greece), 
a colourful Oriental-type despot who mied over southem 
Albania and northern Greece from 1788 to 1822. These 
pashas created separate States within the Ottoman state 
until they were overthrown by the sultan.
After the fall of the pashas, in 1831 Turkey officially 

abolished the timar System. In the wake of its collapse, 
economic and social power passed from the feudal lords Beys and 
to private landowning beys and, in the northern highlands, bajraktars 
to tribal chieftains called bajraktars, who presided over 
given territories with rigid patriarchal societies that were 
often tom by blood feuds. Peasants who were formerly 
serfs now worked on the estates of the beys as tenant farm­
ers. The production of goods and commercial life began 
to be influenced by the market forces of free enterprise, 
but only minimally and superficially, as Albanian society 
continued to operate under the legacy of feudalism.

Ottoman mle in Albania remained backward and oppres- 
sive to the end. In these circumstances, many Albanians 
went abroad in search of careers and advancement within 
the empire, and an unusually large number of them, in 
Proportion to Albania’s population, rose to positions of 
prominence as government and military leaders. More 
than two dozen grand viziers (similar to prime ministers) 
of Turkey were of Albanian origin.
Albanian nationalism. By the mid-19th Century Turkey 

was in the throes of the Eastem Question, as the peoples 
of the Balkans, including Albanians, sought to realize their 
national aspirations. To defend and promote their national 
interests, Albanians met in Prizren, a town in Kosovo, in 
1878 and founded the Albanian League. The league had 
two main goals, one political and the other cultural: First, 
it strove (unsuccessfully) to unify all Albanian territories— 
at the time divided among the four vilayets, or provinces, 
of Kosovo, Shkodër, Monastir, and Janina—into one au- 
tonomous state within the framework of the Ottoman 
Empire. Second, it spearheaded a movement to develop 
Albanian language, literature, education, and culture. In 
line with the second program, in 1908 Albanian leaders 
met in the town of Monastir (now Bitola, Yugos.) and 
adopted a national alphabet. Based mostly on the Latin 
script, this supplanted several other alphabets, including 
Arabic and Greek, that were in use until then.

The Albanian League was suppressed by the Turks in 
1881, in part because they were alarmed by its strong 
nationalistic orientation. By then, however, the league had 
become a powerful Symbol of Albania’s national awak- 
ening, and its ideas and objectives fueled the drive that 
culminated later in national independence.

When the Young Turks, who seized power in Istanbul in 
1908, ignored their commitments to Albanians to institute 
democratie reforms and grant autonomy, Albanians em- 
barked on an armed struggle, which, at the end of three 
years (1910-12), forced the Turks to agree, in effect, to 
grant their demand. Alarmed at the prospect of Albanian 
autonomy, Albania’s Balkan neighbours, who had already
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made plans to partition the region, declared war on Turkey 
in October 1912, and Greek, Serbian, and Montenegrin 
armies advanced into Albanian territories.

To prevent the annihilation of the country, Albanian 
national delegates met at a congress in Vlorë. They were 
led by Ismail Qemal, an Albanian who had held several 
high positions in the Ottoman government. On Nov. 28, 
1912, the congress issued the Vlorë proclamation, which 
declared Albania’s independence.

INDEPENDENT ALBANIA
Creating the new state. Shortly after the defeat of 

Turkey by the Balkan allies, a conference of ambassadors 
of the Great Powers (Britain, Germany, Russia, Austria- 
Hungary, France, and Italy) convened in London in De­
cember 1912 to settle the outstanding issues raised by the 
conflict. With support given to the Albanians by Austria- 
Hungary and Italy, the conference agreed to create an 
independent state of Albania. But, in drawing the borders 
of the new state, owing to strong pressure from Albania’s 
neighbours, the Great Powers largely ignored demographic 
realities and ceded the vast region of Kosovo to Serbia, 
while, in the south, Greece was given the greater part of 
Camëria, a part of the old region of Epirus centred on 
the Thlamis River. As a result, about one-half of Alba­
nia’s lands and population were left outside its borders. 
On the other hand, a small community of about 35,- 
000 ethnic Greeks was included within Albania’s borders. 
(Greece, however, which counted all Albanians of the Or­
thodox faith—20 percent of the population—as Greeks, 
claimed that the number of ethnic Greeks was consider- 
ably larger.) Thereafter, Kosovo and the Greek minority 
remained troublesome issues in Albanian-Greek and Al­
banian-Yugoslav relations.

The Great Powers also appointed a German prince, Wil­
helm zu Wied, as ruler of Albania, a decision that con- 
formed to the sentiment of those Albanians who wished 
to align their country with the West. Wilhelm arrived in 
Albania in March 1914, but his unfamiliarity with Albania 
and its problems, compounded by complications arising 
from the outbreak of World War I, led him to depart 
from Albania six months later. The war plunged the coun­
try into a new crisis, as the armies of Austria-Hungary, 
France, Italy, Greece, Montenegro, and Serbia invaded 
and occupied it. Left without any political leadership or 
authority, the country was in chaos, and its very fate hung 
in the balance. At the Paris Peace Conference after the 
war, the extinction of Albania was averted largely through 
the efforts of U.S. President Woodrow Wilson, who vetoed 
a plan of Britain, France, and Italy to partition Albania 
among its neighbours.

A national congress held in Lushnje in January 1920 laid 
the foundations of a new government. In December of that 
year Albania, this time with the help of Britain, gained ad- 
mission to the League of Nations, thereby winning for the 
first time international recognition as a sovereign nation 
and state. The road ahead nevertheless proved difficult for 
the new state, mainly because of the Ottoman legacy of 
backwardness and the vestiges of feudalism in the country.

Bishop Noli and King Zog. At the start of the 1920s, 
Albanian society was divided by two apparently irreconcil- 
able forces. One, made up mainly of deeply conservative 
landowning beys and tribal bajrakiars who were tied to 
the Ottoman and feudal past, was led by Ahmed Bey 
Zogu, a chieftain from the Mat region of north-central 
Albania. The other, made up of liberal intellectuals, demo­
cratie politicians, and progressive merchants who looked 
to the West and wanted to modernize and Westeiiiize 
Albania, was led by Fan S. Noli, an American-educated 
bishop of the Orthodox church. In the event, this East- 
West polarization of Albanian society was of such magni­
tude and complexity that neither leader could master and 
overcome it.

In an unusually open and free political, social, and cul­
tural climate that prevailed in Albania between 1920 and 
1924, the liberal forces gathered strength, and, by mid- 
1924, a populär revolt forced Zogu to flee to Yugoslavia. 
Installed as prime minister of the new government in June 
1924, Noli set out to build a Westem-style democracy in

Albania, and toward that end he announced a radical pro­
gram of land reform and modemization. But his vacillation 
in carrying out the program, coupled with a depleted state 
treasury and a failure to obtain international recognition 
for his revolutionary, left-of-centre government, quickly 
alienated most of Noli’s supporters, and six months later 
he was overthrown by an armed assault led by Zogu and 
aided by Yugoslavia.

Zogu began his 14-year reign in Albania—first as pres­
ident (1925-28), then as King Zog I (1928-39)—in a 
country rife with political and social instability. Greatly 
in need of foreign aid and credit in order to stabilize 
the country, Zog signed a number of accords with Italy. 
These provided transitory financial relief to Albania, but 
they effected no basic change in its economy, especially 
under the conditions of the Great Depression of the 1930s. 
Italy, on the other hand, viewed Albania primarily as a 
bridgehead for military expansion into the Balkans. To 
this end, Benito Mussolini applied pressure on Zog to the 
point where Albania lost control over its own affairs. On 
April 7, 1939, Italy invaded and shortly after occupied the 
country. King Zog fled to Greece.

The social base of Zog’s power was a coalition of South­
ern beys and northern bajraktars. With the support of 
this coalition, plus a vast Oriental bureaucracy, an effi­
ciënt police force, and Italian money, King Zog brought 
a large measure of stability to Albania. He extended the 
authority of the government to the highlands, reduced 
the brigandage that had formerly plagued the country, 
laid the foundations of a modern educational System, and 
took a few steps to Westemize Albanian social life. On 
balance, however, his achievements were outweighed by 
his failures. Although formally a constitutional monarch, 
in reality Zog was a dictator, and Albania under him ex- 
perienced the fragile stability of a dictatorship. Zog failed 
to resolve Albania’s fundamental problem, that of land 
reform, leaving the peasantry as impoverished as before. 
Moreover, he denied democratie freedoms to Albani­
ans and created conditions that spawned periodic revolts 
against his regime, alienated most of the educated dass, 
fomented labour unrest, and led to the formation of the 
first communist groups in the country.

World War II. Using Albania as a military base, in Oc­
tober 1940, Italian forces invaded Greece, but they were 
quickly thrown back into Albania. After Nazi Germany 
defeated Greece and Yugoslavia in 1941, the regions of 
Kosovo and Camëria were joined to Albania, thus cre­
ating an ethnically united Albanian state. The new state 
lasted until November 1944, when the Germans—who 
had replaced the Italian occupation forces following Italy’s 
surrender in 1943—withdrew from Albania. Kosovo was 
then reincorporated into Yugoslavia, and Camëria into 
Greece.

Meanwhile, the various communist groups, which had 
germinated in Zog’s Albania, merged in November 1941 
to form the Albanian Communist Party and began to 
fight the occupiers as a unified resistance force. After a 
successful struggle against the fascists and two other re­
sistance groups, the National Front (Balli Kombëtar) and 
the pro-Zog Legality Party (Legaliteti), which contended 
for power with them, the communists seized control of 
the country on Nov. 29, 1944. Enver Hoxha, a college in- 
structor who had led the resistance struggle of communist 
forces, became the leader of Albania by virtue of his post 
as secretary general of the party. Albania, which before 
the war had been under the personal dictatorship of King 
Zog, now feil under the collective dictatorship of the Al­
banian Communist Party. The country became officially 
the People’s Republic of Albania in 1946 and, in 1976, 
the People’s Socialist Republic of Albania.

Socialist Albania. The new rulers inherited an Albania 
plagued by a host of ills: pervasive poverty, overwhelming 
illiteracy, blood feuds, epidemics of disease, gross sub- 
jugation of women. In order to eradicate these ills, the 
communists drafted a radical modemization program in- 
tended to bring social and economic liberation to Albania, 
thus completing the political liberation won in 1912. The 
government’s first major act to “build socialism” was a 
swift, uncompromising agrarian reform, which broke up
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the large landed estates of the beys and distributed the 
parcels to landless and other peasants. This destroyed the 
powerful dass of the beys. The government also moved 
to nationalize industry, banks, and all commercial and 
foreign properties.
In order to obtain the economic aid needed for mod­

emization, as well as the political and military support 
to enhance its security, Albania turned to the commu­
nist world. Over the next three decades, Hoxha formed a 
succession of alliances with socialist countries: Yugoslavia 
(1944-48), the Soviet Union (1948-61), and China (1961— 
78). Economically, Albania benefited greatly from these 
alliances: with hundreds of millions of dollars in aid and 
credits, and with the assistance of a large number of 
technicians and specialists sent by its allies, Albania was 
able to build the foundations of a modern industry. Po- 
litically, however, it was disillusioned each time. Hoxha 
broke with Yugoslavia when Soviet premier Josef Stalin 
expelled that country from the Soviet bloc, with the Soviet 
Union when Nikita Khrushchev demanded that Albania 
accept without question the ideological and political au­
thority of Moscow, and with China following Peking’s 
rapprochement with the United States and Yugoslavia 
after the death of Mao Zedong. Alone among eastern 
European leaders, Hoxha professed continued loyalty to 
Stalinism, and at each break he denounced his former 
allies as revisionists of truly revolutionary socialism. After 
breaking with China, he adopted a “go-it-alone” road for 
Albania; thereafter, the country was isolated ideologically 
and avoided participation in multilateral organizations or 
endeavours such as the Warsaw Pact military alliance and 
the Conference on Security and Cooperation in Europe. 
Nevertheless, Albania maintained normal diplomatic, eco­
nomic, and cultural relations with scores of countries.

Shortly after the agrarian reform, the Albanian govem- 
Social ment started to collectivize agriculture, completing the job
changes in 1967. As a result, peasants lost title to their land, but the
under change enabled Albania to become practically self-suffi- 
communist cient in the production of food crops, solving the chronic 
mle problem of hunger. The Hoxha leadership also extended

the new socialist order to the northern highlands, bringing 
down the age-old institütion of the blood feud and the pa­
triarchal structure of the family and clans, thus destroying 
the semifeudal dass of bajraktars. The traditional role of 
women—namely, confinement to the home and farm— 
changed radically as they gained legal equality with men 
and became active participants in all areas of society. In 
1967 the religious establishment, which party leaders and 
other atheistic Albanians viewed as a backward medieval 
Institution that hampered national unity and progress, was 
officially banned, and all Christian and Muslim houses of 
worship were closed.
Albania’s extremist foreign policy and radical domestic 

policy for modemization met with resistance at each step 
along the way from those who questioned the wisdom 
of these policies and from others whose interests suffered 
directly from the changes and dislocations that occurred. 
To eliminate dissent, the government resorted periodically 
to purges, in which opponents iri the party hierarchy, the 
military, the intellectual community, and other segments 
of society were subjected to public criticism, dismissed 
from their jobs, imprisoned in forced-labour camps, or 
executed. Travel abroad was forbidden to all but those on 
official business, artists and intellectuals were required to 
infuse their works with a zeal for socialism and national- 
ism, and, in almost all aspects of its daily life, the Albanian 
populace was watched over by agents of the Directorate 
of State Security, known as the Sigurimi.

Hoxha’s program for modemization aimed at transform- 
ing Albania from a backward agrarian country into a mod­
ern industrial society, and indeed, within four decades, 
Albania had made respectable—in some cases historie— 
strides in the development of industry, agriculture, educa­
tion, the arts, and culture. The Standard of living improved

to the point where chronic poverty, like chronic hunger, 
disappeared. Likewise, illiteracy and epidemics were rel- 
egated to the past, as education and health care became 
available to all citizens at almost no cost. Nevertheless, 
the per capita income of Albania remained low compared 
to the rest of Europe.

When Enver Hoxha died in 1985, his handpicked succes- Loosening 
sor, Ramiz Alia, toök over as leader of Albania. Unlike the of Controls 
doctrinaire and orthodox Hoxha, Alia was a less dictatorial 
pragmatist who somewhat loosened Hoxha’s Controls over 
Albanian society. Moreover, Albania began to participate 
in multilateral conferences of Balkan countries, and it 
expanded its network of diplomatic ties to include nearly 
every nation of Europe. This broadening of contacts was 
the continuation of a process begun under Hoxha, but 
it also reflected new forces at work. Among these were 
stronger pressures by a younger generation of Albanians 
to open up to the outside, a need to strengthen the 
economy through greater commercial exchange with other 
countries, and the example of such regional endeavours 
as the European Economic Community as a means of 
achieving prosperity and security through Cooperation and 
understanding rather than the animosities and conflicts of 
the past. (P.R.P.)

For later developments in the history of Albania, see the 
Britannica Book o f the Year section in the britannica
WORLD DATA ANNUAL.

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, sectioiis 912, 921, 924,
961, 962, 963, and 972, and the Index.
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with 3 vol. published by 1989. k r is t o  f r a s h ë r i, The History 
of Albania (1964), is a rather short but informative book, use­
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Alcohol and Drug Consumption

H uman beings have been experimenting for thou­
sands of years with a variety of naturally occurring 
substances that act on nervous tissues: alcohol to 
intoxicate a weary mind, belladonna to calm an angry 

intestine or to poison an adversary, opium to overcome 
worry and strain. The relief of pain, in particular, is 
an age-old aim of humankind, and various narcotic and 
sleep-producing agents were probably used by primitive 
people. But for many human beings there is another kind 
of pain—the pain of being—and from time immemorial 
some people have been trying to expand their vision, en- 
hance their appreciation of their world, change their mood, 
alter their inner existence, or stupefy their awareness with 
the use of such drugs as alcohol, opium, and cannabis.

It is written in Genesis (9:20) that Noah planted a vine-

yard, “and he drank of the wine, and became drunk, and 
lay uncovered in his tent.” Alcohol has been used by 
many cultures and has been worshipped as a god. Opium 
has also been used extensively, at least since the time 
of ancient Greece. Homer teils how some of Odysseus’ 
crew succumbed to forgetfulness in the land of the Lotus- 
eaters, and the ancient Vedic philosophers of India spoke 
of soma, a mysterious and probably mythical plant. Coca, 
coffee, and tobacco have also played their parts in history.

(W.G.St./Ed.)
This article treats primarily the psychological and social 

aspects of alcohol and drug abuse. For further treatment 
of Chemical and physiological aspects, see drugs and
DRUG ACTION.
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ALCOHOL
People do not usually drink pure alcohol but a beverage 
containing alcohol, specifically ethyl alcohol. This article 
deals with most aspects of such drinking, from the Chem­
ical and the physiological to the medical and social.

Alcoholic beverages include wines, beers, and spirits. 
Wines are fermented from the sugars in fruits or berries 
(most commonly grapes), from various plants or their saps, 
from honey, and even from milk. Beers are fermented 
from grains after the starch in them is first converted to 
sugar. Spirits are distilled from wines or beers (see bever­
age production). The alcohol in all these beverages is 
ethyl alcohol, or ethanol (CH3CH2OH). Extremely small 
amounts of other alcohols, such as amyl, butyl, propyl, 
and methyl alcohol, also occur in alcoholic beverages,

along with other so-called congeners that include acids, 
aldehydes, esters, ketones, phenols, and tannins; there are 
also numerous inorganic substances, including vitamins 
and minerals. Some of these ingredients are derived from 
primary plant materials; some are produced during the 
fermentation process and may be reduced by purification; 
and some are introduced during the aging process—for 
example, by continuous contact with containers such as 
wooden barrels. The combinations and exact amounts of 
congeners vary with the type of beverage, ranging from as 
few as 33 milligrams per litre in vodka, which is purified 
diluted alcohol, to averages of 500 milligrams per litre in 
some whiskies and as many as 2,600 milligrams per litre 
in specially aged whiskies or brandies. Congeners contrib-
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ute special characteristics of taste, aroma, and colour to 
the beverages. Some have nutriënt and medicinal effects. 
Some, in spite of their small quantity, slow the rate at 
which the body disposes of ethyl alcohol and may have 
toxic effects if very large amounts of alcoholic beverages 
are consumed. But the main ingrediënt that characterizes 
alcoholic beverages and the chief contributor of the effects 
sought by people who drink them is ethyl alcohol (hereaf- 
ter referred to simply as alcohol).

In beers the alcohol content varies from about 2 percent 
in some mild Scandinavian varieties to about 8 percent in 
especially strong types; most U.S. beers contain between 4 
and 5 percent. Natural or unfortified wines (the so-called 
dry wines, such as burgundy, chianti, and sauterne) usual­
ly contain between 8 and 12 percent alcohol, although 
most U.S. varieties have a somewhat higher content, rang- 
ing from 12 to 14 percent. Vermöuths and aperitif wines 
usually contain 18 percent, and dessert, sweet, and cock­
tail wines (such as sherry, port, and muscatel) contain 20 
to 21 percent. These percentages are by volume; i.e., the 
Proportion of alcohol in the fluid volume of an average 
American beer is 4.5 percent. Since fermentation yields 
only 14 percent alcohol, the extra strength of fortified 
wines comes from the addition of alcohol or brandy. Spir­
its, including vodka, gin, and whiskies (rye, Scotch, bour­
bon), rum (distilled from sugarcane or molasses), brandies 
(distilled from fruit wines), and liqueurs (flavoured syrupy 
spirits) usually contain between 40 and 50 percent alcohol. 
Cordials, made of flavoured spirits, such as anisette, black- 
berry, curagao, maraschino, and sloe gin, usually contain 
between 25 and 40 percent. The Asiatic beverage kumiss 
(made from mare’s milk) and the Russian kvass rarely 
contain more than 2 percent alcohol.

Physiological and psychological 
effects of alcohol
WHAT THE BODY DQES WITH ALCOHOL

Absorp- When an alcoholic beverage is swallowed, it is diluted by 
tion and the stomach juices—it may first undergo some dilutiön in
distri- the mouth—and very quickly distributed throughout the
bution body. Alcohol does nöt require digestion before its absorp- 

tion into the bloodstream. A small portion is diffused into 
the bloodstream directly from the stomach wall. Most of 
the alcohol passes through the pyloric junction into the 
small intestine, where it is very rapidly absorbed and cir- 
culated. The rate of absorption will vary according to the 
particular beverage and the state of the individual consum- 
er’s stomach. A strong alcohol solution, when taken into 
an empty stomach, may cause a spasm of the pylorus that 
will impede its passage into the small intestine, resulting 
in a slower rate of absorption. The presence of food in the 
stomach, especially some fatty foods, will delay absorption. 
On the other hand, alcohol taken together with carbon- 
ated beverages will ordinarily be absorbed more rapidly. 
Other factors, such as the emotional state of the drinker, 
may also affect the rate of absorption. Probably cocktails 
and highballs, many of which contain carbonated water or 
other beverage, provide the most rapidly absorbed forms 
of alcoholic beverage that people consume.
Alcohol is diffused in the body in proportion to the water 

content of the various tissues and organs, appearing in 
greater concentration in the blood and brain than in fat or 
muscle tissue. The absorbed alcohol is greatly diluted by 
the body fluids. Thus, the alcohol in an ounce (29.57 mil- 
lilitres) of whiskey at 50 percent strength (100 U.S. proof, 
87.6 British proof) will be diluted, in a man of average 
build, to a concentration of about 2 parts per 10,000 in 
the blood (0.02 percent). In a larger person the blood al­
cohol concentration will be proportionately smaller; and, 
in a smaller person, of course, the concentration will be 
proportionately greater.

The importance of the rate of absorption, distribution, 
and dilutiön of alcohol in the body lies in their relation to 
the achieved alcohol concentration in various organs, par­
ticularly the brain. After rapid intake of a large amount of 
alcohol that is quickly absorbed, a relatively early “high,” 
or Sensation of intoxication will occur. Figure 1 shows a 
set of probable average curves of blood alcohol concen-

trations in an average-size man after rapid absorption of 
various amounts of alcohol. It shows also the average rate 
of decline of the blood alcohol concentration over time as 
a result of the disposal of the alcohol by the body through 
the processes of metabolism (oxidation) and excretion.

The body begins to dispose of alcohol immediately after 
it has been absorbed. An insignificantly small proportion 
of alcohol is exhaled through the lungs, and a tiny amount 
is excreted in sweat. A small proportion is secreted by 
the kidneys and will be accumulated and retained in the 
bladder until eliminated in the urine. Only between 2 and 
10 percent of the alcohol is eliminated by these means. 
The remainder, 90 percent or more of the absorbed alco-

Figure 1: Percent of blood alcohol concentration in an average 
man at hourly intervals after drinking one, two, four, or six 
ounces of spirits containing 50 percent alcohol.

hol, is disposed of by metabolic processes, mainly in the 
liver. Other organs are capable of metabolizing only small 
amounts of alcohol.

As absorbed alcohol is passed through the liver by the How 
circulating blood, it is acted upon by a d h  (alcohol de- alcohol is 
hydrogenase), a zinc-containing enzyme found chiefly in metabo- 
the liver cells. The alcohol molecule is converted by this lized 
action to acetaldehyde, itself a highly toxic sübstance, but 
this is immediately acted upon by another enzyme, al­
dehyde dehydrogenase, and converted to acetate, most of 
which enters the bloodstream and is ultimately oxidized 
to carbon dioxide and water. Considerable utilizable ener- 
gy—7.1 calories from each gram of alcohol (about 200 
calories per ounce)—is made available to the organism 
during these processes, and in this sense alcohol serves 
as a nutriënt.
The two enzymatic reactions—that of a d h  and aldehyde 

dehydrogenase—require a co-enzyme, n a d  (nicotinamide- 
adenine dinucleotide), the acceptor of hydrogen from 
the alcohol molecule, for their effects. The n a d  is thus 
changed to n a d h  and becomes available again for the 
same reaction only after its own further oxidation. While 
adequate a d h  seems always present for the first step of 
alcohol metabolism, the temporary reduction of the avail­
able n a d  apparently acts as a limit on the rate at which 
alcohol can be metabolized. That rate is about half an 
ounce of alcohol (equal to about an ounce of spirits, a 
12-ounce bottle of beer, a four-ounce glass of dry wine, 
or a 2.5-ounce glass of fortified wine) per hour in an 
average-size man.

The limit on the rate at which the body can dispose 
of alcohol results in its accumulation in the organism if 
drinking proceeds at a faster rate than the alcohol is me­
tabolized. The average-size man who drinks and absorbs 
four ounces of whiskey (at 50 percent alcohol) rapidly will 
have l ' / 2 ounces of alcohol in his body at the end of an 
hour and a blood alcohol concentration near to 0.07 per­
cent (Figure 1). If he drinks eight ounces within two hours, 
he will have a blood alcohol concentration of about 0.11 
percent. The continued accumulation of alcohol in the or­
ganism faster than it can be metabolized leads to increas-
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ing degrees of intoxication. This is illustrated in Figure 2, 
Curve A, which shows what happens if an average man 
drinks two ounces of spirits each hour for four hours. At 
the end of the first hour, the blood alcohol concentration 
has passed its peak and begun to decline, but with the next 
drink the concentration starts rising again; this is repeated 
after each drink. Only at the end of four hours—an hour 
after the last drink—is the highest blood alcohol concen­
tration reached; and, with no more drinking, it declines 
steadily thereafter. Curve A thus illustrates the combined 
effects of repeated alcohol absorption and its continuous 
metabolism. Curve B in Figure 2 shows what the course of 
blood alcohol concentration would be if the eight ounces 
of spirits were drunk and absorbed all at once.

hours

Figure 2: Percent of blood alcohol concentration in an average 
man at hourly intervals after drinking two ounces of spirits 
each hour for four hours (curve A) and eight ounces all at 
once (curve B).

INTOXICATION
eneral The drinking of small amounts of alcohol, even if this is
fects of done regularly over a long period of time, does not have
itoxica- any conclusively demonstrated pathological effect. A mild 
on infrequent intoxication produces a variety of temporary

biöchemical disturbances in the body: the adrenal glands 
may discharge hormones, sugar may be mobilized from 
stores in the liver, the electrolyte balance may be slightly 
upset, the metabolism and equilibrium of the liver may be 
disturbed. But these changes leave no chronic aftereffects, 
and the body rapidly returns to normal. A severe intoxi­
cation, on the other hand, may produce more serious dis­
turbances, including temporary extensive imbalance in the 
body chemistry, an acute hepatitis and numerous “hang- 
over” effects: nausea, headache, gastritis, thirst because of 
the shift of water from cellular to extracellular spaces, and 
a generalized residual malaise and physical and mental in- 
competence that may last as long as 24 hours after all the 
alcohol consumed has been metabolized. Some drinkers 
are satisfied to suffer the mild and even the severer af­
tereffects of occasional intoxication for the saké of the 
temporary dissociation, euphoria, or socialization that the 
drinking allows. But frequent intoxication, even of mod­
erate degree, imposes a severe and debilitating burden on 
the organism.
The irritating effects of alcohol, especially in undiluted 

strong beverages, can result in damage to the tissues of the 
mouth, esophagus, and stomach, perhaps with increased 
susceptibility to cancer. The liver is likely to suffer serious 
damage if it must cope lengthily with the detoxication of 
large amounts of alcohol. There may also be damage to 
the heart muscle.

Frequent heavy drinking to severe degrees of intoxication 
or the prolonged steady maintenance of a high alcohol 
concentration in the organism has been shown to be linked 
to many impairments or injuries of many organs. The 
most common linkage is with diseases caused by defects 
of nutrition.

Effects on the brain. Alcohol as a drug affecting the

central nervous System belongs in a dass with the barbi- 
turates, minor tranquillizers, and general anesthetics and 
is commoiily classified as a depressant. Its effect on the 
brain is rather biphasic: at quite low concentrations it can 
serve as an exciiant or stimulant of some functions, but, as 
the concentration increases, the effect is constantly more 
depressant, going on to sedation, stupor, and coma. The 
excitement phase exhibits the well-known signs of exhila- 
ration, loss of socially expected restraints, loquaciousness, 
unexpected changes of mood, and occasionally uncon- 
trolled emotional displays. This excitement phase may 
result from an indirect effect of alcohol in suppressing the 
function of inhibitory brain centres rather than from a 
direct Stimulation of the manifest behaviour. The physical 
counterparts of this state of relatively mild intoxication 
are slurred speech, unsteady gait, disturbed sensory per- 
ceptions, and inability to make fine discriminations. These 
effects are produced not by the direct action of alcohol on 
the misbehaving muscles and senses but by its effect on 
the brain centres that control their activity.

Because brain alcohol concentrations can rarely be mea- 
sured in people, blood alcohol concentrations are used as 
the Standard against which performances are compared.
Most people exhibit some degree of functional depression 
or incapacitation at blood alcohol concentrations of 0.10 
percent. Inefficiency in performing some tasks may begin 
at much lower concentrations, even at 0.03 percent. The 
majority of drinkers begin to show measurable impair- 
ment at just above 0.05 percent, and most people are 
considered intoxicated at 0.15 percent. In determining the 
intoxication of automobile drivers, most jurisdictions in 
Western countries use a blood alcohol concentration of 
0.15 percent as the criterion; in some, a presumption of 
impairment is mäde at the much lower concentrations of 
0.10, 0.08, or 0.05 percent.

The impairments at these concentrations may not be 
manifested superficially by all individuals, but laboratory 
tests show diminished alertness, visual acuity, and capac- 
ity to distinguish between signals. Reflex responses and 
the time of reaction to a signal, as well as neuromuscular 
functions, are slowed. Complex reactions, those that re­
quire the brain to process more than one type of incoming 
information simultaneously, are impaired at blood alco­
hol concentrations too low to affect simple reflexes and 
reaction times.

The most important immediate actions of alcohol are Effects on 
on the highest functions of the brain—those of think- mental 
ing, leaming, remembering, and making judgments. The processes 
biphasic action of alcohol is evident in its effect on 
thinking. One group of experiments revealed that at low 
blood alcohol concentrations, after the equivalent of two 
drinks (two ounces of spirits), well-trained and highly in­
telligent young men performed better at solving problems 
in symbolic logic than they had without alcohol. At me­
dium concentrations, the equivalent of four drinks, their 
performance was about normal. But, at concentrations 
equivalent to six drinks, their ability to solve such prob­
lems definitely deteriorated. Similar effects were observed 
in tests of memorizing. More recent experiments indicate 
the dependence of leaming on the state in which it oc- 
curs:—i.e., what is learned under the influence of alcohol 
is better recalled under the influence of alcohol than when 
sober, but what is learned in the sober state is better 
recalled when sober. The function of judgment is difficult 
to dehne; when evaluated by such a task as willingness 
to drive a bus through a more or less adequate gateway, 
judgment progressively deteriorates with increasing blood 
alcohol concentrations; when evaluated by willingness to 
take risks, as shown in responses to hypothetical problem 
situations, the resuits are similar, although more so in 
younger than in older people.
As blood alcohol concentrations continue to rise above 

0.15 percent, intoxication steadily increases. Well-adapted, 
very heavy drinkers may continue to function fairly well 
in some motor and mental tasks even up to concentrations 
of 0.3 percent, but most people will appear visibly dmnk, 
manifesting the common Symptoms of slurred speech, un- 
steadiness of gait, and confusion of thinking long before 
this level is reached. At 0.4 percent most people will be
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anesthetized to the extent that they will be asleep, difficult 
to arouse, incapable of voluntary activity—indeed, in a 
state in which they could undergo surgery. At higher blood 
alcohol levels, deep coma sets in, and, if the intoxicated 
person is long unattended, death may ensue by accidental 
stoppage of the breathing passages. Between 0.5 and 1 
percent the breathing centre in the brain ór the action 
of the heart may be anesthetized, and then death directly 
from alcohol intoxication will quickly follow. Ordinarily, 
the achievement of blood alcohol concentrations above 
0.4 percent by drinking is unlikely; in a man of average 
build it would require the ingestion and absorption, un- 
metabolized, of almost a fifth of a gallon of spirits (0.757 
litre) at 50 percent alcohol.

Effects on emotional behaviour. People ordinarily drink 
alcohol tö obtain effects that they have been taught to 
expect. Small amounts are drunk in the expectation of 
reducing feelings of tension, relieving feelings of anxiety, 
and, conversely, obtaining feelings of gaiety and exhilara- 
tion. A sufficiënt amount of alcohol will usually serve the 
desired purpose. It is likely, however, that alcohol itself is 
not solely responsible: the state of expectation combines 
with the pharmacological action of the drug to produce 
the desired effect, in favourable circumstances, alcohol 
will not merely reduce tension and anxiety but suppress 
them entirely, even allowing a shift of the emotional 
state to one of indifference or euphoria or elation. The 
anxiety-suppressing action of alcohol is commonly seen 
in the gradual removal of social inhibitions. Shy people 
become outgoing or bold; well-behaved people become 
disorderly; the sexually repressed become amorous; the 
fearful become brave; the quiescent or peaceful become 
verbally or physically aggressive. All these reactions may 
be the result of the stimulating effect of small amounts of 
alcohol or the control-anesthetizing (disinhibiting) effects 
of larger amounts. But they are, in part, also made pos­
sible by the social and cultural permissiveness typical of 
drinking situations. Alcohol is not only a psychoactive but 
a socioactive drug. These effects apparentiy occur in most 
normal drinkers; in alcoholics, the consumption of huge 
quantities apparentiy evokes different States of feeling and 
even an increase of anxiety or tension.

Alcohol Alcohol is often used for medicinal and therapeutic pur- 
and thera- poses. Whiskey is populär for treating colds and snakebites, 
peutics brandy for treating faintness, wine for blood building, 

beer for lactation, and any alcoholic beverage for treat­
ing sleeplessness or overexcitement. Many of these uses 
survive from folk medicine of many cultures. Alcohol is 
administered by physicians in hospitals, usually by vein, 
sometimes for anesthesia before minor surgery; more of­
ten it is given for sedation after surgery and as a source 
of easily absorbed calories when it is desirable to bypass 
the patient’s digestive System. Physicians often prescribe 
“a drink” for a variety of purposes: to stimulate a sluggish 
appetite, as a sedative to induce sleep, as an anxiolytic 
in premenstrual tension in women, as a vasodilator (an 
agent used to widen the lumen of the blood vessels) in 
arteriosclerosis, to relieve the vague aches and pains that 
beset the elderly, and as a supplement in special diets.

Direct effects on organs. After being considerably dilut­
ed upon absorption into the bloodstream, alcohol reaches 
the body organs in extremely small concentrations. A 
pint (0.473 litre) of whiskey (at 50 percent alcohol), fully 
absorbed and not metabolized, will produce in a man of 
average build and weight a concentration of about 0.32 
percent in the blood. The concentration in any organ is 
likely to be less. Concentrations of 1 percent are hardly 
sufficiënt to irritate the most delicate tissue. Even with very 
heavy continuous drinking, a post-absorptive concentra­
tion above 0.5 percent in any organ is extremely unlikely. 
Such small alcohol concentrations cannot be expected to 
inflict direct damage on the liver, the kidneys, the genera­
tive organs, the heart, or the brain, though they may cause 
temporary derangements of biochemistry and function. A 
concentration of 0.5 percent in the brain will cause coma 
and may be lethal. Most of the damage to these and other 
organs in long-time heavy drinkers consists apparentiy of 
side effects related to disturbances of metabolism or to 
malnutrition and poor hygiene. Some experimental work

has suggested that alcohol has a directly adverse effect on 
the liver and on muscle tissue, and clinical observations 
have suggested a direct chronic pathological effect on the 
heart muscle. But the manner in which alcohol produces 
such direct damages is still unexplained.
The acute diseases. Excessive users of alcohol have 

been shown to suffer in varying degrees from both acute 
and chronic diseases. The acute diseases include, first of 
all, intoxication, with its wide variety of disturbances of 
neuromuscular and mental functions and of body chem- 
istry. In addition, the intoxicated person is abnormally 
liable to accidents and injuries. Those who experience 
severe intoxication chronically, the alcoholics, are said to 
be seven times as liable to fatal accidents as persons in 
the general population. They are 30 times more liable to 
fatal poisoning, 16 times more liable to death from a fall, 
and 4.5 times more liable to death in a motor-vehicle 
accident. These liabilities obviously reflect not only the 
disablements of immediate intoxication but the whole life- 
style and state of alcoholics.
Another range of diseases associated with intoxication are With- 

those that occur in the post-intoxication state, the alcohol- drawal 
withdrawal syndromes. The commonest and least debil- syndromes 
itating of these syndromes is the hangover. After a pro- 
longed bout of drunkenness, however, severe withdrawal 
phenomena often supervene, consisting of tremulousness, 
loss of appetite, inability to retain food, sweating, restless- 
ness, sleep disturbances, sometimes epileptiform seizures, 
and abnormal changes in body chemistry, especially in the 
electrolyte balance.
In extreme cases of alcohol withdrawal syndrome, delir­

ium tremens will develop. Delirium tremens involves a 
gross trembling of the whole body, sometimes with seizures, 
mental clouding, disorientation, and hallucinations both 
visual and auditory. Depending on the amount and quality 
of care and treatment, as well as the possible occurrence of 
intercurrent diseases, delirium tremens lasts from three to 
10 days, with a reported fatality rate ranging from 1 to 20 
percent. Acute alcoholic hallucinosis may develop with or 
without preceding delirium tremens and may last days to 
weeks. Other brain disorders that may follow a prolonged 
bout include Wernicke’s disease, resulting from an acute 
complete deficiency of thiamine (vitamin B,) and marked 
by clouding of consciousness and paralysis of the optie 
nerves; the acute form of Korsakoffs syndrome, marked 
by loss of recent memory, with a tendency to make up for 
the defect by confabulation; and Jolliffe’s encephalopathy, 
resulting from an acute complete deficiency of nicotinic 
acid and marked by delirium, together with rigidities of 
the extremities and sucking and grasping reflexes.

Early signs of polyneuropathy, a degenerative disease of 
the peripheral nerves, include tendemess of calf muscles, 
diminished tendon reflexes, and loss of vibratory Sensa­
tion. Acute hepatitis (inflammation of the liver) is com­
mon. Less often seen are severe pancreatitis and Zieve’s 
syndrome, the latter being a combination of jaundice with 
hemolytic anemia, hyperlipemia, and hepatic tenderness.
Numerous other disturbances, for example, severe muscle 
cramps and defects in nerve conduction, are occasion- 
ally observed.

The disorders of the brain and nervous System and possi- 
bly many of the Symptoms in the other acute consequences 
of alcoholism are caused largely by dietary deficiencies.
Alcohol provides large numbers of calories, but they are 
empty calories—such as those of refined sugar—devoid of 
vitamins and other essential microelements of nutrition, 
including minerals and amino acids. The small amounts 
of vitamins and minerals present in beers and wines— 
rarely in spirits—are insufficiënt for dietary needs. In 
heavy bouts of drinking, alcoholics neglect normal eating 
or, because of digestive difliculties, cannot absorb enough 
of the essential food elements. These nutritional defects 
are the cause of many of the chronic diseases associated 
with alcoholism.

Another acute disorder associated with alcohol is some­
times misnamed pathological intoxication in which, after 
downing a small amount of drink, a person suddenly 
breaks into a maniacal fury, smashing furniture and at- 
tacking people. The seizure ends as suddenly as it began,
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and the victim usually falls into a stuporous sleep, from 
which he awakens after some hours—usually without 
memory of the events. The cause is uncertain; personality 
factors combined with a temporary deficiency of blood 
sugar have been suspected.

>egenera- The chronic diseases. In long-lasting alcoholism, one 
ve or more of the chronic nutritional deficiency diseases
iseases may develop. The severer effects of vitamin B, deficiency 

are probably commonest—degeneration of the peripheral 
nerves, with permanent damage in extreme cases, and 
beriberi heart disease; another common disease is pellagra, 
due chiefly to deficiency of nicotinic acid. Other diseases 
include scurvy, resulting from ascorbic acid deficiency; 
hypochromic microcytic anemia, caused by iron deficien­
cy; and anemia resulting from vitamin B12 deficiency. 
Severe open sores on the skin of alcoholic derelicts whose 
usual drink is the cheapest form of alcohol—lów-quality 
fortified wines—are sometimes miscalled wine sores, but 
they result from a combination of multiple nutritional 
deficiencies and poor hygiene.
The classical disease associated with alcoholism is cir- 

rhosis of the liver (Laënnec’s type), frequently preceded by 
a fatty enlargement of the organ. The exact mechanism 
by which this cirrhosis develops is still unclear; it appears 
to involve the consequences both of the metabolism of 
excessi ve amounts of alcohol and of defective nutrition. 
In its severest form, Laënnec’s cirrhosis is often fatal; its 
successful treatment or the retardation of its progress is 
impossible in an alcoholic who cannot be stopped from 
drinking.

Besides the mental Symptoms that may accompany pel­
lagra, other mental disorders that are more specifically 
related to the consumption of alcohol include chronic 
hallucinations and Korsakoffs psychosis, which may last 
months to years. A relatively uncommon chronic brain 
disorder is Marchiafava-Bignami’s disease; because the 
Symptoms are not specific, this degeneration of the corpus 
callosum in the brain is usually diagnosed only at autopsy. 
Other brain damage occasionally reported in alcoholism 
includes cortical laminar sclerosis, cerebellar degeneration, 
central pontine myelinolysis, and enlargement of the ven- 
tricles as a result of atrophy of brain substance. Alcoholics, 
especially older ones, frequently show signs of neurological 
defect and impaired brain function, and these are some­
times blamed on direct damage to the central nervous 
system by alcohol; it is possible, however, that they are 
the result of brain damage caused by accidents and blows. 
Many of those who survive long years of alcoholism show 
a generalized deterioration invol ving the brain, muscles, 
endocrine system, and vital organs, giving an impression 
of premature old age. Alcoholics die more frequently in 
all types of accidents and from numerous diseases; their 
average life span is reduced by about 10 or 12 years.

(M.Ke.)
Fetal alcohol syndrome. The effect that the problem 

drinker or alcoholic has on others may be generational. 
There is evidence that habitual or even occasional drink­
ing by an expectant mother can endanger the health of the 
fetus. Studies have indicated that babies of heavy drinkers 
may be small in terms of length and weigh less than other 
babies. The babies may have a high incidence of small 
heads, defective joints in their hands and feet, cleft pal- 
ates, and heart abnormalities. Researchers studying such 
infants have termed their abnormalities “fetal alcohol syn­
drome.” Some babies may be so severely affected that they 
die after birth; and, when their brains are studied, they are 
found to be poorly developed; some portions may actually 
be missing. The infants that survive may show impaired 
intellectual development as well as decreased ability to use 
certain muscles. It is believed that fetal alcohol syndrome 
is not a rare occurrence. It may exist in many degrees 
of severity, but its most common manifestation is mental 
impairment.

Opinion is varied in regard to what a pregnant woman 
should do about the use of alcohol. Some scientists feel 
that it should be totally avoided because of the possibility 
that the fetus may be affected by even very low or in- 
frequent doses; others feel that one or two drinks a day 
may be safe. (Ed.)

Social conditions of alcohol consumption
HISTORY OF THE USE OF ALCOHOL

In early societies. The origin of alcoholic beverages is 
lost in the mists of prehistory. Fermentation can occür 
in any sugar-containing mishmash, such as one of grapes, 
fruits, berries, or honey, if left exposed in a warm atmo- 
sphere. Airborne yeasts will act on the sugar, converting 
it to alcohol and carbon dioxide. This is the process 
of fermentation. Alcoholic beverages were thus probably 
discovered accidentally in the pre-agricultural gathering 
stage. Early man presumably liked the effects, if not the Universal­
taste, and proceeded to purposeful production; from mere- ity of 
ly gathering the wild-growing raw materials, he went on alcohol 
to regulär cultivation of the vine and other suitable crops. production 
Few preliterate people did not learn to convert some of 
the fruit of the earth into alcohol. In the case of starchy 
Vegetation, quite primitive agriculturists learned how to 
convert the starch to fermentable sugar by providing the 
necessary zymase from their saliva through such a simple 
process as preliminary mastication.
The making óf wines and beers has been reported from 

several hundred preliterate societies. Their importance is 
evident in the multiplicity of customs and regulations that 
developed around their production and uses. They often 
became central in the most valued personal and social 
ceremonials, especially in the rites of passage, and are ubi- 
quitous in such activities as births, initiations, marriages, 
compacts, feasts, conclaves, crownings, magie, medicine, 
worship, hospitality, war making, peace making, and fu- 
neräls. Alcohol is thus the oldest and still probably the 
most widely used drug.
The manufacture and sale of alcoholic beverages was 

already common and commercialized and regulated by 
government in the earliest civilizations. The oldest known 
code of laws, that of Hammurabi of Babylonia (<c.
1770 bc), regulated drinking houses. Sumerian physician- 
pharmacists prescribed beer (c. 2100 b c ) in relatively so­
phisticated pharmacopoeias found on clay tablets. The 
later Egyptian doctors, in their medical papyri (c. 1500 
b c ), included beer or wine in about 15 percent of their 
prescriptions. The recently discovered Semitic cuneiform 
literature of the northern Canaanites, in pre-Biblical Uga- 
rit, contains abundant references to the ubiquitous reli­
gious and hoüsehold uses of the intoxicating fluid.

Water, a precious commodity in the earliest agricultural- Early reli- 
ly dependent civilizations, was probably the original fluid gious uses 
used as offering in worship rites. In time, other fluids— of alcohol 
milk, honey, and later wine (in some religions, beer)— 
were substituted. That alcoholic beverages should have 
displaced other fluids in early religions, both as offer­
ing and drink, is not surprising: its capacity to help the 
shaman or priest and other participants reach a desired 
state of ecstasy or frenzy could not long have escaped 
Observation, and its appreciation was naturally attributed 
to supernatural spirits and gods. The red wine in religious 
uses was eventually perceived as symbolizing the blood of 
life and, in this spiritual sense, ultimately passed into the 
Christian Eucharist. The records of the Egyptian as well as 
of the Mesopotamian civilizations attest that drinking and 
drunkenness had passed from the state of religious rite 
to common practice, often troublesome to government 
and accompanied by acute and chronic illnesses. There 
are ample indications that some people so loved drink 
and were so abandoned to drunkenness that they must be 
presumed to have been alcoholics.

Among classical peoples. The significance of the classi­
cal history of drinking arises from the fact that after about 
300 b c  the Greek, Hebrew, and Roman cultures became 
mingled in a mix that was to influence powerfully the 
development of European culture. The surviving records 
of ancient Greek and Roman culture, in classic pictorial 
and plastic art as well as in the literature transmitting 
prehistorie memories enshrined in myths, reveal the com­
mon and copious use of wine by the gods, as well as by 
people of all classes. The worship of Dionysus, or Bac­
chus, the wine god, was the most populär; his festival, the 
Bacchanalia, has given English one of its literary names 
for a drunken orgy. His female devotees, the Maenads,
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worshipped him in drunken frenzies. The Greco-Roman 
classics abound with descriptions of fulsome drinking and 
often drunkenness. The wine of the ancient Greeks, like 
that of the Hebrews of the same time, was usually drunk 
diluted with an equal part or two parts of water, and, 
thus, the alcohol strength of the beverage was presumably 
between 4 and 7 percent. But, as a Standard drink, diluted 
wine was apparentiy more common than plain water, and 
there were topers who preferred their wine straight.
The literature of the Greeks does not lack warnings of 

the evil effects of excess in drinking, but in this they are 
excelled by the classics of the Hebrew Canaanites. The 
earliest references in the Bible show that abundant wine 
was regarded as a blessing, on a par with ample milk and 
honey, grain and fruit. The eyes of the Judaeans were to 
be bright from wine, which also was known to gladden 
the heart of man and to bring relief to those who were 
bitter of heart or ready to perish. In the national religious 
culture that developed into the Judaism that has survived 
to the present, drinking was intertwined with all important 
ceremonial occasions—from the celebration of the eight- 
day-old boy’s circumcision to the toasting of the soul of 
the departed and, in between, the wedding, the arrival 
and departure of every Sabbath and festival, and, indeed, 
any sort of celebration. The purpose of drinking thus 
became integrated with an attitude of reverence for the 
sanctity or the importance of the occasion, to the extent 
that over-drinking, becoming tipsy, would manifestly be 

Religious inappropriate and disapproved. Drunkenness then became 
sanctions a culturally negative, an alien and rejected behaviour 
against and generally vanished from the Jewish communities. In 
drunken- Contemporary terms, drinking was under effective social 
ness or control, and the result has been the seeming paradox, fas-
drinking cinating to modern students of sociocultural phenomena,

that a people with the highest proportion of drinkers ex- 
hibit the lowest rates of alcoholism and other alcohol- 
related problems.
Quite a different kind of religious control was adopted 

later (in the 7th Century) in Islam: the Qur'än simply con- 
demned wine, and the result was an effective prohibition 
wherever the devout followers of Muhammad in Arabia 
and other lands prevailed. (The same process occurred 
some 1,000 years later in Europe, after the Reformation, 
and later still in the United States, when a number of 
ascetic Christian sects, resting their ideology on the Bible, 
made abstinence a fundamental tenet.)

Like the early agriculturists of the Near East, the people 
of the Far East discovered the technology of manufacturing 
alcoholic beverages in prehistorie times. Barley and rice 
were the chief crops and the raw materials for producing 
the drink that, here too, was incorporated into religious 
ceremonial, both as drink and libation, with festivals fea- 
turing divine States of drunkenness. Here too, in time, the 
sacred drink became secularized, even while its religious 
uses survived, and evoked public as well as private disor­
ders. The history of China includes several abortive efforts 
at control or prohibition. But, in the Far East, prohibition 
was effective only when religiously motivated. The Hindu 
Ayurvedic texts (c. 1000 b c ) skillfully describe both the be- 
neficent uses of alcoholic beverages and the consequences 
of intoxication and the diseases of alcoholism. The devout 
adherents of Buddhism, however, which arose in India in 
the 5th and 6th centuries b c  and spread over Southern and 
eastern Asia, abstain to this day, as do the members of the 
Hindu Brahmin caste. But most of the peoples in India, 
as well as in Ceylon and the Philippines, in China and 
Japan, have continued, throughout, to ferment a portion 
of their crops and nourish as well as pleasure themselves 
with the alcoholic product.

In Africa, maize, millet, bananas, honey, the saps of the 
palm and the bamboo, and many fruits (including that of 
the sausage tree) have been used to ferment nutriënt beers 
and wines, the best known being Kaffir beer and palm 
wines. Most of the peoples of Oceania, on the other hand, 
seem to have missed the discovery of fermentation. Many 
of the pre-Columbian Indians of North America are also 
exceptional in lacking alcoholic beverages until introduced 
to firewater by Europeans, with explosive and disastrous 
consequences. But the Papago Indians of the southwestern

United States made a cactus wine, and the Tarahumara 
of northern Mexico made beers from corn and species 
of agave, while throughout Central and South America 
the aborigines made chicha and other alcoholic beverages 
from maize, tubers, fruits, flowers, and saps. For the most 
part, their drinking appears to have been regulated so as 
to inhibit individual alcoholism and limit drunkenness to 
communal fiestas.

Alcohol in complex societies. Contrasts and similar- 
ities between primitive and modem uses. In primitive Variety of 
societies the uses of alcoholic beverages were multiply mo- uses for 
tivated. These beverages had important nutritional value. alcohol 
They were the best medicine available for some illnesses 
and especially in relieving pain (in any case, a patiënt 
given a prescription to be taken in beer or wine, with the 
instruction to drink it liberally, was likely to feel better, 
regardless of whether the various ingredients affected his 
disease). They facilitated religious ecstasy and communion 
with the mystical super-mundane powers thought to con­
trol tribal and individual fate. They enabled periodic social 
festivity and the personal jollification of the participants, 
thus also serving as the mediator of populär recreation.
They helped reduce anxiety, tension, and fears connected 
with concerns over subsistence, safety, or with the need 
to engage in aggressive or dangerous activities, such as 
warfare. They could calm anger or tranquillize hostility 
so as to allow pacification and reduce suspicion, making 
possible peaceful associations and commercial or cere­
monial relations. And, in individuals with extraordinary 
responsibilities, such as chiefs, shamans, medicine men, 
they helped to assuage the personal anxieties and tensions 
connected with those exceptional roles. In some cases 
the formalized public binge could serve as the permissive 
loosener of interpersonal aggressions, allow an interlude of 
verbal or even physical hostility within the family or clan 
group, which otherwise the mores of the cohesive small 
society necessarily forbade. The insults and wounds of the 
discordant interlude could easily be forgiven by blaming 
them on the alcohol-induced irresponsibility. Under these 
circumstances drunkenness could be approved or even 
mandatory and still serve an integrative social function. In 
short, the most general effect of alcohol, suggested by its 
very equivocal uses, appears to be as a facilitator of mood 
change in any desired direction.
The conditions of primitive or early societies foreshad- 

ow the conditions of complex societies, including the 
Contemporary highly industrialized ones. As food, hardly 
anything but the calorie value of alcohol remains, and 
this is essentially of no importance in modern dietaries, 
unless such large amounts are consumed that the value 
becomes negative, since the carbohydrate calories in mod­
ern beverages are deficiënt in other necessary nutrients, 
such as vitamins and minerals, provided by other foods.
As medicament, alcohol has a limited surviving value in 
the practice of Contemporary physicians equipped with 
more efficiënt anesthetics and taught to prescribe more 
variegated analgesics and tranquillizers. In religion, wine 
has been relegated to a highly specific, essentially symbol- 
ic role, where not completely eliminated. What remains 
is the satisfaction of personal and group needs that have 
particular urgency arising out of the very complexity of 
modern life.

The most distinctive features of the complex technological 
society, in contrast to the simple primitive type, consist of 
specialization of functions; membership in limited interest 
groups (though often with conflicting roles); inequalities of 
earnings and prestige; social and economie stratification, 
in addition to religious differentiation; and an irreconcil- 
able disharmony of individualism and interdependence, 
marked by the fact that individuals command skills and 
privileges indispensable for the welfare of others (only a 
baker can produce bread for the supermarket’s customers; 
only a licensed physician can write a prescription), yet 
the same individuals are totally dependent on others for 
their own vital needs. All these factors contribute to com- 
petitiveness, distrust, insecurity, anxiety, alienation. Those 
who have abundant goods or positions of power and pres­
tige are not thereby freed of these troubles. The result is, 
if anything, a more intense need for relief from tension,
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for relaxation from anxiety, for tranquillization from the 
effects of competitive effort.

It is not that the ancient uses have been forgotten: a 
drink is still the symbolic announcer of friendship, peace, 
agreement, in personal as well as in business or political 
relations. But in the complex society many people dis­
cover that many drinks often help them to suppress the 
overwhelming inhibitions, shynesses, anxieties, tensions 
that interfere with urgent needs to function effectively, 
either socially or economically. In the complex society, 
characterized by multifarious frustrations of gratifying in­
terpersonal relationships, the capacity of alcohol to serve 
as socio-activating medicine comes into high value.

Conjlicts over drinking. Modern complex societies are 
troubled by a lack of consensus around many issues of 
right and wrong or proper and improper behaviour; and 
drinking, since the latter part of the 18th Century, has 
been a focus of disagreement, sometimes amounting to 
political warfare among subgroups making up larger na­
tional societies. In the United States, the late 18th-century 
temperance movement became, by the middle of the 19th 
Century, an anti-alcohol movement that culminated in na­
tional Prohibition (enacted by constitutional amendment 
in 1919 and repealed in 1933). Echo movements in oth­
er countries had somewhat similar histories. The lack of 
consensus regarding who may drink how much of what 
and where and when and with whom is illustrated by the 
crazy quilt of local regulations extant in the United States. 
In some localities there is total prohibition or prohibition 
only of distilled spirits and strong wines; in some, only 
those over 18 or over 21 years of age may buy drinks; 
in some, married women under age may buy but not 
married under-age men; in some, until recently, Indians 
might not buy; in some, liquor may be sold only by the 
bottle, not by the drink; in some, drinks may be served 
only together with food, in others only without food; in 
some, drinking in public places is permitted only if the 
drinkers are curtained or only if they are uncurtained or 
only when they are seated; or men may stand to drink,
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a custom as common as drinking are believed by many 
sociologists to account for the inability of the society to 
establish firm rules inhibiting immoderate behaviour, with 
a resulting high incidence of damaging use, drunkenness, 
and many other problems related to alcohol. The Chinese 
and the Italians, as well as the Jews, are cited as examples 
of groups having well-developed cultural consensus against 
drinking to drunkenness, with resulting low rates of al­
cohol problems. In parallel, France is cited as a country 
with a consensus favouring steady copious drinking, with 
a resulting high rate of alcoholism.
The modem conflict over drinking reflects the complex 

interactions of individual man and small group and larger 
society. Small groups, formed by common interests in 
business or occupation or recreation or neighbourhood 
or politics or ethnicity or religion, use drinking togeth­
er to facilitate mixing, to engender solidarity, to reduce 
normal inhibitions against trust in and collaboration with 
“strangers,” to symbolize and ratify accord, to ensure that 
gatherings for celebration will succeed as festive occasions. 
Individuals use alcoholic beverages as an agreeable effector 
of desired mood alteration, such as moderate relief from 
anxiety or depression or masking of unease and pain, and 
to enable participation in the various small groups with 
which they are required to associate. Given favourable 
contexts, moderate amounts of alcohol apparentiy func­
tion well in fulfilling these purposes. Given consensual 
practices, moderate amounts of drink function integrative- 
ly within families and in common-interest groups. This is 
thought to account for the survival of the drinking custom 
from early times, in spite of the problems it has engendered 
and the Opposition it has provoked. But individuals and, 
sometimes, groups, whether formally or informally orga­
nized, also indulge in immoderate, self-injurious, and so­
cially damaging drinking. These dysfunctional behaviours 
account, in part, for the organized societal Opposition to 
any drinking although the antagonism is sometimes based 
in more fundamental perspectives of the anti-alcohol sen­
timent: alcohol is, from olden times, the facilitator of

pleasurable, morally lax, hedonistic behaviour; as such, it 
evokes the displeasure and condemnation of those favour­
ing moral strictness and an ascetic way of life.

DRINKING PATTERNS
The universal and general functions of drinking are dis- 
played in a great variety of ways and customs in different 
parts of the world and among various subgroups and sub­
cultures within larger societies. The places of drinking vary 
infinitely: home may be the only place to drink or the one 
place where it is forbidden. Drinking may be a ceremonial 
or informal family affair, with or before meals. It may be 
a lone practice at home, in commercial drinking places, 
or in private hideaways or a group practice in member­
ship clubs, neighbourhood taverns, beer gardens, sidewalk 
cafés, or skid-row alleys. The purposes and occasions are 
infinitely disparate. It may be the benign drunkenness of 
the men in the quasi-religious fiestas of Central and South 
American natives, the fiestal abandonment in song and 
dance—after relatively little drinking—of the members of 
the Jewish sect of Hasidim, the socializing celebrations 
of fraternal collegians, or the exhibitionistic libationism 
óf business meetings and professional conventions. Or it 
may be the repeated “killing” of bottles by men or women 
fixed mindlessly before the television set, or the quick 
potations of cocktail parties, or the gulping of forbidden 
liquors by defiant, rebellious youth groups needing to 
assert their grownupness. Not only an individual’s taste, 
predilection, or psychological need but also his sex, age, 
residential neighbourhood, education, associations, church 
and other memberships, and socio-economic status may 
determine whether, when, what, how much, or with whom 
he shall drink. In the United States, where nearly one- 
third of adults are abstainers, the better educated and the 
economically advantaged are more likely to be drinkers 
than the poor, though, among the poor who do drink, the 
proportions of heavy drinkers are higher. By contrast, in 
France, where abstainers are in a very small minority, they 
are more likely to be found among the better educated
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abstaining, among or within different countries, are as 
varied as the practices.
Kinds and distributions. The worldwide pattern of to­

tal alcohol consumption on a per capita basis increased 
generally during the period after 1950. The per capi­
ta consumption of distilled spirits, beer, and wine also 
rose during most of this period, with beer consumption 
increasing more than spirits or wine. Although the con­
sumption of all alcoholic beverages generally rose during 
this period, deviations from this general tendency were 
evident in many countries; countries with traditionally 
high levels of total alcohol consumption (<e.g., France, 
Italy, Portugal, Spain, and Switzerland) exhibited stable 
or slightly increased per capita levels; beer consumption 
in traditionally heavy beer-drinking countries (e.g., West 
Germany, Belgium, Australia, New Zealand, Ireland, the 
United Kingdom, and Denmark) did not increase as much 
as the worldwide pattern; and wine consumption on a per 
capita basis actually declined in some countries with tra­
ditionally high consumption levels (e.g., France and Italy).
Many factors are believed to affect these recent patterns 

in total alcohol consumption. One factor has been the 
increased use of alcohol with meals, primarily beer and 
wine, in part a result of long-term increases in per capita 
income in many countries and in part a result of fermen- 
tation technology that has kept the price of alcoholic bev­
erages relatively low, permitting the purchase of beer and 
wine more readily for meals. Another factor has been the 
increased consumption of alcoholic beverages considered 
to be nontraditional to a specific nation—e.g., increased 
consumption of wine in traditionally beer- and spirits- 
drinking countries or vice versa. This increased consump­
tion has followed a pattern in some countries of new 
nontraditional beverage consumption in addition to the 
continued consumption of traditional alcoholic beverages. 
In some other countries with high levels of total alcohol 
consumption, such as France, Italy, Portugal, and Spain, 
there has been a Substitution pattern: substantial increases 
in per capita beer consumption have involved concom-

Places of 
drinking

The
increasing
worldwide
consump­
tion
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Apparent Consumption of Distilled Spirits, Wine, and Beer*
(in Ihres per capita of drinking-age population t)

year spirits wine beer total

beverage absolute beverage absolute beverage absolute absolute 
alcohol alcohol alcohol alcohol

France
Italy
Austria
West Germany
Portugal
Switzerland

Spain
Australia
Hungary
Belgium
New Zealand
Czechoslovakia
U.S.
Denmark
Canada
U.K.
Sweden
Ireland
The Netherlands
Poland
Japan
Finland
Nor way
Iceland
Israel

1968 7.96
1969 4.23§
1970 7.14
1970 10.21 §
1970 1.52
1966- 6.18

69
1971 7.20§ ||
1969 2.55
1969 5.95§
1967 2.52
1967 2.91§
1969 7.29
1971 9.92
1969 3.40
1969 7.14§
1970 2.14
1970 8.40
1970 3.71
1969 5.19
1970 8.69§
1968 4.17§
1969 5.38
1970 4.83
1971 8.52
1970 3.44

3.97 146.72
2.12 152.51
2.86 54.27
3.88 16.00
0.68 95.78
2.47 51.90

3.2411 75.15
1.45 11.50
2.98 48.73
1.26 11.89
1.66 5.46
2.92 17.51
4.47 7.87
1.70 6.66
2.86 4.82
1.22 4.91
3.30 8.10
2.11 4.81
2.59 6.79
4.35 7.61
1.32 19.32§H
2.42 4.97
2.07 3.10
3.41 2.86
1.72 5.23

15.40 78.26t
12.20 14.95
5.70 130.52
1.60 182.00

11.97 17.59
5.45 111.251

9.39 4.93
1.96 168.79
5.36 68.61
1.66 159.23 J
0.93 163.25
2.20 179.17
1.25 98.03
1.00 132.66
0.77 95.47
0.83 114.70
1.00 65.80
0.51 98.71
1.16 70.90
1.06 42.66
3.08 31.13
0.70 60.09
0.44 48.70
0.41 16.00$
0.63 15.80

3.25 22.62
0.67 14.99
5.87 14.43
8.01 13.49
0.79 13.44
5.00 12.98

0.22 12.85
8.44 11.85
2.75 11.09
7.96 10.88
8.16 10.75
5.38 10.50
4.43 10.15
5.97 8.67
4.77 8.40
5.16 7.21
2.90 7.20
4.44 7.06
3.19 6.94
1.19 6.60
1.40 5.80
2.64 5.76
2.22 4.73
0.56$ 4.38
0.80 3.15

♦The alcohol content of beverages varies among countries. Calculations for this table are based 
on the best available information from each country. Only countries from which adequate recent 
statistics on both alcohol and population are available have been included. t Population aged 
15 years and over. JIncludes cider. §These values converted from original reports in different 
terms. ||Based on 1970 data. f  Includes saké. $ Estimated from 1966 and 1968 data.
Source: V. Efron, M. Keller, and C. Gurioli, Se le c te d  S ta t is t ic s  on C onsum p tion  o f  A lc o h o l an d  on 
A lc o h o lism  (1972).

itant declines or stabilizations in wine consumption per 
capita. While the Substitution pattern was exhibited pri- 
marily in countries with traditionally high levels of total 
alcohol consumption, the first pattern of new nontradi­
tional beverage consumption was the more prevalent and 
was experienced by nations with more moderate levels of 
alcohol consumption. The countries of Scandinavia, the 
British Isles, North America, and Oceania, traditionally 
beer- and spirits-drinking societies, sustained substantial 
increases in per capita wine consumption but experienced 
fairly stable or slightly increasing consumption of tradi­
tional beverages. In North America, particularly in the 
United States, the introduction of low-calorie beer and 
wine in the early 1970s was instrumental in the increased 
per capita consumption of alcohol in the late 20th Century.

During the late 20th Century the leading countries in 
total alcohol consumed per capita were France, Portugal, 
Spain, Italy, West Germany, and Austria. Except for West 
Germany, these same countries were also the leading per 
capita consumers of wine. West Germany and Ireland 
emerged as the leading consumers of beer per capita, along 
with the more traditionally heavy beer-drinking countries 
of Australia, New Zealand, Belgium, and the United King­
dom. The United States, Canada, France, Belgium, and 
The Netherlands were the leading per capita consumers of 
distilled spirits.

Drinking Kinds and customs. In both France and Italy, wine 
in France consumption is high, but attitudes as well as patterns and 
and Italy amounts differ in the two countries in many ways. French 

parents tend to exhibit strong attitudes, either favourable 
or negative, to their children’s drinking; Italian parents 
typically introducé their children to wine drinking without 
any emotional overtones. Italian Standards of safe limits 
for drinking are lower than those of the French, and the 
Italians typically regard getting drunk with disdain, while 
the French look on it with good humour or even, in 
men, as a mark of virility; also, as already noted, the 
French are heavily given to the use of spirits. Although 
these generalized patterns are not consistent among the 
various regional populations and socioeconomic groupings 
of either country, they are thought to be significant in 
accounting for the much higher mortality and morbidity 
from alcoholism in France.
Among the Scandinavian countries (including Finland),

the alcohol consumption pattern is not one of drinking 
daily or with meals but rather of telescoped drinking on 
weekends or special occasions; this is believed to account 
for the relatively high rate of alcohol-connected problems, 
such as intoxication, even in a country such as Finland, 
where the total alcohol consumption is relatively very 
low. The Scandinavian countries have also had strong 
anti-alcohol movements, often supported by government 
funds, and have had abstainer societies with large mem- 
berships. It is possible, therefore, that alcohol is consumed 
by a smaller number of drinkers than is represented by 
the drinking-age population; in Norway, for example, it is 
reported that more than 20 percent of men and nearly 40 
percent of women are abstainers.

In England and Ireland, the pub has maintained its popu- 
larity as a main locus of drinking. In both countries, beer is 
by far the most populär beverage—in the United Kingdom 
accounting for more than three-fourths of the total alcohol 
consumed and in Ireland for two-thirds. The marked pref­
erence for beer is seen in other countries overwhelmingly 
settled and influenced by British populations—Australia,
New Zealand, and much of Canada. In these countries, 
too, the pub tends to dominate the drinking style, appar­
entiy allowing an agreeable pattern of prolonged but not 
necessarily intimate socializing, while preserving the de­
gree of independence that individual drinkers may prefer.
Drinking to a moderate grade of intoxication appears to 
be acceptable and in some of these countries is thought 
to constitute the permissive societal attitude that partly 
underlies the development of alcoholism.

The drinking patterns of very few total populations in Drinking 
European countries have been subject to formal examina- in eastern 
tion by social scientists. Studies have been focussed, for the Europe 
most part, on segments of the population regarded as prob­
lem giving, such as alcoholics, traffic offenders, criminals, 
inmates of mental hospitals, or youths, especially students.
Information from eastern European countries tends to be 
of the same order. There are indications that, in Poland, 
the shifting of a young population from rural-farm to new 
urban-industrial centres, with higher cash incomes and 
few outlets, has resulted in what the authorities regard as 
an increase in heavy drinking or alcoholism; vodka is the 
common drink. Somewhat similar reports emanate from 
Yugoslavia, where old village customs, while permissive of
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much drinking, nevertheless used to curb gross excesses. 
In the Soviet Union the growing program of establishing 
sobering-up stations and treatment clinics in many cities, 
often with research-oriented staffs, indicates a recognition 
that alcoholism is a serious problem. Vodka is the na­
tional drink, though native wines are increasingly being 
promoted. But the Situation is evidently quite varied in 
different parts of the country. In the Soviet republic of 
Georgia, a viticultural region, wine is the favoured drink, 
and the drinking patterns are much more like the Italian 
than those of western Russia, with, apparentiy, a decidedly 
low rate of problems.
Much of the description of drinking patterns in South 

and Central America, as in Africa and Oceania, has 
consisted of anthropologists’ observations of small, prelit­
erate groups, with occasional notations on the effects of 
acculturation. Studies of national patterns do not exist, 
although, as in Europe, there are occasional reports on 
special, either local or problem-giving, populations. In 
Chile, a middle dass population is described as similar to 
some European populations in drinking patterns—mod­
erate consumption, drinking at home with meals, and 
frowning on drunkenness being typical. The much larger 
working dass customarily drinks outside the home, in 
male Company, on weekends or paydays, seeking intox­
ication that is valued as signalling both friendship and 
virility. A third population, identified as Indian, has a 
pattern such as that of the working dass. The favoured 
drinks are pisco, a strong native brandy, and wine. Drink­
ing accompanies all secular and religious fiestas, as well 
as the celebrations of births, baptisms, marriages, funerals; 
women, however, are expected to drink very moderately. 
Similar patterns have been reported from various areas in 
Bolivia and Peru.

In Japan, traditional drinking, still practiced in large 
circles, allowed heavy drinking and drunkenness in well- 
delimited social situations and was socially integrative. The 
traditional beverage was saké, often called rice wine but, 
more properly, a beer, brewed by highly skilled methods 
up to a strength of at least 14 percent alcohol and possibly 
up to 16 or 17 percent. A great many drinking customs 
and rituals involving saké were connected with religious 
and social occasions. Next to saké the common beverage 
was a distillate from saké mash, shöchü, containing about 
25 percent alcohol. There are evidences of heavy drinking 
and alcoholism and various attempts to impose prohibi­
tion, as well as the practice of abstinence by the followers 
of Buddhism and of some revered Japanese philosophers. 
Modemization was accompanied in the last quarter of the 
19th Century by a temperance movement stimulated, in 
part, by the Woman’s Christian Temperance Union and 
the Salvation Army. Since World War II, the widespread 
Americanization has included a growing popularity of beer 
and an increased use of imported beverages, especially 
whiskey, for which younger people express a preference. 
Among the young, the development of an ambivalence 
toward drinking, also characteristic of U.S. attitudes, has 
been reported.
Drinking patterns and attitudes in the United States have 

been studied more systematically and completely than 
those of any other country. The results indicate that there 
is no pattern or set of attitudes typical of the nation as 
a whole; instead, there is a variety of patterns, customs, 
and attitudes. U.S. drinking patterns are a conglomerate 
of customs brought over by repeated waves of immigrants 
from different places and of diverse ethnic stocks, modi- 
fied over time by intermixture, economie circumstances, 
political developments, and the emergence of some indig­
enous ways. Nevertheless, certain generalizations are pos­
sible. In the post-Prohibition and post-World War II era, 
several changes in U.S. drinking practices and attitudes 
have been observed and confirmed by formal systematic 
studies. The proportion of abstainers has declined, espe­
cially among women. In recent years, approximately 77 
percent of adult men and 60 percent of adult women are 
drinkers. Men, however, as is almost the universal cus­
tom, drink substantially larger amounts, on average, than 
women. Among adolescents, about 57 percent of boys and 
43 percent of girls are drinkers; these percentages rise with

age, and the age dass 21-29 contains the highest propor­
tion of drinkers; drinking appears to be associated with 
Separation from home and with courtship behaviour. As 
they continue to age, apparentiy many Americans become 
abstainers, perhaps settling down to living as they were 
brought up to do by their parents or as they would like to 
exemplify to their children. Rural populations, those with 
fewer years of education, lower income, more frequent 
religious attendance, and membership in fundamentalist 
Protestant denominations, contain larger proportions of 
abstainers. Among drinkers, beer tends to be the preferred 
drink of men and, to a lesser extent, of unskilled and blue- 
collar workers. Spirits are preferred by middle and upper 
dass drinkers and by women—especially in the form of 
mixed drinks, such as cocktails. Repeal of Prohibition was 
advocated with the promise of no return of the saloon. lts 
successors, the bar, tavern, or cocktail lounge, are a ubi- 
quitous U.S. Institution. A good deal of drinking, however, 
takes place at home—though not, most commonly, with 
meals—and at parties, especially at the second indigenous 
U.S. drinking way, the cocktail party, now sometimes a 
substitute for the vanished frontier drinking style. The 
popularity of the cocktail party and, more specifically, the 
cocktail on coming home from work and before the eve- 
ning meal has been attributed to its function as a separator 
between the working day and the relaxing evening—a sort 
of rite of passage, easing the way from one into the other. 
Whether or not this is the actual reason, the cocktail hour 
has become increasingly adopted in many countries, like 
other U.S. customs that are paradoxically sneered at while 
being assiduously imitated.
Although, in general, styles and customs of drinking are 

influenced by geographic and ethnic backgrounds, Amer­
icans tend to be members of multiple small societies, 
and, to some extent, they drink differently within each 
of these societies. People from diverse origins may drink 
alike when joined in some special association—as fellow 
collegians, members of a business convention, comrades 
in one of the armed services, or guests at a special kind 
of social function. Even then, the expected way and 
amount of drinking is likely to be at least modified by an 
individual’s background. Even within a Situation where 
drinking—indeed, drunkenness—is institutionalized (that 
is, on the skid rows), patterned differences are discernible 
to the systematic observer, giving rise to named classes, 
such as lushes, bums, winos, and rubby-dubs (habitual 
drinkers of non-beverage alcohols, such as rubbing al­
cohol and canned heat), and distinct consequences. The 
fact that most Americans drink, that drinking rather than 
abstinence is the norm, does not prevent the paradoxi- 
cal existence of ambiguous attitudes about the behaviour 
among the drinkers themselves, many of whom express 
such views as that which maintains that alcohol, or drink­
ing, is more harmful than beneficent, more wrong than 
right. These ambivalences account for the massive array 
of regulations on the sale and distribution of alcohol, 
most of them intended to interfere with the availability of 
beverages at certain times, in certain places, or to certain 
classes of persons.

Alcoholism

The conception of inveterate drunkenness as a disease 
appears to be rooted in antiquity. The Roman philoso­
phier Seneca classified it as a form of insanity. The term 
alcoholism, however, appears first in the classical essay 
“Alcoholismus chronicus” (1849) by the Swedish physi- 
cian Magnus Huss. The phrase chronic alcoholism rapidly 
became a medical term for the condition of habitual 
inebriety conceived as a disease; and the bearer of the 
disease was called an alcoholic or alcoholist (e.g., Italian 
alcoolisto, French alcoolique, German Alkoholiker, Span- 
ish alcohólico, Swedish alkoholist).

DEFINITIONS AND CAUSAL FACTORS OF ALCOHOLISM

Alcoholism consists of a repetitive intake of alcoholic bev­
erages to an extent that causes repeated or continued harm 
to the drinker. The harm may be physical or mental; it 
may also be social or economie. Implicit in the conception
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of alcoholism as a disease is the idea that the person expe- 
riencing repeated or long-lasting injury from his drinking 
would alter his behaviour if he could. His failure to do 
so shows that he cannot help himself, that he has “lost 
control over drinking.” This conception incorporates the 
idea of addiction or dependence.
Formal definitions of alcoholism vary according to the 

point of view of the definer. A simplistic old-fashioned 
medical definition calls alcoholism a disease caused by 
chronic excessi ve drinking. A purely pharmacological- 
physiological definition of alcoholism classifies it as a 
drug addiction recognizable by the need for increasing 
doses to produce desired effects and by the occurrence of 
a withdrawal syndrome when drinking is stopped. This 
definition is inadequate, since alcoholism does not re- 
semble other addictions in the need for increased doses. 
Opium addicts become adapted to and require as much 
as hundreds of times the normal lethal dose, but the in­
creased amounts to which alcoholics become adapted are 
well below the normal single lethal dose. Moreover, the 
withdrawal syndromes in alcoholism occur inconsistently, 
sometimes failing to appear in the same persons who ex­
perienced them previously and apparentiy never occurring 
in some persons who cannot be distinguished from con­
firmed alcoholics.

A compre- Behavioral rather than pharmacological-physiological 
hensive signs are much more consistent and reliable in defin- 
definition ing and diagnosing alcoholism. A sophisticated definition 
of representing modern conceptions of comprehensive med-
alcoholism icine classifies alcoholism as a disease of unknown cause, 

without recognizable anatomical signs, manifested by ad­
diction to or dependence on alcohol. A more compre­
hensive definition incorporating the perspectives of both 
psychological and physical medicine recognizes that al­
coholism may be either a symptom of another underlying, 
possibly psychological, disorder or a disease itself: alco­
holism, in this view, is a chronic and usually progressive 
disease or a symptom of an underlying psychological or 
physical disorder, characterized by dependence on alcohol 
(manifested by loss of control over drinking) for relief 
from psychological or physical distress or for gratification 
from alcohol intoxication itself, and characterized also by 
a consumption of alcoholic beverages sufficiently great 
and consistent to cause physical or mental or social or 
economie disability. Here, the conception of disease un- 
doubtedly rests on the evidence of disablement.
The various definitions that rely on the symptom of loss 

of control over drinking often consider the loss of control 
to consist of an inability to stop drinking once it is started, 
implying that the alcoholic can choose not to take the first 
drink. But the more comprehensive definition sees the 
alcoholic as starting a drinking episode because he cannot 
refrain. Nor does the loss of control over drinking hold true 
all the time. As with Symptoms in many diseases, the loss 
of control is active in most alcoholics only inconsistently. 
This means that an alcoholic is not always under internal 
pressure to drink and can sometimes resist drinking, or, 
if he drinks, he can sometimes drink in a controlled way. 
The inconsistency of the loss of control is, however, con­
sistent with a definition of alcoholism based on learning 
psychology: alcoholism, in this definition, is a learned (or 
conditioned) dependence on (or addiction to) alcohol that 
irresistibly activates resort to drinking whenever a critical 
internal or environmental stimulus (or cue) presents itself. 
This definition leaves room for the conception that alco­
holism may start as a symptom of an underlying disorder, 
which induces the learning of the alcoholismic pattern, 
and that once the pattern is fixed or conditioned it may 
become a disease in its own right (that is, an addiction), 
capable of surviving even the disappearance of the original 
underlying cause. Some theorists who regard alcoholism 
as primarily a symptom do not necessarily subscribe to 
the idea that it is learned, although they recognize that it 
may progress to the state of a primary disease.

Alcoholism is a multifarious phenomenon requiring more 
than one definition. Epidemiologists need a definition that 
will enable them to identify alcoholics within a population 
not available for individual examination. Such a definition 
may rely on a quantity-and-frequency measurement of

drinking and also on behavioral features, including inju- 
rious effects measurable by instrumental indexes, such as a 
formula resting on the relation of alcoholism to diseases of 
known frequency among alcoholics or a drinking-history 
questionnaire or a preoccupation-with-alcohol scale. So- 
ciological-behavioral definitions emphasize deviance from 
a norm, especially drinking that exceeds customary dietary 
use or diverges from the social customs of the drinker’s 
community; such a definition may use as a criterion 
the way a drinker is regarded by those who know him; 
his arrests, hospitalizations, and clinical diagnoses; or his 
membership in a self-defining group, such as Alcoholics 
Anonymous. Legal definitions tend to rest on habitual 
intemperance that endangers others, injures the public 
welfare, or threatens the health, welfare, or competence of 
the person himself.

Many theories of the cause of alcoholism rest on the Causal 
limited perspectives of specialists in particular disciplines factors 
or professions. Thus, alcoholism has been thought to be 
caused by defects of heredity, nutrition, disorders of endo- 
crine function, latent homosexuality, economie misery or 
affluence, bad social influences, or sinful gluttony. More 
discerning definitions and descriptions take into account 
the complexity of alcoholism, acknowledging that its caus- 
es are not yet knowable with certainty. The most compre­
hensive conceptions recognize that alcoholism may have a 
genetic or constitutional underlying factor—not a fateful 
heredity but a predisposition that renders some people 
more vulnerable to alcoholism than others. Some think 
the genetic vulnerability is specific not to alcoholism but 
rather more generally to a neurosis or an affective disorder 
that may manifest itself as alcoholism; the alcoholism may 
possibly represent a “choice of symptom” and be for some 
individuals a useful “sickness.” Others think the genetic 
factor may impose not vulnerability but, on the contrary, 
immunity to alcoholism, meaning that some people are 
unable to adapt to drinking on a level sufficiënt to gain the 
peculiar rewards that dispose a person to the development 
of an alcoholismic life pattern.
The comprehensive etiological view suspects that factors 

in infancy or early childhood, such as lack of parental 
care and love, overindulgence, or inconsistency in rearing 
practices, may lay the foundation of a vulnerable Per­
sonality. On such a foundation, a dependent personality 
type or one marked by dependence-independence conflict 
may emerge; in adolescence this may manifest itself in an 
insecure self-sex image and a need to overcompensate— 
for example, by defiant exhibitionistic deviance. Such a 
problem-ridden personality may find exceptionally effec­
tive assuagement and reward in alcohol and learn to rely 
on intoxication as a mechanism for coping with problems.
If this learning process is not interrupted and especially if 
the social surroundings respond encouragingly or permis- 
sively or ambivalently to heavy drinking and intoxication, 
then the vulnerable personality will become conditioned to 
react to difficulties by resort to intoxication. If the process 
lasts long enough, the outcome will be addiction to alcohol 
or a confirmed alcohol dependence. This comprehensive 
conception takes into account not only the possible genet­
ic, pharmacological, psychological, and social factors but 
also the sociocultural context. It recognizes that the society 
defines and labels the phenomenon of alcoholism, that the 
culture contributes to its development or inhibition, and 
that behaviour that in one culture matches an adequate 
rational definition of alcoholism may not constitute alcoh­
olism in another. Thus, periodic intoxication causing sick­
ness for several days and necessitating absence from work 
may define alcoholism in a modern industrial communi­
ty, but, in a rural Andean society, periodic drunkenness 
at appointed communal fiestas, resulting in sickness and 
suspension of work for several days, is normal behaviour.
An essential aspect of the difference is that the drunken­
ness at fiestas is not individually deviant behaviour.

PREVALENCE OF ALCOHOLISM
Estimates of the prevalence of alcoholism vary greatly, 
depending on how it is defined as well as on the meth­
ods of estimation. In the United States in the late 20th 
Century, according to one sophisticated estimate, there
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were approximately 5,400,000 alcoholics—about 4,500,- 
000 men and 900,000 women. In percentage terms, 7.3 
percent of men and 1.3 percent of women were alcoholics 
or 4.2 percent of adults aged 20 and over. There were 
large variations among regions and States, the rates being 
higher in urban and industrialized areas. There was no 
objective evidence that the rates of alcoholism had ris- 
en since World War II, although the absolute numbers 
had increased substantially with the growth of the adult 
population. A widespread impression that alcoholism was 
increasing among women apparentiy reflected the greater 
visibility of female alcoholics caused by changing public 
and professional attitudes; formerly, there had been more 
masking of alcoholism in women than in men.
A constant rate of alcoholism, without any increase in 

numbers except in proportion to the growth of population, 
requires an annual incidence of several hundred thousand 
new cases. The process of becoming an alcoholic usually 
takes several years. Since in many cases the process is not 
carried to completion, there must be a population of sever­
al million pre-alcoholics (for example, “heavy drinkers” or 
“heavy-escape” drinkers) from whom the several hundred 
thousand new cases of alcoholism emerge each year. On 
the basis of national surveys of U.S. drinking patterns of 
the last few decades, it is estimated that the size of the “pre- 
alcoholic” population is about 4,000,000; these, together 
with the 5,400,000 alcoholics, may be considered the to­
tal of problem drinkers. There are indications, however, 
that among the pre-alcoholics the sex differential is rather 
smaller than among the alcoholics, probably about four 
men to one woman. This implies that among women pre- 
alcoholics a smaller proportion cross the line to become 
full-fledged alcoholics.
The existence of over 5,000,000 alcoholics in the U.S., 

plus possibly 4,000,000 other problem drinkers, of whom 
perhaps between 5 and 10 percent become alcoholics each 
year, places alcoholism in the front rank of public-health 
problems. lts gravity is underlined by the higher rates of 
mortality (2.5 times normal) among alcoholics. Suicide 
rates are 2.5 times higher; accidental death rates are sev- 
en times higher; and there is an enormously higher rate 
of general morbidity among alcoholics. One study found 
that among patients in general hospitals, those identifiable 
as alcoholics range from 13 to 29 percent. Alcoholism- 
related psychoses account for about 15 percent of the 
male and roughly 3 to 4 percent of the female admissions 
to public and private psychiatrie hospitals in the U.S. 
Admissions of alcoholics without psychosis—usually to 
participate in alcoholism-treatment programs—accounted 
for another 40 percent of the men and 13 percent of the 
women admitted to public mental hospitals and for 15 
percent of the men and 4 percent of the women admitted 
to private mental hospitals. These statistics do not include 
pre-alcoholics and problem drinkers, although, from the 
viewpoint of preventive public health, they are those most 
in need of study and help.
Variations in the definition of alcoholism make it difficult 

to compare U.S. rates with those of other countries. The 
most comparable statistics are those of Canada, where the 
rate of alcoholism is much lower than in the U.S., about 
2.4 percent, and the ratio of incidence among the sexes is 
about five men to one woman, as in the U.S. A rate of 3.5 
percent has been reported from Sweden and 1.1 percent 
from Finland, each with a ratio of five men to one wom­
an, and 0.8 percent from Northern Ireland, with a ratio of 
three men to one woman; other rates include 5.4 percent 
in Chile and 0.41 percent in Italy, with no indications 
of sex ratios. In England and Wales different estimators 
have suggested rates varying from as low as 1.1 percent 
to as high as 8.8 and 11 percent; and in Switzerland the 
suggested rates have varied from 2.2 to 13 percent. The 
rate in France has been estimated at as high as 15 percent 
of the adult population, but more conservative estimates 
suggest 9.4 percent.
Although the rate in France is probably higher than in 

any of the other countries mentioned, the degree of valid- 
ity that may be attached to these estimates is so uncertain 
that all comparisons must be considered as unreliable. 
There is a strong subjective element in statistics of alco­

holism. From time to time, professional opinion becomes 
aroused, a cry of alarm is raised, and the assumption is 
made that alcoholism is increasing. High estimates are 
then likely to emerge, based on local and insufficiently 
refined data. Often, increased admissions to hospitals for 
alcoholic mental disorders and sometimes increased con­
sumption of alcohol are cited in evidence. But these data 
invariably fail to take account of changes in availability or 
use of facilities, changes in admission or diagnostic poli­
cies, or changes in the source of beverages—for example, 
from unrecorded to recorded supplies. In the U.S.S.R. a 
change in the internal political Situation with the death 
of Stalin resulted in a shift from official denial that any 
significant problem of alcoholism existed to an outcry 
that its prevalence was widespread and serious, though no 
statistics were provided.

TREATMENT OF ALCOHOLISM

The various treatments of alcoholism may be classified 
as physiological, psychological, and social. Many physio­
logical treatments are given as adjuncts to psychological 
methods, but sometimes they are applied in “pure” form, 
without conscious psychotherapeutic intent or even with 
an effort to avoid it.

Physiological therapies. Chemical fences. One of the Drugs that 
populär modern drug treatments of alcoholism, initiated prevent 
in 1948 by Eric Jacobsen of Denmark, uses disulfiram drinking 
(tetraethylthiuram disulfide). The usual technique is to 
administer half a gram in tablet form daily for a few days; 
then, under carefully controlled conditions and with med­
ical supervision, the patiënt is given a small test drink of 
an alcoholic beverage. The presence of disulfiram in the 
drinker’s body causes a reaction of hot flushing, nausea, 
vomiting, a sudden sharp drop of blood pressure, pounding 
of the heart, and even a feeling of impending death. These 
Symptoms result from an accumulation of the highly toxic 
first product of alcohol metabolism—acetaldehyde. Nor- 
mally, as alcohol is converted to acetaldehyde, the latter is 
rapidly converted, in turn, to other harmless metabolites, 
but in the presence of disulfiram —itself harmless—the 
metabolism of acetaldehyde is blocked, with the resulting 
toxic Symptoms. The patiënt is thus dramatically shown 
the danger of attempting to drink while under disulfiram 
medication. A smaller daily dose of disulfiram is then pre- 
scribed, and the dread of the consequences of drinking acts 
as a “Chemical fence” to prevent the patiënt from drinking 
as long as he continues taking the drug. Most therapists use 
the period of enforced abstinence to apply psychological 
and rehabilitative measures that should enable the patiënt 
ultimately to refrain from drinking without the Chemical 
crutch. Variations of the technique include group-reaction 
tests and the Substitution of motion pictures or verbal 
descriptions for the reaction test.
Citrated calcium cyanamide is another drug used with 

similar effect, preferred by some therapists because the 
reaction with alcohol is milder, though its protective po- 
tency is briefer. In Japan some therapists have reported 
giving very small doses of the cyanamide compound, there- 
by allowing the patiënt to drink very moderately without 
suffering a severe reaction but provoking the reaction if 
he attempts to drink immoderately. Other substances that 
can produce disagreeable reactions with alcohol include 
animal charcoal, the mushroom Coprinus atramentarius, 
numerous antidiabetic drugs, and the ground pine Lyco- 
podium selago, but, except for the latter, which has had 
some trial in the Soviet Union, they have attracted little 
clinical interest.
Aversion. The U.S. psychiatrist W.L. Voegtlin devel­

oped a method of creating a conditioned reflex of aversion 
to alcohol by repeatedly giving the patiënt a precisely 
timed injection of an emetic drug just before a drink of 
his favorite beverage, resulting in nausea and vomiting 
before the alcohol could be absorbed. The consequent 
association of vomiting with drinking, causing aversion 
to the taste, smell, and sometimes even sight of alcoholic 
beverages, does not last indefinitely but may be reinforced 
periodically. Similar techniques have been tried in several 
European countries. Other methods of conditioning ap­
plied by behaviour therapists and leaming psychologists
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include associating drinking with mild to painful electrical 
shocks or with temporary interruption of breathing by 
injection of a paralyzing drug.
Nutrition, hormones, drugs. A genetotrophic theory of 

disease holds that alcoholism is caused by a genetically de- 
termined need for extraordinary amounts of one or more 
vitamins. Accordingly, alcoholics have been treated with 
massive doses of multivitamins. Another theory holds that 
alcoholism is caused by some defect of the endocrine sys­
tem, the adrenal-hypophyseal axis being most commonly 
implicated, and, accordingly, alcoholics have been treated 
by injections of adrenal steroids and adrenocorticotropic 
hormones. Other physical and drug therapies that have 
been tried in alcoholics include intravenous injections of 
alcohol, apomorphine, injections of autoserum and alco- 
holized serum, brain surgery, carbon-dioxide inhalation, 
oxygen by injection, nicotinic acid, nicotinamide-adenine 
dinucleotide, lysergide (l s d , lysergic acid diethylamide), 
strychnine, antihistaminic agents, and many tranquilliz- 
ing and energizing drugs. None of these treatments has 
been shown in controlled studies to be more effective 
than others. With some treatments, controlled studies are 
extremely difficult to carry out. In many cases, moreover, 
the treatments are accompanied by simultaneous mea­
sures having potentially psychotherapeutic and socially 
rehabilitative effects, especially membership in Alcoholics 
Anonymous. It is possible that the treatment that works 
best is the one that is most suitable for the particular 
patiënt. But it is also possible that the most effective ther- 
apy is the one the therapist believes in, and this factor of 
subjectivity may account for the inferior results achieved 
when any of them is tested in controlled experiments. In 
the use of psychoactive drugs such as l s d , the aim often 
is not directly to affect the alcoholism but to produce 
changes in the patient’s emotional state that will help him 
respond to other psychosocial measures.

Other therapies. Psychological therapies. Psychothera- 
Treatment py in alcoholism encompasses the entire range of modal- 
of psy- ities applied in treating the psychoneuroses and character 
chological disorders, including individual and group techniques. The 
factors aim varies from eliminating some underlying cause to ef- 

fecting just enough shift in the patient’s emotional state so 
that he can function at least temporarily without drinking. 
Psychoanalysis is rarely tried, having shown little success 
in alcoholism; analytically oriented therapies are more 
usual, chiefly with supportive aims. The only psycholog­
ical technique developed specifically for alcoholism con­
sists of gaining the patient’s recognition and acceptance 
of his actual condition, which alcoholics offen resist. Such 
acceptance may then be followed by a therapeutic-reha- 
bilitative regimen. Group therapies are regarded as more 
effective than individual modalities with alcoholics. These 
range from instructional lectures and superficial discus- 
sions to deep analytic explorations, psychodrama, hypno- 
sis, psychodynamic confrontation, and marathon sessions. 
Mechanical aids include didactic motion pictures, movies 
of the patients while intoxicated, and taped records of 
previous sessions. Some therapists have experimented, as 
yet without definitive results, with milieus that reward 
and reinforce socializing behaviour, hoping thereby to 
extinguish the desocializing drinking behaviour. Many in- 
stitutional programs rely on “total push,” subjecting the 
patiënt to a bombardment of methods, including drugs, 
hypnosis, physiotherapies, group sessions, lectures, Alco­
holics Anonymous meetings, and individual psychological 
and religious counselling, with the hope that each patiënt 
will be affected favourably by whatever is most suitable 
for him. Other institutional programs rely on mere remov- 
al from the stressful outside environment, with a period 
of enforced abstinence. The therapists themselves may be 
psychoanalysts, psychiatrists, clinical psychologists, pas­
toral counsellors, social workers, nurses, police or parole 
officers, or lay counsellors—the latter often former alco­
holics with special training.
The places of treatment are as varied as the modali­

ties, ranging from general hospitals to mental hospitals 
to mental-health outpatient clinics to specialized inpatient 
sanitariums and specialized alcoholism clinics to jails and 
penitentiaries to medical and psychiatrie private offices,

with patients often moving, randomly or systematically, 
from one milieu to another.
Awareness of the social and environmental elements in 

alcoholism has led to the development of treatment for 
spouses and occasionally for whole families, either sepa- 
rately or jointly, in the recognition that “the patiënt” is 
not just the alcoholic but the family unit.

A new trend in the United States, partly stimulated by 
court decisions prohibiting the jailing of alcoholics for 
public intoxication, is the establishment of detoxication 
centres that provide first aid along with guidance toward 
more fundamental treatment. But even if adequate pro­
grams and facilities for treating alcoholism were available, 
it is unlikely that they would solve the problem, given 
the large number of new cases each year. Only preventive 
public-health programs can eliminate alcoholism and thus 
far no likely methods of prevention have been devised.
Alcoholics Anonymous. The patient-centred self-help The effec- 

fellowship of men and women called Alcoholics Anony- tiveness of 
mous enables its members to share their common expe- Alcoholics 
rience and thus to help each other. AA was founded in Anony- 
1935 by two alcoholics, one of whom had been strongly mous 
influenced by the Oxford Movement, and has grown to 
a worldwide community of hundreds of thousands. The 
members strive to follow Twelve Steps, a nonsectarian 
spiritual program the central points of which are reliance 
on God or a higher power as each individual understands 
that concept and the value of help to other alcoholics. The 
fellowship is organized in local groups of indeterminate 
size, has no dues, and accepts contributions for its expens- 
es only from those attending meetings—where members 
narrate the stories of their alcoholic careers and their re­
covery in AA. Affiliation of the society or its groups with 
churches, politics, organizations, or institutions is barred 
by the AA Twelve Traditions. AA apparentiy meets deep- 
seated needs among its members by enabling them to 
associate with kindred sufferers who understand them, to 
accept the disease concept of alcoholism, to admit their 
powerlessness over alcohol and their need for help, to de- 
pend without shame or stigma on others, and to involve 
themselves in activities within the group and in helping 
other alcoholics. These seem to provide adequate Substi­
tutes for the alcoholismic way of life. AA is thought by 
many to be the single most successful method yet devised 
for coping with alcoholism. It has spawned some allied 
but independent organizations: Al-Anon, for spouses and 
other close relatives and friends of alcoholics, and Ala- 
teen, for their adolescent children, the aim of which is 
to help the members understand alcoholism, understand 
themselves better, and learn how to help an alcoholic or, 
at any event, how to live with one. Professionals in the 
field tend to think of AA as an inexpensive form of group 
therapy and a useful ally but recognize, as do the more 
sophisticated members, that it is not suitable for all types 
of alcoholics. Most experienced therapists agree that any 
form of treatment is likely to show a higher rate of success 
if the patiënt can be persuaded simultaneously to join 
Alcoholics Anonymous.
AA groups around the world resemble each other and 

generally use the ideological literature (including transla- 
tions) published by the central office in New York, al­
though there are some variations in style and conduct. In 
some countries the AA groups are sponsored by or affiliat- 
ed with national temperance societies or accept financial 
support from government health agencies. There are also 
clubs for former alcoholics, usually sponsored by a partic­
ular institution for its former patients. One Scandinavian 
group seeks to achieve a stable degree of moderate drink­
ing, rather than total abstinence.
Results o f treatment. The success of treatment in behav­

ioral or personality disorders is always difficult to appraise, 
and this is the case in alcoholism. The effects of new 
treatments tend to be reported enthusiastically, but critical 
examination of the results tends to reduce or cast doubt 
on the rate of apparent success. Controlled studies, when 
carried out, usually undercut the claims. Follow-up studies 
of persons treated have usually been too brief to deter- 
mine whether permanent results had been achieved, and 
in most cases the investigators failed to locate a substantial
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proportion of the former patients. Moreover, the measures 
of “success” are inconsistent. Some investigators regard 
only total abstinence as a successful outcome; others are 
satisfied if drinking bouts are curtailed and the patient’s 
life adjustment is improved. Perhaps between 25 and 50 
percent of alcoholics who receive some form of treatment 
either become abstinent or achieve some abatement of the 
severity of their illness. Alcoholism treatment programs 
connected with businesses and industries, in which the 
alcoholic must participate if he wants to keep his job, 
have reported even higher success rates. Forms of frankly 
compulsory treatment, even if grudgingly endured by al­
coholics, seem to have a high rate of effectiveness. Some 
investigators have suggested that the older the patiënt and 
the longer the duration of his alcoholism, the more fre­
quent is the occurrence of “spontaneous” recovery.

Contemporary alcohol problems and Controls

Effects of drugs are commonly discussed in terms with neg­
ative inference—as if, with drugs, including alcohol, effect 
and detriment were necessarily synonymous. The person- 
ally functional and socially integrative uses of alcohol tend 
to be overlooked. Alcohol does indeed serve in prophy- 
lactic, nutritional, and medicinal roles. The vast majority 
of drinkers in most of the world are light, occasional, and 
moderate drinkers—normal drinkers who experience no 
harm from their own use of alcoholic beverages. Thus, 
relatively small minorities fall into the dass of heavy or 
excessive or problem drinkers, including alcoholics. Nev­
ertheless, the problem drinkers invoke sufficiënt troubles 
for themselves, their families, their employers, their occu- 
pational or social associates, and their communities and 
society generally so that “alcohol problems” are major 
causes of disorder and suffering, as well as costly focuses 
of study and responses.

INDIVIDUAL AND SOCIAL EFFECTS

First, in the realm of health, the most serious and det- 
rimental effect is alcoholism. Although drinking itself is 
hardly ever regarded as the sufficiënt cause of alcoholism, 
this disease could not arise without the use of alcohol. 
Next come the alcoholic diseases—physical and mental 
disorders that are caused directly or indirectly by alco­
holism or heavy drinking. Moreover, alcoholics and heavy 
drinkers are especially susceptible to the development of 
some other diseases, not specifically alcoholic, and are 
then less able to withstand the vicissitudes of ill health. 
Finally, alcoholics and problem drinkers undoubtedly con- 
tribute to the deterioration of the mental health of other 
members of their families and often to the breakdown of 
family life. This is seen in the enormously increased rates 
of divorce and Separation in families in which one of the 
spouses is an alcoholic (four to 12 times higher than in 
comparable populations) and in the extraordinarily higher 
rate of alcoholism in the offspring of alcoholics (up to 10 
times higher than in comparable samples). This last is now 
considered to be a social consequence rather than a result 
of genetic defect.

The social and economie costs of alcoholism and heavy 
drinking are essentially incalculable. An estimate of 
$2,000,000,000 as the cost of health and welfare services 
provided to alcoholics and their families in the United 
States alone suggests the measure of effects worldwide. 
Furthermore, the millions of problem drinkers who have 
jobs and businesses are more frequently absent and often 
less efficiënt than their occupational associates. In one 
study in a very large industry, identified alcoholics accu- 
mulated two and a half times as many days absent from 
work and collected nearly three times as much in sick­
ness payments as matched samples of fellow employees. 
Crude projections of the annual costs of alcoholism to 
the national economy of the United States range from 
$7,000,000,000 to $ 10,000,000,000.
The role of alcohol in crime has often been gauged by 

the presence of alcoholics in prisons and jails. It is neces­
sary to discount the self-exculpatory blaming of “drink” 
by convicts as the cause of their crimes. Moreover, the 
high proportion of alcoholics among those convicted of

serious crimes—estimates range from 22 to 43 percent— 
may misrepresent the role of alcoholism. It is possible that 
alcoholics, ineffective in other aspects of life, are also less 
efficiënt than nonalcoholic criminals in escaping detection 
and conviction; this may account for their high frequency 
in penal institutions. There is no question, however, that a 
great portion of the work of police departments and costs 
of local courts and jails is attributable to arrests, prosecu- 
tions, and brief incarcerations for public intoxication.
A special offense related to drinking is alcohol-impaired 

driving of motor vehicles and the resulting high rate of 
accidents, with fatalities, personal injuries, and property 
damage. Alcohol, for example, is involved in about one- 
third of the more than 50,000 annual road traffic fatal­
ities in the United States, in possibly 500,000 injuries 
to persons, and in more than $1,000,000,000 worth of 
property damage. Although people with very low alcohol 
concentrations in their blood—the equivalent of one or 
two drinks—do not figure in accidents more often than 
those with no alcohol, the chances of being involved in 
a traffic accident rise precipitously with increasing blood 
alcohol concentrations beyond these minimal levels. Laws 
making specified blood alcohol concentrations prima facie 
evidence of being drunk, impaired, under the influence 
of alcohol, or unfit to drive have been passed in most 
jurisdictions. In some Scandinavian countries the limit is 
0.05 percent; in most countries, 0.08 percent; in West 
Germany, 0.13 percent; in U.S. jurisdictions, from 0.08 
to 0.15 percent. Attempts to curb driving while affected 
by alcohol have taken the form of severe punishments— 
heavy fines, mandatory jail sentences, and loss of driving 
licenses for periods ranging from six months to 10 years. 
Newer ways of coping with this problem are being sought 
with the consideration that, since drivers and pedestrians 
involved in accidents after drinking usually have very high 
blood alcohol concentrations, they are probably alcoholics 
and should be dealt with under some therapeutic rather 
than exclusively penal regimen.

ALCOHOL CONTROL

Governmental efforts to control alcoholic beverages go 
back as far as recorded history. The Code of Hammurabi 
included regulations of prices, taverns, and sellers. That 
the laws often failed to produce the desired effects— 
temperance and good public order and perhaps revenue 
exceeding the social costs of excess—is inferred from the 
frequent legislative attempts at total prohibition in nu­
merous lands throughout history, all apparentiy without 
lasting success. The most resounding failure was that in 
the United States from 1920 to 1933. Current prohibitions 
in parts of India appear to be equally ineffective.

Less totalitarian efforts to control the use of alcohol 
include licensing systems that limit the number and lo- 
cations of places of sale; restriction of days and hours of 
sale; prohibitions of sale to the young, with ages varying 
from 16 in Yugoslavia to 21 in parts of the United States; 
regulation of the strength of beverages, the size of contain­
ers, advertising, prices, or profits. Some governments—for 
instance, those of Finland and several States of the U.S.— 
have sought to eliminate the private-profit motive from 
the sale of alcoholic beverages by reserving a monopoly 
in the trade to themselves. All Communist countries have 
government monopolies. But indications that this has 
made any difference in the kinds, degree, or severity of 
problems are lacking; apparentiy problem drinkers do not 
need to be persuaded by profit seekers. Some govern­
ments—for instance, those of Sweden, Finland, and the 
U.S. state of Ohio—have attempted to control individual 
drinking by a system of personal ration books for pur- 
chases. In Sweden this system was abandoned after 38 
years of trial; evidently, those who needed to drink a lot 
could find supplies—even when their ration books were 
withdrawn. The most universal regulation of alcoholic 
beverages takes the form of taxation (or, in government 
monopolies, an added profit), which is often quite heavy. 
Usually, however, though the taxing policy may have the 
ostensible purpose of reducing consumption or controlling 
licensees, the real object is revenue. In any event, none 
of the common forms of government control have proved
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themselves able to promote temperance in those whose 
need to drink heavily is uncontrollable. The persistence of 
massive restrictions and regulations, with costly enforcing 
bureaucracies, reflects the tendency of legislatures to give 
some satisfaction to the substantial minority of convinced 
opponents of alcohol and the tendency of segmerits of 
the drinking population—and even of some people in 
the liquor trade—to accept the naïve notions of the anti- 
älcoholists that these regulations do some good.

Though not significantly influenced by governmental 
efforts, the rate and severity of alcohol problems have 
indeed been influenced by nongovemmental movements 
and agencies. The most obvious example is the success 
of religious movements, such as Buddhism, Islam, and 
numerous Christian denominations and sects, in confirm- 
ing their followers as total abstainers. The Methodist and 
Baptist denominations, the Quakers, the Mormons, the 
Christian Scientists, the Seventh-day Adventists, and the 
Jehovah’s Witnesses are examples of Christian churches 
that have made abstinence a condition of loyal member­
ship, though the Methodist Church has modified its stand 
in recent times. Other Christian denominations, such as 
the Congregationalists, have advocated abstinence with­
out making it a requirement. Though not formally allied 
with these churches, the Woman’s Christian Temperance 
Union (w c t u ) and other temperance societies, particularly 
in the United States, once drew much support from them. 
In several European countries the abstinence movement 
also drew some support from the Socialist-influenced 
labour movement and found some organizational expres- 
sion in the form of fratemal orders, particularly the Order 
of Good Templars. The importance of the religious Ori­
entation is indicated by the relatively larger proportion of 
abstainers in the United States than in countries where the 
ideal was more largely politically motivated. The decline 
in the numbers of abstainers in recent times may reflect 
the changing character of religious adherence.

THE NEW SCIENTIFIC ORIENTATION

In the past generation the character and influence of 
Citizen movements have changed markedly. Whereas in 
former times the personnel, teaching aids, and ideologies 
of the temperance movement had generally dominated the 
research and education regarding alcohol, the tendency 
now is toward deriving objective information from aca­
demie and scientific sources. Among the major efforts to 
bring a scientific orientation to bear on the consideration 
of alcohol problems has been the founding of a systemat­
ic documentation and publication of the biological and 
social-science knowledge of the entire world; this is now 
a function of the Center of Alcohol Studies at Rutgers 
University in New Brunswick, New Jersey. The new trend 
had its repercussions also on international cooperation. 
The International Bureau Against Alcoholism, founded in 
1907, became, in 1964, the International Council on Al­
cohol and Alcoholism—more recently renamed the Inter­

national Council on Alcohol and Addictions. The change 
of name represented a change in aims and policies, from 
total Opposition to any drinking to advocacy of an objec­
tive consideration of alcohol problems. This change was 
manifested also in the character of the international con- 
gresses convened by anti-alcohol organizations since 1885 
and by the International Bureau since 1925. Formerly de- 
voted essentially to descriptions of the horrible effects and 
denunciations of the evils of alcohol, beginning with the 
26th Congress in 1960 the program has been infiltrated by 
presentations from the scientific-academic world, and the 
28th Congress in Washington, D.C., in 1968 was marked 
by the total absence of representation from the remnants 
of the old temperance movement; the papers and lec­
tures offered by representatives of religious organizations 
and societies were on an equal level of scholarship and 
objectivity with those from the scientific and academie 
community.
These developments, in turn, have had repercussions in 

government activities. In the United States and Canada 
they have led to the establishment of some 55 state and 
provincial agencies, some independent, most attached to 
departments of health or mental health, with missions 
chiefly to provide treatment for alcoholics but often also 
to participate in education and occasionally to engage 
in research. A few county and city agencies have also 
been created. On the federal level in the United States, a 
National Institute on Alcohol Abuse and Alcoholism has 
been established, and the Department of Transportation 
is engaged in a program aimed to reduce the alcohol-and- 
traffic problem. Other govemments have shown recogni­
tion of the potential of newer, science-oriented approaches 
and have supported research and education as well as 
therapeutic activities, sometimes through special institu­
tions such as the Canadian Addiction Research Founda­
tion, supported by the province of Ontario; the Finnish 
Foundation for Alcohol Studies; the Norwegian National 
Institute for Alcohol Research; and the Northern Com­
mittee for Alcohol Research, with membership from all 
the Scandinavian countries. The new ferment discemible 
in the late 20th Century in the field of alcohol problems 
is thus far stimulated mainly by concern over the human 
and economie costs of existing problems and the aim to 
alleviate them. The idea that only the prevention of alco­
hol problems or that only the reduction of the numbers of 
persons who become newly involved in alcohol problems 
can effect permanent gains is universally given lip service 
but rarely is the object of direct effort. This is owing to 
two facts: those who have been chiefly involved in bring- 
ing about the new ferment have been inspired mainly by 
the humanitarian and economie motive to bring relief to 
those who are already suffering from the consequences 
of alcohol problems, and practical new methods of pre­
vention, going beyond scattershot education, have yet to 
be invented.

(M.Ke.)

PSYCHOTROPIC DRUGS
Characteristics o f drug use and abuse
THE FUNCTIONS OF PSYCHOTROPIC DRUGS 

To consider drugs only as medicinal agents or to insist 
that drugs be confined to prescribed medical practice is 
to fail to understand man. The remarks of the American 
sociologist Bemard Barber are poignant in this regard:
Not only can nearly anything be called a “drug,” but things 
so called turn out to have an enormous variety of psycholog­
ical and social functions—not only religious and therapeutic 
and “addictive,” but political and aesthetic and ideological 
and aphrodisiac and so on. Indeed, this has been the case 
since the beginning of human society. It seems that always 
and every where drugs have been involved in just about every 
psychological and social function there is, just as they are 
involved in every physiological function.

The enhancement of aesthetic experience is regarded by 
many as a noble pursuit of human beings. Although there

is no general agreement on either the nature or the sub- 
stance of aesthetics, certain kinds of experience have been 
highly valued for their aesthetic quality. To Schopenhauer 
(The World as Will and Representation), contemplation 
was the one requisite of aesthetic experience; a kind of 
contemplation that enables one to become so absorbed in 
the quality of what is being presented to the senses that 
the “Will” becomes still and all needs of the body silent. 
Drugs reportedly foster this kind of Nirvana and are so 
used by many today. For Nietzsche (Birth o f Tragedy), 
man is able to lose his futile individuality in the mystic 
ecstasy of universal life under the Dionysiac spell of mu­
sic, rhythm, and dance. The American Indians with their 
peyote and modern jazz musicians with their marijuana 
have discovered this kind of Dionysian ecstasy without 
formal knowledge of aesthetics.
Love is a highly valued human emotion. Thus, not sur- 

prisingly, there has been a great deal of preoccupation with
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the feeling of love and with those conditions believed to 
enhance the attainment of love. Little is known concerning 
the aphrodisiac action of certain foods and drugs, but both 
have been associated in people’s minds with the increased 
capacity for love. Though the physiological effects may be 
doubtful, the ultimate effect in terms of one’s feeling of 
love is probably a potent incentive for the repetition of 
the experience and for those conditions believed to have 
produced the experience. Hallucinogenic substances such 
as l s d  are said by many to induce a feeling of lovingness. 
But what the drug user regards as love and what persons 
around him regard as love in terms of the customary 
visible signs and proofs often do not coincide. Even so, it 
is plausible that the dissipation of tensions, the blurring of 
the sense of competition, the subsidence of hostility and 
overt acts of aggression—all have their concomitant effect 
on the balance between the positive and negative forces 
within the individual, and, if nothing else, the ability of 
drugs to remove some of the hindrances to loving is val­
ued by the user.

Native societies of the Western Hemisphere have utilized, 
apparentiy for thousands of years, plants containing hal­
lucinogenic substances. The sacred mushrooms of Mexico 
were called “God’s flesh” by the Aztecs. During the 19th 
Century, the Mescalero Apaches of the south western Unit­
ed States practiced a peyote rite that was adopted by many 
of the Plains tribes. Psychedelic drugs have the unusual 
ability to evoke at least one kind of a mystical-religious 
experience, and positive change in religious feeling is a 
common finding in studies of the use of these drugs. 
Whether they are also capable of producing religious lives 
is an open question. Their supporters argue that the drugs 
appear to enhance personal security and that from self- 
trust may spring trust of others and that this may be the 
psychological soil for trust in God. In the words of Aldous 
Huxley (The Doors o f Perception): “When, for whatever 
reason, men and women fail to transcend themselves by 
means of worship, good works and spiritual exercise, they 
are apt to resort to religion’s Chemical Surrogates.”
William James (The Varieties o f Religious Experience) 

observed at the turn of the Century that “Our normal 
Stress- waking consciousness, rational consciousness as we call it, 
reducing is but one special type of consciousness, whilst all about it,
and parted from it by the filmiest of sereens, there lie potential
supportive forms of consciousness entirely different.” Some people 
functions deliberately seek this other consciousness through the use 

of drugs; others come upon them by accident while on 
drugs. Only certain people ever have such a consciousness- 
expanding (psychedelic) experience in its füllest meaning, 
and the question of its value to the individual must be 
entirely subjective. For many people, the search for the 
psychedelic experience is less a noble aim and more the 
simple need of a psychic jolt or lift. Human conduct is a 
paradox of sorts. Although people go to great lengths to 
produce order and stability in their lives, they also go to 
great lengths to disrupt their sense of equanimity, some­
times briefly, sometimes for extended periods of time. It 
has been asserted that there are moments in everyone’s 
life when uncertainty and a lack of structure are a source 
of threat and discomfort, and moments when things are so 
structured and certain that unexpectedness can be a wel­
come relief. Whatever the reason, people everywhere and 
throughout history have deliberately disrupted their own 
consciousness, the functioning of their own ego. Alcohol 
is and has been a favourite tooi for this purpose. With the 
rediscovery of some old drugs and the discovery of some 
new ones, people now have a wider variety of means for 
achieving this end.
Many persons face situations with which, for one reason 

or another, they cannot cope successfully, and in the pres­
sure of which they cannot function effectively. Either the 
stresses are greater than usual or the individual’s adaptive 
abilities are less than sufficiënt. In either instance, there 
are a variety of tranquillizing and energizing drugs that 
can provide psychological support. This is not chemo- 
therapy in its more ideal sense, but it does enable large 
numbers of persons to face problems that they might 
not have otherwise been able to face. Some situations or 
stresses are beyond the control of the individual, and some

individuals simply find themselves far more human and 
productive with drugs than without drugs. An enormous 
amount of drug support goes on by way of such familiär 
home remedies as the aspirin bottle, the luncheon cock­
tail, and the customary evening drink without anyone 
calling it that. There is no clear dividing line between 
drug support and drug therapy. It is all therapy of sorts, 
but deliberate drug manipulation is a cut different from 
drug buffering, and much of the psychological support 
function is just that—taking the “raw edge” off of stress 
and stabilizing responses.

The therapeutic use of drugs is so obvious as to require Thera- 
little explanation. Many of the Chemical agents that affect peutic 
living protoplasm are not capable of acting on the brain, functions 
but some of those that do are important in medical thera- 
peutics. Examples are alcohol, the general anesthetics, the 
analgesic (pain-killing) Opiates, and the hypnotics, which 
produce sleep—all classified as central-nervous-system de- 
pressants. Certain other drugs, such as strychnine, nico­
tine, picrotoxin, caffeine, cocaine, and the amphetamines, 
stimulate the nervous system. Most drugs truly useful in 
the treatment of mental illness, however, were unknown 
to Science until the middle of the 20th Century. With the 
discovery of reserpine and chlorpromazine, some of the 
major forms of mental illness, especially the schizophren- 
ias, became amenable to chemotherapeutic treatment.
These tranquillizing drugs seem to reduce the incidence of 
certain kinds of behaviour, particularly hyperactivity and 
agitation. A second group of drugs has achieved popular­
ity in the management of milder psychiatrie conditions, 
particularly those in which patients manifest anxiety. This 
group includes drugs that have a mild calming or sedative 
effect and that are also useful in inducing sleep. Not all 
drugs in psychiatrie use have a tranquillizing action. The 
management of depression requires a different pharmaco- 
logical effect, and the drugs of choice have been described 
as being euphorizing, mood-elevating, or antidepressant, 
depending on their particularly pharmacological proper­
ties. There are also drugs useful in overactive States such 
as epilepsy and Parkinsonism. The so-called psychedelic 
drugs also may have therapeutic uses.
Drugs have other functions that are not so intimately 

related to individual use. Several important early studies 
in physiology were directed toward understanding the site 
and mode of action of some of these agents. Such studies 
have proved indispensable to the understanding of basic 
physiology, and drugs continue to be a powerful research 
tooi of the physiologist. The ability of drugs to alter mental 
processes and behaviour affords the scientist the unique 
opportunity to manipulate mental States or behaviour in 
a controlled fashion. The use of l s d  to investigate psy- 
chosis and the use of scopolamine to study the retention 
of learning are examples. The use of drugs as potential 
instmments of Chemical and biological warfare has re- 
ceived wide public attention and scom, yet it has been 
studied and pursued by many nations and powers. The 
political use of drugs is a frightening possibility. Whether 
as a “truth serum,” a “brainwashing” technique, a way of 
destroying certain stable elements of culture, or a way of 
reducing entire societies to a tranquil slavery, this aspect 
of drug use should be viewed with alarm because all such 
uses are obviously possible.

THE NATURE OF DRUG ADDICTION AND DEPENDENCE
If opium were the only drug of abuse, and the only kind 
of abuse were one of habitual, compulsive use, discussion 
of addiction might be a simple matter. But opium is not 
the only drug of abuse, and there are probably as many 
kinds of abuse as there are drugs to abuse, or, indeed, as 
maybe there are persons who abuse. Various substances 
are used in so many different ways by so many different 
people for so many different purposes that no one view 
or one definition could possibly embrace all the medical, 
psychiatrie, psychological, sociological, cultural, econom­
ie, religious, ethical, and legal considerations that have an 
important bearing on addiction. Prejudice and ignorance 
have led to the labelling of all use of nonsanctioned drugs 
as addiction and of all drugs, when misused, as narcotics.
The continued practice of treating acfdiction as a single
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entity is dictated by custom and law, not by the facts 
of addiction.
The tradition of equating drug abuse with narcotic addic­

tion originally had some basis in fact. Until recent times, 
questions of addiction centred on the misuse of Opiates, 
the various concoctions prepared from powdered opium. 
Then various alkaloids of opium, such as morphine and 
heroin, were isolated and introduced into use. Being the 
more active principles of opium, their addictions were 
simply more severe. More recently, new drugs such as 
methadone and Demerol were synthesized but their ef­
fects were still sufficiently similar to those of opium and 
its derivatives to be included in the older concept of ad­
diction. With the introduction of various barbiturates in 
the form of sedatives and sleeping pills, the homogeneity 
of addictions began to break down. Then came various 
tranquillizers, stimulants, new and old hallucinogens, and 
the various combinations of each. At this point, the uni- 
tary consideration of addiction became untenable. Legal 
attempts at control often forced the inclusion of some 
nonaddicting drugs into old, established categories—such 
as the practice of calling marijuana a narcotic. Problems 
also arose in attempting to broaden addiction to include 
habituation and, finally, drug dependence. Unitary con­
ceptions cannot embrace the diverse and heterogeneous 
drugs currently in use.
Populär misconceptions. The bewilderment that the 

public manifests whenever a serious attempt is made to 
differentiate States of addiction or degrees of abuse prob­
ably sterns from two all-too-common misconceptions con- 
ceming drug addiction. The first involves the stereotype 
that a drug user is a socially unacceptable criminal. The 
carry-over of this conception from olden times is easy to 
understand but not very easy to accept today. Ironically, 
the so-called dope fiend, if indeed one does exist, is likely 
to be a person who is not using an Opiate. The depres­
sant action of opium and its derivatives is simply not 
consistent with the stereotype. The second misconception 
involves the naïve belief that there is something magically 
druglike about a drug, which makes a drug a drug. Many 
substances are capable of acting on a biological system, 
and whether a particular substance comes to be consid­
ered a drug depends, in large measure, upon whether it 
is capable of eliciting a “druglike” effect that is valued 
by the user. There is nothing intrinsic to the substances 
themselves that sets one active substance apart from other 
active substances; its attribute as a drug is imparted to it 
by use. Caffeine, nicotine, and alcohol are clearly drugs, 
and the habitual, excessi ve use of coffee, tobacco, or an 
alcoholic drink is clearly drug dependence if not addic­
tion. The same could be extended to cover tea, chocolates, 
or powdered sugar, if society wished to use and consider 
them that way. The task of defining addiction, then, is 
the task of being able to distinguish between opium and 
powdered sugar while at the same time being able to 
embrace the fact that both can be subject to abuse. This 
requires a frame of reference that recognizes that almost 
any substance can be considered a drug, that almost any 
drug is capable of abuse, that one kind of abuse may dif- 
fer appreciably from another kind of abuse, and that the 
effect valued by the user will differ from one individual 
to the next for a particular drug, or from one drug to 
the next drug for a particular individual. This kind of 
reference would still leqve unanswered various questions 
of availability, public sanction, and other considerations 
that lead people to value and abuse one kind of effect 
rather than another at a particular moment in history, but 
it does at least acknowledge that drug addiction is not a 
unitary condition.

Physiological effects of addiction. Certain physiologi­
cal effects are so closely associated with the heavy use 
of opium and its derivatives that they have come to be 
considered characteristic of addictions in general. Some 
understanding of these physiological effects is necessary in 
order to appreciate the difficulties that are encountered 
in trying to include all drugs under a unitary definition 
that takes as its model opium. Tolerance is a physiologi­
cal phenomenon that requires the individual to use more 
and more of the drug in repeated efforts to achieve the

same effect. At a cellular level this is characterized by a 
diminishing response to a foreign substance (drug) as a 
result of adaptation. Although opiates are the prototype, 
a wide variety of drugs elicit the phenomenon of toler­
ance, and drugs vary greatly in their ability to develop 
tolerance. Opium derivatives rapidly produce a high level 
of tolerance; alcohol and the barbiturates a very low level 
of tolerance. Tolerance is characteristic for morphine and 
heroin and, consequently, is considered a Cardinal charac­
teristic of narcotic addiction. In the first stage of tolerance, 
the duration of the effects shrinks, requiring the individual 
to take the drug either more often or in greater amounts 
to achieve the effect desired. This stage is soon followed 
by a loss of effects, both desired and undesired. Each new 
level quickly reduces effects until the individual arrivés at 
a very high level of drug with a correspondingly high level 
of tolerance. Man can become almost completely tolerant 
to 5,000 milligrams of morphine per day, even though a 
“normal,” clinically effective dosage for the relief of pain 
would fall in the 5 to 20 milligram range. An addict can 
achieve a daily level that is nearly 200 times the dose that 
would be dangerous for a normal, pain-free adult.

Tolerance for a drug may be completely independent of 
the drug’s ability to produce physical dependence. There is 
no wholly acceptable explanation for physical dependence. 
It is thought to be associated with central-nervous-system 
depressants, although the distinction between depressants 
and stimulants is not as clear as it was once thought to 
be. Physical dependence manifests itself by the signs and 
Symptoms of abstinence when the drug is withdrawn. All 
levels of the central nervous system appear to be involved, 
but a classic feature of physical dependence is the “abstin­
ence” or “withdrawal” syndrome. If the addict is abruptly 
deprived of a drug upon which the body has physical 
dependence, there will ensue a set of reactions, the inten- 
sity of which will depend on the amount and length of 
time that the drug has been used. If the addiction is to 
morphine or heroin, the reaction will begin within a few 
hours of the last dose and will reach its peak in one to two 
days. Initially, there is yawning, tears, a running nose, and 
perspiration. The addict lapses into a restless, fitful sleep 
and, upon awakening, experiences a contraction of pupils, 
gooseflesh, hot and cold flashes, severe leg pains, general- 
ized body aches and constant movement. The addict then 
experiences severe insomnia, nausea, vomiting, and diar- 
rhea. At this time he has a fever, mild high blood pressure, 
loss of appetite, dehydration, and a considerable loss of 
body weight. These Symptoms continue through the third 
day and then decline over the period of the next week. 
There are variations in the withdrawal reaction for other 
drugs; in the case of the barbiturates, minor tranquilliz­
ers, and alcohol, withdrawal may be more dangerous and 
severe. During withdrawal, drug tolerance is lost rapidly. 
The withdrawal syndrome may be terminated at any time 
by an appropriate dose of the addicting drug.
Addiction, habituation, and dependence. The traditional 

distinction between “addiction” and “habituation” centres 
on the ability of a drug to produce tolerance and physical 
dependence. The opiates clearly possess the potential to 
massively challenge the body’s resources, and, if so chal- 
lenged, the body will make the corresponding biochemi- 
cal, physiological, and psychological readjustment to the 
stress. At this point, the cellular response has so altered 
itself as to require the continued presence of the foreign 
substance (drug) to maintain normal function. When the 
substance is abruptly withdrawn or blocked, the cellular 
response becomes abnormal for a time until a new read­
justment is made. The key to this kind of conception 
is the massive challenge that requires radical adaptation. 
Some drugs challenge easily, but it is not so much whether 
a drug can challenge easily as it is whether the drug was 
actually taken in such a way as to present the challenge. 
Drugs such as caffeine, nicotine, bromide, the salicylates, 
cocaine, amphetamine and other stimulants, certain tran­
quillizers and sedatives are normally not taken in suf­
ficiënt amounts to present the challenge. They typically 
but not necessarily induce a strong need or craving emo- 
tionally or psychologically without producing the physical 
dependence that is associated with “hard” addiction. Con-
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sequently, their propensity for potential danger is judged 
to be less, so that continued use would lead one to expect 
habituation but not addiction. The key word here is ex­
pect. These drugs, in fact, are used excessively on occasion 
and, when so used, do produce tolerance and withdrawal 
signs. Morphine, heroin, other synthetic opiates, and to 
a lesser extent codeine, alcohol, and the barbiturates, all 
carry a high propensity for potential danger in that all 
are easily capable of presenting a bodily challenge. Conse- 
quently, they are judged to be addicting under continued 
use. The ultimate effect of a particular drug, in any event, 
depends as much or more on the setting, the expectation 
of the user, his personality, and the social forces that play 
upon him, as it does on the pharmacological properties of 
the drug itself.

Enormous difficulties have been encountered in trying 
to apply these definitions of addiction and habituation 
because of the wide variations in the pattern of use. (The 
one common denominator in drug use is variability.) As 
a result, in 1964 the World Health Organization recom- 
mended a new Standard that replaces both the term drug 

Drug addiction and the term drug habituation with the term
iepen- drug dependence. Drug dependence is defined as a state
ience arising from the repeated administration of a drug on a

periodic or continual basis. Its characteristics will vary 
with the agent involved, and this must be made clear 
by designating drug dependence as being of a particu­
lar type—that is, drug dependence of morphine type, of 
cannabis type, of barbiturate type, and so forth. As an 
example, drug dependence of a cannabis (marijuana) type 
is described as a state involving repeated administration, 
either periodic or continual. Its characteristics include (1) 
a desire or need for repetition of the drug for its subjective 
effects and the feeling of enhancement of one’s capabilities 
that it effects, (2) little or no tendency to increase the 
dose since there is little or no tolerance development, (3) 
a psychic dependence on the effects of the drug related 
to subjective and individual appreciation of those effects, 
and (4) absence of physical dependence so that there is no 
definite and characteristic abstinence syndrome when the 
drug is discontinued.
Considerations of tolerance and physical dependence are 

not prominent in this new definition, although they are 
still conspicuously present. Instead, the emphasis tends to 
be shifted in the direction of the psychological or psychi­
atrie makeup of the individual and the pattern of use of 
the individual and his subculture. Several considerations 
are involved here. There is the concept of psychological 
reliance in terms of both a sense of well-being and a per­
manent or semipermanent pattern of behaviour. There is 
also the concept of gratification by Chemical means that 
has been substituted for other means of gratification. In 
brief, the drug has been substituted for adaptive behaviour. 
Terms such as hunger, need, craving, emotional depend­
ence, habituation or psychological dependence tend to 
connote a reliance on a drug as a substitute gratification 
in the place of adaptive behaviour.

Psychological dependence. Several explanations have 
been advanced to account for the psychological depend­
ence on drugs, but as there is no one entity called ad­
diction, so there is no one picture of the drug user. The 

3redis- great majority of addicts display “defects” in personality. 
jositions Several legitimate motives of man can be fulfilled by the 
o drug use use of drugs. There is the relief of anxiety, the seeking of 

elation, the avoidance of depression, and the relief of pain. 
For these purposes, the several potent drugs are equiva­
lent, but they do differ in the complications that ensue. 
Should the user develop physical dependence, euphoric 
effects become difficult to attain, and the continued use 
of the drug is apt to be aimed primarily at preventing 
withdrawal Symptoms.
It has been suggested that drug use can represent a 

primitive search for euphoria, an expression of prohibit­
ed infantile cravings, or the release of hostility and of 
contempt; the measure of self-destruction that follows can 
constitute punishment and the act of expiation. This type 
of psychodynamic explanation assumes that the individual 
is predisposed to this type of psychological adjustment 
prior to any actual experience with drugs. It has also been

suggested that the type of drug used will be strongly influ­
enced by the individual’s characteristic way of relating to 
the world. The detached type of person might be expected 
to choose the “hard” narcotics to facilitate indifference 
and withdrawal from the world. Passive and ambivalent 
types might be expected to select sedatives to assure a 
serene dependency. Passive types of persons who value 
independence might be expected to enlarge their world 
without social involvement through the use of hallucino- 
genic drugs, whereas the dependent type of person who is 
geared to activity might seek stimulants. Various types of 
persons might experiment with drugs simply in order to 
play along with the group that uses drugs; such group iden- 
tification may be joined with youthful rebellion against 
society as a whole. Obviously, the above descriptions are 
highly speculative because of the paucity of controlled 
clinical studies. The quest of the addict may be the quest 
to feel full, sexually satisfied, without aggressive strivings, 
and free of pain and anxiety. Utopia would be to feel 
normal, and this is about the best that the narcotic addict 
can achieve by way of drugs.

Although many societies associate addiction with crimi- 
nality, most civilized countries regard addiction as a med­
ical problem to be dealt with in appropriate therapeutic 
ways. Furthermore, narcotics fulfill several sociallv useful 
functions in those countries that do not prohibit or neces- 
sarily censure the possession of narcotics. An old League 
of Nations report said: “The social and hygienic condi­
tions under which a great part of the working classes in 
the Far East live are of so low a Standard that these classes 
of people strive to find some form of diversion permitting 
them to forget at least for some moments the hardships 
of life.” In addition to relieving mental or physical pain, 
opiates have been used medicinally in tropica! countries 
where large segments of the population suffer from dysen- 
tery and fever.

HISTORY OF DRUG CONTROL

The first major national efforts to control the distribution 
of narcotic and other dangerous drugs were the efforts 
of the Chinese in the 19th Century. Commerce in poppy 
(opium) and coca leaf (cocaine) developed on an or­
ganized basis during the 1700s. The Manchus of China 
attempted to discourage opium importation and use, but 
the English East India Company, which maintained an 
official monopoly over British trade in China, was en- 
gaged in the profitable export of opium from India to 
China. This monopoly of the China trade was eventually 
abolished in 1839-42, and friction increased between the 
British and the Chinese over the importation of opium. 
Foreign merchants, including those from France and the 
United States, were bringing in ever-increasing quantities 
of opium. Finally, the Manchu government required all 
foreign merchants to surrender their stocks of opium for 
destruction. The British objected, and the Opium War 
(1839-42) between the Chinese and the British followed. 
The Chinese lost and were forced into a series of treaties 
with England and other countries that took advantage of 
the British victory. In 1858 the importation of opium into 
China was legalized by the Treaty of Tientsin, which fixed 
a tariff rate for opium importation. Further difficulties 
followed. An illegal opium trade carried on by smugglers 
in south China encouraged gangsterism and piracy, and 
the activity eventually became linked with powerful secret 
societies in the south of China.

International Controls. Throughout the 1800s, the Chi­
nese government considered opium an important moral 
and economie question, but obviously China needed inter­
national help. In 1909, U.S. President Theodore Roosevelt 
proposed an international investigation of the opium prob­
lem; a meeting of 13 nations held in Shanghai in the same 
year resulted in recommendations that formed the basis 
of the first opium convention held at The Hague in 1912. 
Ratification of the Hague Convention occurred during the 
meetings of 1913 and 1914. Although further regulatory 
activity was suspended during the course of World War 
I, ratification of the Versailles peace treaties of 1919-20 
also constituted a ratification of the Hague Convention 
of 1912. The League of Nations was then given respon-
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sibility to supervise agreements with regard to the traffic 
in opium and other dangerous drugs. A further important 
development in drug control was the convention of 1925, 
which placed further restrictions on the production and 
manufacture of narcotics. Six more international conven- 
tions and agreements were concluded between 1912 and 
1936.
Under a Protocol on Narcotic Drugs of December 1946 

the functions of the League of Nations and of the Office 
International d’Hygiène Publique were transferred to the 
United Nations and to the World Health Organization. 
In 1948 a protocol extended the control system to syn- 
thetic and natural drugs outside the scope of the earlier 
conventions. In 1953 a further protocol was adopted to 
limit and regulate the cultivation of the poppy plant and 
the production of, or international and Wholesale trade in, 
and use of opium. Before the protocol became operative 
in 1963 the international control organs found a need 
for codifying and strengthening the existing treaties, and 
a Single Convention on Narcotic Drugs was drawn up 
in New York in 1961. This Convention drew into one 
comprehensive control regime all the earlier agreements, 
limited the use of coca leaves and cannabis to medical and 
scientific needs, and paved the way for the International 
Narcotics Control Board. The Convention came into force 
in 1964, and the new board began duty in 1968.

N atio n a l C ontrols. The United States is perhaps the na- 
tion most preoccupied with drug control, and it is largely 
the “Americanized” countries that have made narcotics 
regulation a matter of public policy with the consequent 
network of laws, criminal detection agencies, and derived 
social effects. The principal U.S. legislation has been the 
Harrison Narcotics Act of 1914, the Opium Poppy Control 
Act of 1942, and the Narcotic Drug Control Act of 1956; 
the Drug Abuse Control Amendment of 1965 added Con­
trols over depressant, stimulant, and hallucinogenic drugs 
not covered under the other narcotic control acts. Man- 
ufacturers and distributors are required to register with 
the U.S. Food and Drug Administration, retail dealers are 
required to keep inventories, and physicians are required 
to limit the period of prescription and the number of re- 
fills permitted. Heroin manufacture was prohibited in the 
United States in 1924, and by 1956 all heroin legally held 
in the United States was surrendered to the government. 
The legal use of heroin is practically nonexistent today 
anywhere in the world—largely because of the action of 
the League of Nations.

Great Britain Controls the manufacture, distribution, and 
sale of narcotics through the Dangerous Drug Act of 
1920. The British system, however, is based on a public 
policy position different from that of the United States, 
and narcotic addiction has remained a minor social prob­
lem. In 1967, England placed the prescription of narcotics 
under the control of the National Health Service and its 
associated clinics. Canada and Japan attempt to control 
narcotics in much the same manner as the United States 
with much the same consequence in terms of high rates 
of addiction. Opium traffic appears to still flourish in 
Asia, but the East has offically gone through a period of 
regulation, governmental monopoly over cultivation, and 
finally prohibition of use.

Extent of Contemporary drug abuse. Complete and re- 
Problems liable data on the extent of drug abuse in recent years is
in simply not available. To specify the size and extent of the
measuring drug problem, accurate information as to manufacture, 
distribu- distribution, and sale of drugs would be needed. Complete 
tion evaluation would also require knowledge of the incidence
and use of habituation and addiction in the general population, the 

number of persons admitted to hospitals because of drug 
intoxication, and the number of arrests for drug sales that 
do not conform to the law. This kind of determination 
is not possible under existing laws even for the legitimate 
sources of drugs. Unfortunately, much of the drug traffic 
is from uncontrolled, illicit sources, and here there is an 
almost total absence of reliable information. Black market 
diversion of drugs may occur at any point from the man­
ufacture of basic Chemicals used to synthesize the drugs, 
through the process of actually preparing the drug, to the 
distribution of the final drug form, to the retail drugstore,

or even the physician. This is a complex chain involving 
Chemical brokers, exporters, and dealers in addition to 
those who have more direct involvement with the drug 
process. Finally, there is the problem of currentness. Time 
is involved in reporting at each level of information, and 
the final data may be no more recent than three to five 
years, and a basic source or reference work may contain 
figures that have suffered a decade of delay from the actual 
occurrence of the drug abuse. Drug abuse patterns change 
over a relatively short time. In the 1960s, the youthful 
drug abuser tended to use a drug that increased the level 
of consciousness. In contrast, it had been only a short 
time earlier that youthful drug abuse involved only the 
hypnotics and alcohol, which depress consciousness and 
blunt experience.
The U.S. Federal Bureau of Narcotics maintains a register 

of so-called active addicts who in the early 1970s num- 
bered approximately 60,000 persons; the actual number of 
narcotic addicts in the United States was probably closer 
to 120,000 persons. With the exception of Germany, oth­
er European countries have relatively small numbers of 
narcotic addicts. In the Middle and Far East, the highest 
rates are found in Egypt, India, and Iran, with lesser rates 
for Borneo, Burma, China, Japan, and Korea. Opium 
cultivation has been declining in each of the last several 
years and is found chiefly in Asia. India, the U.S.S.R., and 
Turkey accounted for almost the total output of opium as 
reported to the United Nations. Bolivia and Peru are the 
chief producers of coca leaf (for cocaine).
The extent of problems involving other drugs can only 

be guessed from certain superficial indicators. It is prob­
able that about half the production of amphetamines is 
diverted into illegal channels. Barbiturates are the leading 
mode of suicide in the U.S., accounting for over several 
thousand deaths each year.

The varieties of psychotropic drugs
OPIUM, MORPHINE, HEROIN, AND RELATED SYNTHETICS
The opiates are unrivalled in their ability to relieve pain. Types of 
Opium is the dried milky exudate obtained from the un- opiates 
ripe seed pods of the poppy plant (Papaver somniferum), and related 
which grows naturally throughout most of Asia Minor. Of synthetics 
the 20 or more alkaloids found in opium, only a few are 
pharmacologically active. The important constituents of 
opium are morphine (10 percent), papaverine (1 percent), 
codeine (0.5 percent), and thebaine (0.2 percent). (Pa­
paverine is pharmacologically distinct from the narcotic 
agents and is essentially devoid of effects on the central 
nervous system.) In 1803 a young German apothecary’s 
assistant named Sertürner isolated crystalline morphine as 
the active analgesic principle of opium. Codeine is con- 
siderably less potent (V6) and is obtained from morphine. 
Diacetylmorphine—or heroin—was developed from mor­
phine by the Bayer Company of Germany in 1898 and is 
five to 10 times as potent as morphine itself. Opiates are 
not medically ideal. Tolerance is developed quite rapidly 
and completely in the more important members of the 
group, morphine and heroin, and they are highly addic- 
tive. In addition, they produce respiratory depression and 
frequently cause nausea and emesis. As a result, there has 
been a constant search for synthetic substitutes: meperi- 
dine (Demerol), first synthesized in Germany in 1939, is a 
significant addition to the group of analgesics, being one- 
tenth as potent as morphine; alphaprodine (Nisentil) is 
one-fifth as potent as morphine but is rapid-acting; meth- 
adone, synthesized in Germany during World War II, is 
comparable to morphine in potency; levorphanol (Levo- 
Dromoran) is an important synthetic with five times the 
potency of morphine. These synthetics exhibit a more 
favourable tolerance factor than the more potent of the 
opiates, but they fall short of an ideal analgesic in being 
addictive. Of this entire series, codeine has the least addic­
tion potential and heroin has the greatest (see also d r u g s  
a n d  d r u g  a c t io n : Narcotic).

History. The narcotic and sleep-producing qualities of 
the poppy have been known to humankind throughout 
recorded history. Sumerian records from the time of Mes­
opotamia (5000 to 4000 bc) refer to the poppy, and
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medicinal reference to opium is contained in Assyrian 
medical tablets. Homer’s writings indicate Greek usage of 
the substance at least by 900 b c ; Hippocrates (c. 400 b c ) 
made extensive use of medicinal herbs including opium. 
The Romans probably learned of opium during their con­
quest of the eastern Mediterranean; Galen (a d  130-200) 
was an enthusiastic advocate of the virtues of opium, and 
his books became the supreme authority on the subject for 
hundreds of years. The art of medicinals was preserved by 
the Islämic civilization following the decline of the Roman 
Empire; opium was introduced by the Arabs to Persia, 
China, and India. Paracelsus (1493-1541), professor at the 
University of Basel, introduced laudanum, the modern 
tincture of opium. Le Mort, a professor of chemistry at 
the University of Leyden (1702-18), discovered paregoric, 
useful for the control of diarrhea, by combining camphor 
with tincture of opium.

There is no adequate comprehensive history of the ad- 
dictive aspects of opium use in spite of the fact that it 
has been known since antiquity. Because there were few 
alternative therapeutics or painkillers until the 19th Cen­
tury, opium was somewhat of a medical panacea. Thus, 
although at least one account in 1701, by a London phy- 
sician named Jones, spoke of an excessi ve use of opium, 
there appears to have been no real history of concern 
until recent times, and opiates were easily available in the 
West in the 19th Century, for instance, in a variety of 
patent medicines. Physicians prescribed them freely, they 
were easy to obtain without prescription, and they were 
used by all social classes. At one time, the extensive use 
of these medicines for various gynecological difficulties 
probably accounted for the high addiction rate among 
women (three times the rate among men). Today, in the 
United States, only one addict out of six is a woman. 
The invention of the hypodermic needle in the mid-19th 
Century, and its subsequent use to administer opiates dur­
ing wartime produced large numbers of addicted soldiers 
(about 400,000 during the U.S. Civil War alone); it was 
thought mistakenly that if opiates were administered by 
vein, no hunger or addiction would develop, since the 
narcotic did not reach the stomach. Toward the end of the 
19th Century, various “undesirables” such as gamblers and 
prostitutes began to be associated with the use of opiates, 
and narcotics became identified more with the so-called 
criminal element than with medical therapy. By the turn 
of the 20th Century, narcotic use had become a worldwide 
problem, and various national and international regulato- 
ry bodies sought to control traffic in opium from the Near 
and Far East.

In the 20th Century, until recently, narcotic use was large­
ly associated with metropolitan slums, principally among 
poor and culturally deprived. Currently, narcotic use has 
begun to spread to middle dass youth, and, interestingly, 
there is evidence that the middle dass is now beginning 
to look at narcotic addiction as a mental health problem. 
When it was confined to the slums, it was considered a 
police problem.

Physiological effects. The various opiates and related 
synthetics all produce about the same physiological ef­
fects. All are qualitatively similar to morphine in action 
and differ from each other mainly in degree. The most 
long-lasting and conspicuous physiological responses are 
obtained from the central nervous system and the smooth 
muscle of the gastrointestinal tract. These effects, while 
restricted, are complex and vary with the dosage and 
the route of administration (intravenous, subcutaneous, 
oral). Both depressant and stimulant effects are elicited. 
The depressant action involves the cerebral cortex, with 
a consequent narcosis, general depression, and reduction 
in pain perception; it also involves the hypothalamus and 
brain stem, inducing sedation, the medulla, with asso­
ciated effects on respiration, the cough reflex, and the 
vomiting centre (late effect). The stimulant action in­
volves the spinal cord and its reflexes, the vomiting centre 
(early effect), the tenth cranial nerve with a consequent 
slowing of the heart, and the third cranial nerve resulting 
in pupil constriction. Associated effects of these various 
actions include nausea, vomiting, constipation, itchiness 
of the facial region, yawning, sweating, flushing of skin, a

w arm  Sensation  in  th e  s to m a ch , fall in  b o d y  tem p eratu re , 
d im in ish e d  resp ira tion , a n d  h e a v in e ss  in  th e  lim b s.
The most outstanding effect of the opiates is one of an- 

algesia. All types of pain perception are affected, but the 
best analgesic response is obtained in relieving dull pain. 
The analgesic effects increase with increasing doses until a 
limit is reached beyond which no further improvement is 
obtained. This point may fall just short of complete relief.
Depression of cortical function results in a euphoric re­

sponse involving a reduction of fear and apprehension, 
a lessening of inhibitions, an expansion of ego, and an 
elevation of mood that combine to enhance the general 
sense of well-being. Occasionally in pain-free individuals, 
the opposite effect, dysphoria, occurs and there is anx­
iety, fear, and some depression. In addition to analgesia 
and associated euphoria, there is drowsiness, mental and 
physical impairment, a clouding of consciousness, poor 
concentration and attention, reduced hunger or sex drives, 
and sometimes apathy.

Apart from their addiction liability, respiratory depres­
sion leading to respiratory failure and death is the chief 
hazard of these drugs. All of the more potent opiates and 
synthetics produce rapid tolerance, and tolerance to one 
member of this group always is associated with tolerance 
to the other members of the group (cross-tolerance). The 
more potent members of the group have a very great 
addiction liability with the associated physical dependence 
and abstinence syndrome.

Types of users. There is no single narcotic addict per­
sonality type: addiction is not a unitary phenomenon 
occurring in a single type. The great Variation in addiction 
rates and classes of addicts in various countries caution 
against placing too great an emphasis on personality var­
iables as major causative factors. Even within the United 
States, there is great danger in generalizing from the cases 
of the patients found at the public health service hospitals 
in Lexington, Kentucky, and in Fort Worth, Texas. These 
inmates are a highly select group of adults who have spent 
previous time in correctional institutions. They are not 
representative of the adolescent addict or the adult addict 
who has not had continual difficulty with the law. The 
United States has recently experienced a new type of slum- 
dwelling addict who is a member of a closely knit adoles­
cent gang. This subculture is highly tolerant of drug abuse, 
and the members have ready access to narcotic drugs. 
They do not actively seek the opportunity to try heroin; 
neither are they deliberately “hooked” on heroin by adult 
drug peddlers. They are initiated to narcotic use by friends, 
gang members, or neighbourhood acquaintances, and the 
opportunity for such use is almost always casual but ever 
present. This “kicks” user is apt to abandon narcotics when 
gang membership is abandoned. The chronic user is more 
likely to be the immature adolescent at the periphery of 
gang activities who uses narcotics for their adjustive value 
in terms of his deep-seated personality problems. He does 
not abandon drug use for the more conventional pursuits 
when he enters adulthood. Instead, old ties are severed; 
interest in previous friendships is withdrawn; athletic and 
Scholastic strivings are abandoned; competitive, sexual, 
and aggressive behaviour becomes markedly reduced, and 
he retreats further into his drug-induced state. Identifica­
tion is now with the addict group: a special culture with 
a special language. The addict’s world revolves around 
obtaining drugs.

Means of administration and their effects. Most persis­
tent users follow a classic progression from sniffing (similar 
to the oral route), to “skin popping” (subcutaneous route), 
to “mainlining” (intravenous route)—each step bringing 
more intense experience, a higher addiction liability. With 
mainlining, the initial “thrill” is more immediate. Within 
seconds, a warm, glowing Sensation spreads over the body, 
most intense in the stomach and intestines, comparable 
to sexual release. This intense “rush” is then followed by 
a deep sense of relaxation and contentment. The user is 
“high” and momentarily free. It is this initial state of in­
tense pleasure that presumably brings the novice to repeat 
the experience, and it is this mode of administration that 
hastens him on the way to drug tolerance and physical 
dependence. Soon he finds that the effects are not quite
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there. Instead, his body is beginning to experience new 
miseries. At this juncture, he “shoots” to avoid discom- 
fort. The euphoria is gone. He now spends every waking 
moment in obtaining further supplies to prevent the in- 
evitable withdrawal Symptoms should he fail. Habits are 
expensive. If indigent, the addict must spend all his time 
“hustling” for drugs—which means that he must steal or 
raise money by other means such as Prostitution, procur- 
ing, or small-time narcotics peddling. An addict is judged 
by his success in supporting his habit. The addict always 
faces the danger of withdrawal, the danger of arrest, the 
danger of loss of available supply, the danger of infection, 
of collapsed veins, or of death from overdosage. Very few 
individuals are still addicted by the age of 40. They have 
either died, somehow freed themselves from their addic­
tion, or sought treatment.
Therapy. Drug dependence can be viewed as an ethical 

problem: Is it right and permissible to need a narcotic 
agent? How one answers this question dictates the position 
one will take in regard to addiction therapy. In general, 
the addict can be given his drug, he can be placed on a 
substitute drug, or drugs can be barred from him. Narcotic 
maintenance, which gives the addict his drug, is the sys­
tem employed in the management of opiate dependence 
in England. Methadone treatment is a drug Substitution 
therapy that replaces opiate addiction with methadone 
addiction in order that the addict might become a so- 
cially useful Citizen. Some drug therapy groups involve 
an intensive program of family-like resocialization, with 
total abstinence as the goal. Psychological approaches to 
total abstinence through reeducation involve psychother- 
apy, hypnosis, and various conditioning techniques that 
attempt to attach unpleasant or aversive associations to 
the thoughts and actions accompanying drug use. Each of 
these approaches has had successes and has limitations. 

Narcotic Great Britain began to control the use of narcotics in 
mainte- 1950 but, unlike the United States, has embraced the 
nance principle of drug maintenance. Supporters of the approach

have insisted that, at least until recently, narcotic addiction 
in Great Britain remained a very minor problem because 
addiction is considered an illness rather than a crime. (In 
recent years, however, addiction has apparentiy become 
more widespread, for uncertain reasons.) The British phy- 
sician was earlier allowed to prescribe maintenance doses 
of a narcotic if, in his professional judgment, the addict 
was unable to lead a useful life without the drug. But in 
1967 the British government took the right to prescribe 
for maintenance addiction away from the general practi- 
tioner and placed it in the hands of drug-treatment clinics. 
Although some addicts must obtain legal supplies from 
the clinic, others are allowed to obtain supplies from a 
neighbourhood pharmacy and medicate themselves. These 
clinics also provide social and re-educative services such 
as psychotherapy for the addict. The general experience 
among these clinics has been that a large proportion of the 
addicts are becoming productive, socially useful members 
of the community.
There are two major drawbacks to the maintenance use 

of narcotic drugs such as employed by the British. Both 
the physical and the social health of the user remains 
unsatisfactory. A high incidence of hepatitis, bacterial en- 
docarditis, abcesses, and, on occasion, fatal overdosage 
accompanies the self-administration of opiates. Socially, 
the addict on self-administration also tends to remain less 
productive than his peers—the reason apparentiy being 
that the individual on narcotic maintenance is still very 
preoccupied with certain aspects of narcotic use. Narcotic 
addiction is a two-faceted problem: the yearning for the 
“high” and the feit sense of not being physiologically nor­
mal. The addict on narcotic maintenance often attempts 
to obtain or retain both drug effects: frequent intravenous 
use prevents the feeling of drug hunger and maximizes his 
attempt to experience euphoria.

Methadone therapy aims to block the abnormal reac- 
tions associated with narcotic addiction while permitting 

Methadone the addict to live a normal, useful life as a fully partici- 
therapy pating member of the community. Methadone provides 

a “narcotic blockade” in that it is possible to increase 
methadone medication to a point at which large oral

doses will induce a state of cross-tolerance in which the 
euphoric effects of other narcotics cannot be feit even in 
very high doses. Additionally methadone has the ability to 
allay the feeling of not being right physically, which the 
addict finds he can correct only by repeated narcotic use.
Methadone treatment, then, rests on these two pharma- 
cological actions: the blockade of euphoric effects and the 
relief of “narcotic hunger.” Methadone is not successful 
in every case (10-15 percent failure), but results, to date, 
have been dramatic. In various studies conducted on ad­
dicts who entered a methadone treatment program, most 
remained in the program, and virtually none returned to 
daily use of heroin. The majority either accepted employ- 
ment or started school, and previous patterns of antisocial 
behaviour were either eliminated or significantly reduced.
Methadone is a drug of addiction in its own right, but 
it does not have some of the more serious undesirable 
consequences associated with heroin.
There are various types of drug counseling units that ad­

vocate complete abstinence from drug dependency. Such 
drug therapy, usually involving a group'of addicts, tries 
to promote personal growth and teach self-reliance. In­
dividual counseling and psychotherapy may or may not 
be provided for the members of the group, but generally 
it is believed that moral support is derived from the ex­
periences of fellow addicts and former addicts who have 
or are trying to become chemically independent. Success 
rates for various drug therapy groups vary widely.

In such countries as the United States, where the addict 
is treated as a criminal, physicians are prevented from 
administering opiates for the maintenance of addiction.
Acceptable treatment includes enforced institutionaliza- 
tion for about four months, strict regulation against am- 
bulatory care until the person is drug free, and the total 
prohibition of self-administration of drugs even under a 
physician’s care. Estimates of eures based upon decades 
of these government-regulated procedures range from 1 
to 15 percent.

HALLUCINOGENIC DRUGS
It is difficult to find a suitable generic name for a dass of Problems 
drugs having as many diverse effects as have been report- of termi- 
ed for “hallucinogens.” Abnormal behaviour as profound nology and 
as the swings in mood, disturbances in thinking, percep- definition 
tual distortions, delusions, and feelings of strangeness that in hallu- 
sometimes occur with these drugs is usually indicative of a cinogens 
major mental disorder; consequently these substances are 
often called psychotomimetic to indicate that their effects 
mimic the Symptoms of a naturally occurring psychosis.
There are indeed points of similarity between the drug 
States and the natural psychoses, but there are also many 
dissimilarities—so many as to make the resemblance quite 
superficial. Such substances as the bromides, heavy metals, 
belladonna alkaloids, and intoxicants can, however, cause 
abnormal behaviour to a degree sometimes described as 
psychotic, and if the list is extended to include the drugs 
being discussed here, then the objection—that the term 
psychotomimetic should refer only to the mimicking of a 
natural psychosis—is no longer valid. Taking this point 
of view, some investigators prefer the term psychotogenic 
(“psychosis causing”). One of the most conspicuous fea­
tures of this kind of drug experience is the occurrence of 
the distinctive change in perception called hallucination.
For this reason the term hallucinogenic is sometimes used.
Most people are aware, however, even while under the 
influence of the drug, that their unusual perceptions have 
no basis in reality; so this is not a very accurate use of the 
term. Strictly speaking, very few people truly hallucinate 
as a result of taking a hallucinogen.
All these terms are borrowed from medicine and are 

closely identified with pathology. In this sense, all are 
negative. It has been suggested that these drugs be called 
psychedelic (“mind manifesting”). This term shifts the 
emphasis to that aspect of the drug experience that in­
volves an increased awareness of one’s surroundings and 
also of one’s own bodily processes—in brief, an expan- 
sion of consciousness. The term also shifts emphasis from 
the medical or therapeutic aspect to the educational or 
mystical-religious aspect of drug experience. Only certain
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people, however, ever have a psychedelic experience in 
its füllest meaning, and the question of its value to the 
individual is entirely subjective. The possibility of danger­
ous consequences, too, may be masked by such a benign 
term. None of these terms, then, is entirely satisfactory, 
and one or two are distinctly misleading. (These terms are 
used interchangeably henceforth with no particular intent 
other than to indicate membership in the LSD-type fami- 
ly of drugs.)

Types of hallucinogens. The psychoactive substances 
that have aroused widespread interest and bitter contro- 
versy are the LSD-type drugs that produce marked aberra- 

-SD, mes- tions of behaviour. The most important of these are (1) 
aline, and d-lysergic acid diethylamide, commonly known as lsd- 
>silocybin 25, which originally was derived from ergot (Claviceps 

purpurea), a fungus on rye and wheat; (2) mescaline, the 
active principle of the peyote cactus (Lophophora wil- 
liamsii), which grows in the southwestern United States 
and Mexico; and (3) psilocybin and psilocin, which come 
from Mexican mushrooms (notably Psilocybe mexicana 
and Stropharia cubensis). Bufotenine, originally isolated 
from the skin of toads, is the alleged hallucinogenic agent 
contained in banana peels. It has also been isolated in 
the plant Piptadenia peregrina, the mushroom Amanita 
muscaria, and is thought to be the active principle of the 
hallucinogenic snuff called cohoba and yopo and used by 
the Indians of Trinidad and by the Otamac Indians of the 
Orinoco Valley. Harmine is an alkaloid found in the seed 
coats of a plant (Peganum harmala) of the Mediterranean 
region and the Near East and also in a South American 
vine (Banisteriopsis caapï). There are some amides of ly- 
sergic acid contained in the seeds of the moming glory (Ri- 
vea corymbosa), which the Aztecs call ololiuqui. Synthetic 
compounds of interest are d m t  (dimethyltryptamine) and 
stp (dimethoxyphenylethylamine; d o m ). Cannabis (dis­
cussed separately below) is not usuqlly included in this 
group of hallucinogenic drugs, but there is no particular 
justification for its exclusion. It is a resin obtained from 
the leaves and tops of the hemp plant (Cannabis sativa; 
see also d r u g s  a n d  d r u g  a c t io n : Hallucinogen).
During the late 1970s phencyclidine (pc p), or “angel 

dust,” emerged as a leading Street hallucinogen. Developed 
in 1956 as an anesthetic, pcp was discontinued for human 
use because of its severe and unpredictable side effects, 
the psychological effects sometimes persisting for as long 
as a month. pc p , in liquid or crystal form, can be injected, 
inhaled, or ingested; most commonly it is sprinkled on 
marijuana or tobacco and smoked.

History. Native societies of the Western Hemisphere 
have for 2,000 years utilized various naturally occurring 
materials such as the “sacred” mushroom of Mexico and 
the peyote cactus of the southwestern United States. Scien­
tific interest in the hallucinogenic drugs developed slowly. 
A neurologist wrote about his experience with peyote be­
fore the turn of the 20th Century, and his account attracted 
the serious attention of two distinguished psychologists, 
Havelock Ellis and William James. Mescaline was isolated 
as the active principle of peyote in 1896, and its struc- 
tural resemblance to the adrenal hormone epinephrine 
was recognized by 1919. There followed some interest 
in model psychoses (that is, drug-induced simulations of 
abnormal behaviour patterns), but it was not until 1943, 
when a Swiss chemist accidentally ingested a synthetic 
preparation of lysergic acid diethylamide and experienced 
its psychedelic effects, that the search for a natural sub­
stance responsible for schizophrenia became widespread. 
An American mycologist called attention to the powers of 
the Mexican mushroom in 1953, and the active principle 
was quickly found to be psilocybin.

Physiological and psychological effects. The psychedel- 
ics are capable of producing a wide range of subjective and 
objective effects; however, there is apparentiy no reaction 
that is distinctive for a particular drug. Subjects are unable 
to distinguish among l sd , mescaline, and psilocybin when 
they have no prior knowledge of the identity of the drug 
ingested. These drugs induce a physiological response that 
is consistent with the type of effect expected of a central- 
nervous-system stimulant. Usually there is elevation of 
the systolic blood pressure, dilatation of the pupils, some

facilitation of the spinal reflexes, and excitation of the 
sympathetic nervous system and the brain.

There is considerable difference in the potency of these 
drugs. A grown man requires about 500 milligrams of 
mescaline or 20 milligrams of psilocybin or only 0.1 mil­
ligram of lsd  for füll clinical effects when the substances 
are ingested orally. The active principle in the seeds of the 
morning glory is about one-tenth as potent as l sd . There 
are also differences in the time of onset and the duration 
of effects. Psilocybin acts within 20 to 30 minutes, and the 
effects last about five to six hours. l sd  acts within 30 to 60 
minutes, and the effects usually last for eight to 10 hours, 
although occasionally some effects persist for several days. 
Mescaline requires two to three hours for onset, but the 
effects last for more than 12 hours. All psychedelics pre- 
sumably are lethal if taken in large enough quantities, but 
the effective dose is so low as compared to the lethal dose 
that death has not been a factor in experimental studies. 
Physiological tolerance for these drugs develops quite rap­
idly in man—fastest for l sd , somewhat more slowly and 
less completely for psilocybin and mescaline. The effects 
for a particular dose level of lsd  are lost within three days 
of repeated administration, but the original sensitivity is 
quickly regained if several days are allowed to intervene. 
Cross-tolerance has been demonstrated for l sd , mescaline, 
psilocybin, and certain of the lysergic acid derivatives. 
Tolerance to one of the drugs reduces the effectiveness of 
an equivalent dose of a second drug, thus suggesting a 
common mode of action for the group.

Most persons regard the experience with one of these 
drugs as something totally removed from anything they 
have ever encountered in normal, everyday experience. 
The subjective effects vary greatly among individuals and, 
for a particular person, even from one drug session to 
the next. The variations seem to reflect such factors as 
the mood and personality of the subject, the setting in 
which the drug is administered, the user’s expectation of a 
certain kind of experience, the meaning for the individual 
of the act of taking the drug, and his interpretation of 
the motives of the person who is administering the drug 
to him. Nevertheless, certain invariant reactions seem to 
stand out. The one most easily described by users is the 
effect of being “flooded” with visual experience, as much 
when the eyes are closed as when they are open. Light 
is greatly intensified; colours are vivid and seem to glow; 
images are numerous and persistent, yielding a wide range 
of illusions and hallucinations; details are sharp; percep­
tion of space is enhanced; and music may evoke visual 
impressions, or light may give the impression of sounds. 
A second important aspect, which people have more dif- 
ficulty in describing, involves a change in the feelings and 
the awareness of the self. The sense of personal identity is 
altered. There may be a fusion of subject and object; legs 
may seem to shrink or become extended, and the body 
to float; space may become boundless and the passage 
of time very slow; and the person may feel completely 
empty inside, or he may believe that he is the universe. 
This type of reaction has been called depersonalization, 
detachment, or dissociation. Increased suspiciousness of 
the intentions and motives of others may also become a 
factor. At times the mood shifts. Descriptions of rapture, 
ecstasy, and an enhanced sense of beauty are readily eli- 
cited; but there can also be a “hellish” terror, gloom, and 
the feeling of complete isolation. For some people the 
experience is so disturbing that psychiatrie hospitalization 
is required. Studies of performance on standardized tests 
show some reduction in reasoning and memory, but the 
motivation of the subject probably accounts for much of 
the performance decrement, since many people are un- 
cooperative in this type of structured setting while under 
the influence of a drug.
Interest in these drugs was routinely scientific for the 

first few years following the discovery of l sd , but in the 
1950s some professional groups began to explore the use 
of the psychedelics as adjuncts to psychotherapy and also 
for certain purposes of creativity. It was at this juncture, 
when the drugs were employed to “change” people, that 
they became a centre of controversy. lsd  is not an ap­
proved drug in most countries; consequently its therapeu-
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tic applications can only be regarded as experimental. In 
the 1960s, l sd  was proposed as an aid in the treatment 
of neurosis with special interest in cases recalcitrant to 
the more conventional psychotherapeutic procedures, lsd  
also was being given serious trial in the treatment of al­
coholism, particularly in Canada, where experimentation 
is not heavily restricted. lsd  has also been employed to 
reduce the suffering of terminally ill cancer patients. The 
drug was also under study as an adjunct in the treatment 
of narcotic addiction, of autistic children, and of the so- 
called psychopathie personality; and the use of various 
hallucinogens continue to be advocated in the experimen­
tal study of abnormal behaviour because of the degree of 
control that they offer.

Undesir- lsd  can be dangerous when used improperly. Swings of 
able or mood, time and space distortion, “hallucinations,” and im- 
dangerous pulsive behaviour are complications especially hazardous 
effects to the individual when he is alone. Driving while under the 

influence of one of these drugs is particularly dangerous. 
Acts of aggression are rare but do occur. The recorded sui- 
cide rate was not high in the various investigational (legal 
use) groups, but the rate of serious untoward psychologi­
cal effects requiring psychiatrie attention climbed steadily. 
These drugs do induce psychotic reactions that may last 
several months or longer. Negative reactions, sometimes 
called bad trips, are most apt to occur in unstable persons 
or in other persons taking very large amounts of a drug or 
taking it under stränge conditions or in unfamiliar settings. 
So far as is known, these drugs are nontoxic, and there are 
no permanent physical effects associated with their use. 
There is no physical dependence or withdrawal symptom 
associated with long-term use, but certain individuals may 
become psychologically dependent on the drug, become 
deeply preoccupied with its use, and radically change their 
life-style with continued use.
A new dimension was added to the lsd  controversy 

when laboratory studies began to appear in the scientific 
literature that linked l sd  to chromosomal and genetic 
damage, thus intimating that future generations of the lsd  
user might be subject to the fearful issue of malformation 
and genetic illness. Unfortunately, there remains only the 
poorest understanding of exactly what has been found, to 
date, in such studies. The findings are neither clear nor 
conclusive, and moreover they involve not only lsd  but 
also several classes of drugs in rather common use, such 
as aspirin, caffeine, tranquillizers, and antibiotics. The 
lsd  chromosome story, then, is the story not just of lsd- 
induced changes but also of possible chromosomal and 
genetic damage that might be induced by wide classes of 
drugs in general use. If the gene pool of the lsd  user is in 
jeopardy, as these studies suggest, then, the gene pool of 
the whole population is also in jeopardy, as these studies 
also suggest. The danger of drugs is the excessive reliance 
on drugs; the culprit is everywhere present.

The several types of research upon which these chromo­
somal and genetic findings are based are wrought with 
difficulties. Genetic studies that attempt to produce struc- 
tural malformation use, of necessity, the experimental 
animal; and there is thus the basic problem of evaluating 
the extent to which these findings can be generalized to 
the human. The conditions of the experiments in general 
do not sufficiently parallel the conditions of natural lsd 
use to render the data very meaningful. The chromosomal 
studies present equal difficulties—trying to infer from the 
behaviour of a cell in the test tube how a mass of cells 
that are part of a living organism will act.

Types of users. Prior to the mid-1960s, LSD-type drugs 
were taken by several different types of persons in- 

Proselytiza- cluding many who were respected, successful, and well- 
tion among established socially. Intellectuals, educators, medical and 
lsd  users mental health professionals, volunteer research subjects, 

psychiatrie patients, theological students, and participants 
in special drug-centre communities were some of the 
first users of these hallucinogenic substances. Beginning 
in 1966, experimentation in most countries was severely 
restricted, and subsequent use has been almost entirely of 
a black market type. l sd  use is markedly on the decline, 
being replaced by cannabis and the amphetamines. Cur- 
rently, most users tend to be of the middle dass—either

young, college-educated persons or those who have drifted 
to the fringe of society. Drug initiation is typically by 
way of a personal friend or acquaintance. Employers or 
teachers also have a powerful influence over subordinates 
and students in terms of drug acceptance. The user of lsd  
seems often to have an almost fanatic need to proselytize 
others to drug use. Those who have taken a hallucino­
genic substance generally have had experience with other 
drugs prior to the lsd  experience, and there is also a 
tendency on the part of those who take these drugs to 
repeat the drug experience and to experiment with other 
drugs. The special language, method of proselytizing, and 
psychological dependence surrounding the use of psyche­
delics bear striking resemblance to the context of narcotics 
addiction. The chronic lsd  user tends to be introverted 
and passive. Motives for l sd  use are many: psychological 
insight; expansion of consciousness; the desire to become 
more loving, more Creative, open, religious; a desire for 
new experience, profound personality change, and simple 
“kicks.”

BARBITURATES, STIMULANTS, AND TRANQUILLIZERS
There are many sanctioned uses for drugs that exert an 
effect on the central nervous system. Consequently, there 
are several classes of nonnarcotic drugs that have come 
into extensive use as sleeping aids, sedatives, hypnotics, 
energizers, mood elevators, stimulants, and tranquillizers.

Sedatives and hypnotics differ from general anesthetics 
only in degree. All are capable of producing central- 
nervous-system depression, loss of consciousness, and 
death (see also d r u g s  a n d  d r u g  a c t io n : Sedative- 
Hypnotic Drugs).

The barbiturates, bromides, chloral hydrate, and paralde- 
hyde are well-known drugs—with the barbiturates being 
of greatest interest because of the increasing number of 
middle and upper dass individuals who have come to rely 
on them for immediate relaxation, mild euphoria, and an 
improved sense of well-being. But alcohol has been and 
continues to be the drug of choice for these same effects 
(see also d r u g s  a n d  d r u g  a c t io n : Sedative-Hypnotic 
Drugs).

Of the drugs that excite the nervous system, nicotine, 
caffeine, the amphetamines, and the potentially addicting 
cocaine are well known. The use of stimulants to facili- 
tate attention, sustain wakefulness, and mask fatigue has 
made the amphetamines an increasingly populär drug by 
students and those who engage in mental work. Originally 
the drug of truck drivers, amphetamine is now a com­
mon cause of arrest among teenagers and young adults 
who commit drug offenses. Cocaine has always been a 
potentially dangerous drug, and it has become especially 
populär among the middle and upper classes. Stimulants 
do not create energy, and the energy mobilized by these 
drugs is eventually depleted with serious consequences (see 
also d r u g s  a n d  d r u g  a c t io n : Stimulant).

The tranquillizers are a heterogeneous group, as are the 
behaviours that they are employed to alter. In general, 
tranquillizing drugs reduce hyperactivity, agitation, and 
anxiety, which tend to cause a loss of behavioral con­
trol. Tranquillizing drugs do not characteristically produce 
general anesthesia, no matter what the dose; this attribute 
tends to distinguish tranquillizing drugs from the barbitu­
rates (see also d r u g s  a n d  d r u g  a c t io n : Tranquillizers).
All the barbiturates, stimulants, and tranquillizers are Dangers 

widely prescribed by physicians, and all these drugs are of barbi- 
available through nonmedical (illegal) sources. Most of turates, 
these drugs are classified as “habit-forming.” The minor stimulants, 
tranquillizers are commonly associated with habituation and tran- 
and may induce physical dependence and severe withdraw- quillizers 
al Symptoms. The amphetamines and cocaine intoxicate 
at high dosages, and both are capable of inducing serious 
toxic and psychotic reactions under heavy use. The barbi­
turates are the leading cause of death by suicide. They are 
judged to be a danger to health by both the World Health 
Organization Expert Committee and the United Nations 
Commission on Narcotic Drugs, which have recommend- 
ed strict control on their production, distribution, and use.
The nonnarcotic drugs in widespread use among middle 
and upper dass citizenry manifest considerable untoward
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co n seq u en ces fo r th e  in d iv id u a l a n d  fo r  society  w hen 
ab u sed — th u s  p lac in g  th e ir  p ro b le m  in  a  d iffe ren t perspec­
tive  th a n  th a t  n o rm a lly  a sso c ia ted  w ith  th e  op ia tes , lsd , 
a n d  m a riju a n a .
Barbiturates. The barbiturates relieve tension and anx­

iety at low dose levels without causing drowsiness, although 
some tendency toward drowsiness may be an initial reac­
tion for the first few days on the drug. These drugs exert 
a selective action in small amounts on higher cortical 
(brain) centres, particularly those centres that are involved 
in the inhibitory or restraining mechanisms of behaviour. 
As a consequence, there is an increase in uninhibitedness 
such as talkativeness and unrestricted social interaction 
following the taking of the drug. There is also an impair­
ment of function at low dose levels. All the barbiturates 
are capable of inducing sleep when given in sufficiënt 
amounts. They do not affect the perception of pain as do 
the analgesics, but they do alter the individual’s response 
to pain (e.g., decreasing his anxiety) and are useful in 
this regard. Infrequently, the barbiturates produce undesir­
able reactions ranging from simple nervousness, anxiety, 
nausea, and diarrhea to mental confusion, euphoria, and 
delirium. Some tolerance is developed to these drugs, but 
no physical dependence occurs in the drug range (100 to 
200 milligrams) normally employed clinically. Prolonged 
use may lead to drug habituation and psychic dependence. 
When the drug is used chronically in higher amounts (400 
milligrams per day), physical dependence may develop. 
Sudden withdrawal of a barbiturate following chronic use 
is frequently associated with withdrawal Symptoms that 
are more severe than those produced by the opiates. A 
barbiturate should never be withdrawn abruptly following 
long continued use. The barbiturate addict shows many 
of the Symptoms associated with chronic alcoholism, in­
cluding blackouts, irrationality, slurred speech, poor mo­
tor coordination, emotional deterioration, mood swings, 
and psychosis.

Cocaine. Cocaine is an alkaloid derived from the leaves 
of the coca plant (Erythroxylon coca), a bush that is natu­
ral to Bolivia, Chile, and Peru along the western slopes of 

Mild the Andes Mountains. Cocaine has a pronounced excitant
ïxcitation action on the central nervous system and, in small doses, 
3r intoxica- produces a pleasurable state of well-being associated with 
tion relief from fatigue, increased mental alertness, physical

strength, and a reduction of hunger. In greater amounts, 
cocaine is an intoxicant that produces excitement, mental 
confusion, and convulsions. The Incas were acquainted 
with the ability of cocaine to produce euphoria, hyperex- 
citability, and hallucinations; the practice of chewing the 
coca leaf as part of religious ceremonials was an estab­
lished custom at the time of the Spanish conquest in the 
16th Century. The natives who now work the mines high 
in the Andes chew coca leaves for increased strength and 
endurance. Coca plants are under cultivation in Sri Lanka 
(formerly Ceylon), India, and Java. The alkaloid, tropa- 
cocaine, is chemically related to cocaine and is obtained 
from the Java coca plant.
Cocaine is habit forming and may also be physical- 

ly addicting in some individuals, but not to the extent 
of the opiates. Only certain persons display abstinence 
Symptoms on withdrawal. Significant physiological toler­
ance does not develop. Chronic use is associated with 
severe personality disturbances, inability to sleep, loss of 
appetite, emaciation, an increased tendency to violence, 
and antisocial acts. When a toxic psychosis develops, it 
is charäcteristically accompanied by paranoid delusions. 
Hallucinations are prominent with continued use of co­
caine, particularly the tactile hallucinations that give the 
impression that bugs are under the skin. The drug is a 
white crystalline powder in pure form and the practice of 
“snuffing” cocaine was common in Europe at the turn of 
the 20th Century. It is less potent when taken by mouth. 
When injected by vein, a favourite method in the United 
States, the effects are rapid in onset, intense, but of short 
duration. This is followed by a correspondingly deep de­
pression that prompts the user to repeat the dose to restore 
the sense of well-being. Cocaine is sometimes mixed with 
heroin to dampen any extreme excitability produced by 
the cocaine. The great number of undesired effects that

come on continued use frequently prompts the cocaine 
user to turn to other drugs.
Amphetamines. These stimulants are of three types Mood ele- 

having closely related actions on the nervous system: am- vation and 
phetamine proper (Benzedrine), one of its isomers (Dexe- induced 
drine), and methamphetamine (Methedrine). The amphet- psychosis 
amines have been used to alleviate depression, fatigue, the 
hyperkinetic behaviour disturbances of children, posten- 
cephalitic Parkinsonism, enuresis, nausea of pregnancy, 
and obesity. More recently, the amphetamines have been 
used in combination with one of the barbiturates, such as 
amobarbital or phenobarbital, to produce mood elevating 
effects. It is the effects of the amphetamines on mood 
that have led to their widespread abuse. A toxic psychosis 
with hallucinations and paranoid delusions may be pro­
duced by a single dose as low as 50 milligrams if no drug 
tolerance is present. Although the normal lethal dose for 
adult humans is estimated to be around 900 milligrams, 
habitual use may increase adult tolerance up to 1,000 
milligrams per day.
The ability of amphetamine to produce a psychosis hav­

ing paranoid features was first reported in 1938, shortly 
after its introduction as a central stimulant. Sporadic re­
ports of psychosis followed, and in 1958, a monograph 
on the subject of amphetamine psychosis included these 
statements:
Psychosis associated with amphetamine usage is much more 
frequent than would be expected from the reports in the
literature__ The clinical picture is primarily a paranoid
psychosis with ideas of reference, delusions of persecution, 
auditory and visual hallucinations in a setting of clear con­
sciousness. . . .  The mental picture may be indistinguishable 
from acute or chronic paranoid schizophrenia.. . .  Patients 
with amphetamine psychosis recover within a week unless 
there is demonstrable cause for continuance of Symptoms; 
e.g., continued excretion of the drug or hysterical Prolongation 
of Symptoms.

There have been subsequent attempts to distinguish be­
tween amphetamine psychosis and paranoid schizophrenia.
Whatever the outcome, amphetamine induces a psychosis 
that comes closer to mimicking schizophrenia than any of 
the other drugs of abuse, including l s d . Some behavioral 
Symptoms such as loss of initiative, apathy, and emotional 
blunting may persist long after the patiënt stops taking 
the drug. Methamphetamine was used extensively by the 
Japanese during World War II, and by 1953 the habitual 
users of the drug in Japan numbered about 500,000 per­
sons. This large-scale usage created such a serious social 
problem that the amphetamines were placed under gov­
ernmental control in Japan in 1954. This Japanese expe­
rience has provided the opportunity for systematic studies 
on chronic methamphetamine intoxication. One group 
of 492 addicts who had been institutionalized showed a 
14 percent rate of chronic psychosis with evidence of 
permanent organic brain damage. In the language of the 
Street, “Meth is death.” The amphetamines produce ha­
bituation, drug dependency, physiological tolerance, and 
toxic effects, but no physical addiction.

Tranquillizers. Serendipity has played a major role in 
the discovery of tranquillizers (as it has in all facets of med­
icine). Tranquillizers were unknown to medical Science 
until the middle of the 20th Century when the therapeutic 
value of reserpine and chlorpromazine in psychiatry was 
discovered by chance. Reserpine was originally derived 
in the 1930s from Rauwolfia serpentina, a woody plant 
that grows in the tropical areas of the world, but it has 
since been synthesized. Because this drug has many un­
desirable side effects such as low blood pressure, ulcers, 
weakness, nightmares, nasal congestion, and depression, 
however, it has been largely replaced in psychiatrie prac­
tice by chlorpromazine (Thorazine) and a number of other 
phenothiazine derivatives synthesized in the 1950s. These 
phenothiazines are inexpensive, easily available, produce 
little immediate pleasurable effects, can usually be taken 
in large amounts without harm, and are not physically 
addicting. They are used extensively in the treatment of 
various hyperactive and agitated States, and as antipsychot- 
ic agents. These drugs, however, may produce jaundice, 
dermatitis, or, infrequently, convulsive seizures, and they
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do not combine well with the drinking of alcohol. Chlor­
promazine is effective in reversing “bad trips” such as 
an LSD-induced panic reaction, but it tends to strengthen 
rather than reverse the powerful hallucinogenic effects of 
stp (d o m ). There is a second group of drugs, inappro- 
priately termed minor tranquillizers, which have achieved 
popularity in the management of milder psychiatrie condi­
tions, particularly anxiety and tension. The major form is 
meprobamate (Miltown, Equanil). Although these minor 
tranquillizers are considered to be entirely safe in terms of 
side effects, they do produce serious complications, for they 
are commonly associated with habituation and psychic 
dependence. Heavy, prolonged use may result in physical 
dependence and severe withdrawal Symptoms including 
insomnia, tremors, hallucinations, and convulsions.

CANNABIS
Cannabis is the general term applied internationally to 
the Indian hemp plant, Cannabis sativa, when the plant 
is used for its pleasure-giving effects. The plant may grow 
to a height of 16 feet, but the strains used for drug- 
producing effects are typically short stemmed and extreme- 
ly branched. The resinous exudate is the most valued part 
of the plant because it contains the highest concentration 
of tetrahydrocannabinol (t h c ), an active hallucinogenic 
principle associated with the plant’s potency. The term 
cannabis also encompasses the use of the flowering tops, 
fruit, seeds, leaves, sterns, and bark of the hemp plant 
even though the potency of these plant parts is consider- 
ably less than that of the pure resin itself. Hemp grows 
freely throughout the temperate zones of the world, but 
the content of the resin in the plant differs appreciably 
according to the geographic origin of the plant and the 
climate of the region in which the plant is grown. A hot, 
dry, upland climate is considered most favourable in terms 
of the potency of the plant. Careful cultivation is also 
considered to be an important factor in resin production. 
The prevention of pollination and the trimming of top 
leaves to produce dwarfing enhances the content of resin 
at plant maturity.

Types of cannabis preparations. Marijuana, hashish, 
charas, ghanja, bhang, kef, and dagga are names that have 
been applied to various varieties and preparations of the 
hemp plant. Hashish, named after the Persian founder 
of the Assassins of the l l th Century (Hasan-e Sabbäh), 
is the most potent of the cannabis preparations, being 
about eight times as strong as the marijuana used in 
the United States. Very few geographic areas are capable 
of producing a plant rich enough in resins to produce 
hashish. Unless sifted and powdered, hashish appears in 
a hardened, brownish form with the degree of darkness 
indicating strength. The North African either eats it in a 
confection or smokes it, the water pipe often being used 
to cool the smoke. The effects are more difficult to reg- 
ulate when hashish is either ingested as a confection or 
drunk. In India, this resinous preparation of cannabis is 
called charas.

Ghanja is a less active form of cannabis. Whereas hash­
ish and charas are made from the pure resin, ghanja is 
prepared from the flowering tops, sterns, leaves, and twigs, 
which have less resin and thus less potency. Ghanja is 
nevertheless one of the more potent forms of cannabis. It 
is prepared from specially cultivated plants in India, and 
the flowering tops have a relatively generous resinous exu­
date. Ghanja is consumed much in the manner of charas.

Bhang is the least potent of the cannabis preparations 
used in India. It does not contain the flowering tops found 
in ghanja. As a result, bhang contains only a small amount 
of resin (5 percent). It is either drunk or smoked. When 
drunk, the leaves are reduced to a fine powder, brewed, 
and then filtered for use. Bhang is also drunk in Hindu 
religious ceremonials.

Marijuana is the variety of cannabis grown in the West­
ern Hemisphere. Considered mild in comparison to other 
forms of cannabis, it is similar in potency to the bhang 
used in India. Typically, it is smoked, but occasionally it 
is brewed as a tea or baked into cakes. Marijuana varies 
considerably in potency.

History. Cannabis is an ancient plant in terms of use,

having been known in central Asia and China as early as 
3000 bc and in India and the Near East shortly thereafter. 
lts introduction to Europe and the Western Hemisphere 
was probably by way of Africa. Historically, cannabis has 
been regarded as having medicinal value, and it was used 
as a folk medicine prior to the 1900s. Reportedly, it was 
considered valuable as an analgesic, topical anesthetic, an- 
tispasmodic, antidepressant, appetite stimulant, antiasth- 
matic, and antibiotic. In the 20th Century the pattern of 
pleasure-giving use spread from the lower classes to the 
middle classes in the West, particularly among intellectu- 
als. From the 1960s it spread throughout various student 
populations from universities and colleges to secondary 
schools, finally reaching the elementary schools. This 
spread to “fad” proportions almost totally obscured the 
historie use of cannabis as a medicine. Marijuana has been 
used for victims of glaucoma, and cannabis generally may 
prove to be of some value in the treatment of depression, 
loss of appetite, high blood pressure, anxiety, migraine, 
and various gynecological and menstrual problems.

Physiological and psychological effects. The effects of 
cannabis are difficult to specify because of the wide vari­
ations in the potency of the various preparations of the 
hemp plant. Hashish or charas would be expected to pro­
duce a greater degree of intoxication than marijuana or 
bhang. It would also make a difference whether the drug 
is smoked, drunk, eaten, or received as an administration 
of synthetic tetrahydrocannabinol (t h c ). In general, hash­
ish produces effects similar to those of mescaline or, in 
sufficiënt quantity, to those of l sd—extreme intoxication 
being more typical when the substance is swallowed. Mar­
ijuana, ón the other hand, is more apt to produce effects 
at the opposite or mild end of the continuüm from those 
of l sd . When smoked, physiological manifestations are 
apparent within minutes. These include dizziness, light- 
headedness, disturbances in coordination and movement, 
a heavy Sensation in the arms and legs, dryness of mouth 
and throat, redness and irritation of the eyes, blurred V i­
sion, quickened heartbeat, tightness around the ehest, and 
peculiarities in the sense of hearing such as ringing, buzz- 
ing, a feeling of pressure in the ears, or altered sounds. 
Occasionally drug use is accompanied by nausea and an 
urge to urinate or defecate. There is also a feeling of hun­
ger that may be associated with a craving for sweets. Toxic 
manifestations are rare and include motor restlessness, 
tremor, ataxia, congestion of the conjunctivae of the eye, 
abnormal dilation of the pupil, visual hallucinations, and 
unpleasant delusions. Marijuana is not a drug of addiction. 
Use does not lead to physical dependence, and there are 
no withrawal Symptoms when the drug is discontinued. 
Psychological dependence does occur among certain types 
of users. Infrequently, a “cannabis psychosis” may occur, 
but generally this type of psychiatrie reaction is associated 
only with heavy, long-term use of hashish, such as in India 
and Morocco. Other effects of chronic hashish use are a 
debilitation of the will and mental deterioration.

Psychological manifestations are even more variable in 
response to cannabis. Alterations in mood may include 
giggling, hilarity, and euphoria. Perceptual distortions may 
also occur, involving space, time, sense of distance, and 
sense of the organization of one’s own body image. Thought 
processes may also become disorganized, with fragmen- 
tation, disturbances of memory, and frequent shifts of 
attention acting to disrupt the orderly flow of ideas. One 
may also experience some loss of reality contact in terms 
of not feeling involved in what one is doing; this may 
lead to considerable detachment and depersonalization. 
On the more positive side, there may be an enhancement 
in the sense of personal worth and increased sociability. 
Undesired subjective experiences include fear, anxiety, or 
panic. These effects vary considerably with practice and 
with the setting in which the drug is taken.

Many articles have been written on the subject of canna­
bis, but there is precious little worthwhile data to support 
any kind of a conclusion with regard to its use. One 
carefully controlled study on marijuana suggests that it is 
a very mild substance that requires considerable practice 
before its füll (desired) effects are achieved. Alcohol clearly 
appears more potent and far more deleterious.

Antiquity 
of canna­
bis use

Inconclu- 
sive data 
on effects 
of cannabis
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From the point of view of those who favour the legali- 
zation of marijuana, the drug is a mild hallucinogen that 
bears no similarity to the narcotics. They feel that the 
evidence clearly indicates that marijuana is not a stepping 
stone to heroin and that its use is not associated with ma­
jor crimes. As a means of reducing tension and achieving 
a sense of well-being, they believe that it is probably more 
beneficial and considerably safer than alcohol. The current 
hysteria over the use of marijuana and the harsh penalties 
that are imposed are perceived by users as a greater threat 
to society than would be a more rational and realistic 
approach to drug use.

Social and ethical issues of drug abuse
CONFLICTING VALUES IN DRUG USE
Modem industrialized societies are certainly not neutral 
with regard to the voluntary nonmedical use of psycho­
tropic drugs. Whether one simply takes the position of 
psychologist Erich Fromm that people are brought up to 
desire and value the kinds of behaviour required by their 
economie and social system or whether one goes further 
and speaks of the Protestant ethic in the sense that Max 
Weber used it to delineate the industrialist’s quest for 
salvation through worldly work alone, it is simply judged 
not “right,” “good,” or “proper” for people to achieve 
pleasure or salvation chemically. It is accepted that the 
only legitimate earthly rewards are those that have been 
“earned” through striving, hard work, personal sacrifice, 
and an overriding sense of duty to one’s country, the ex­
isting social order, and family. This orientation is believed 
to be fairly coincident with the requirements of indus- 
trialization as it has been known up to the middle of the 
20th Century. But the social and economie requirements 
of modem society may have undergone a radical change 
in the last few decades, even though the inertia of the ex­
isting social character, its desires and its values, will be feit 
for some time to come. In one major sense, current drug 
controversies are a reflection of this cultural lag with all 
of the consequent conflict of wishes and values that result 
from the lack of good correspondence between traditional 
teachings and the view of the world as it is now being 
perceived by large numbers within society. Modern society 
is in a state of rapid transition, and this transition is not 
without its untoward consequences in terms of stability.
Cultural transitions notwithstanding, the dominant social 

order has strong negative feelings about any nonsanctioned 
use of dmgs that contradicts its existing value system. Can 
society succeed if individuals are allowed unrestrained self- 
indulgence? Is it right to dweil in one’s inner experience 
and glorify it at the expense of the necessary ordinary 
daily pursuits? Is it bad to rely on something so much 
that one cannot exist without it? Is it legitimate to take 
dmgs if one is not sick? Does one have the right to decide 
for oneself what one needs? Does society have the right to 
punish someone if he has done no harm to himself or to 
others? These are difficult questions that do not admit to 
ready answers. One can guess what the answers would be 
to the nonsanctioned use of dmgs. The traditional ethic 
dictates harsh responses to conduct that is “self-indulgent” 
or “abusive of pleasure.” But how does one account for 
the quantities of the dmgs being manufactured and con­
sumed today by the general public? It is one thing to talk 
of the few hundred thousand or so “hard” narcotic users 
who are principally addicted to the opiates. One might 
still feel comfortable in disparaging the widespread illicit 
use of hallucinogenic substances; these are still the “other 
guys.” But the sedatives, tranquillizers, sleeping remedies, 
stimulants, alcohol, coffee, tea, and tobacco are complica- 
tions that trap the advocate in some glaring inconsisten- 
cies. It may be asked by partisans whether the cosmetic 
use of stimulants for weight control is any more legitimate 
than the use of stimulants to “get with it?”; whether the 
conflict-ridden businessman or the conflict-ridden house- 
wife is any more entitled to relax chemically (alcohol, 
tranquillizers, sleeping aids, sedatives) than the conflict- 
ridden adolescent?; whether physical pain is any less bear- 
able than mental pain or anguish? Billions of pills and 
capsules of a nonnarcotic type are manufactured yearly.

Sedatives and tranquillizers account for somewhere 
around 12 to 20 percent of all doctor’s prescriptions. In 
addition there are about 150 different sleeping aids that 
are available for sale without a prescription. The alcoholic 
beverage industry produces countless millions of gallons of 
wine and spirits and countless millions of barrels of beer 
each year. One might conclude that there is a whole dmg 
culture; that the problem is not confined to the young, 
the poor, the disadvantaged, or even to the criminal; that 
existing attitudes are at least inconsistent, possibly hypo- 
critical. One always justifies orie’s own dmg use, but one 
tends to view the other fellow who uses the same dmgs 
as an abuser who is weak and undesirable. It must be 
recognized that the social consensus in regard to dmg use 
and abuse is limited, conflict ridden, and often glaringly 
inconsistent. The problem is not one of insufficiënt facts 
but one of multiple objectives that at the present moment 
appear unreconcilable.

YOUTH AND DRUGS
Young people seem to find great solace in the fact that 
the “establishment” is a dmg user. One cannot deny that 
many countries today are dmg-oriented societies, but the 
implications of dmg use are not necessarily the same for 
the adult as they are for the adolescent. The adult has al­
ready acquired some sense of identity and purpose in life; 
he has come to grips with the problems of love and sex; he 
has some degree of economie and social skill; and he has 
been integrated or at least assimilated into some dominant 
social order. Whereas the adult may turn to dmgs and al­
cohol for many of the same reasons as the adolescent, dmg 
use does not prevent the adult from remaining productive, 
discharging his obligations, maintaining his emotional and 
occupational ties, acknowledging the rights and authori­
ty of others, accepting restrictions, and planning for the 
future. The adolescent, in contrast, is apt to become eth- 
nocentric and egocentric with dmg usage. He withdraws 
within his narrow dmg culture and within himself. Dmg 
usage for many adolescents becomes a preposterous “cop- 
out” at a time when more important developmental ex­
periences are required. To quote one observer:

It all seemed really quite benign in an earlier time of more 
moderate drug use, except for the three percent who became 
crazy and the ten percent we described as socially disabled. 
Since then, however, more and more disturbed kids have been 
attracted to the drug world, resulting in more unhappy and 
dangerous behavior. Increasingly younger kids have come into 
the scene. Individuals who, in psychoanalytic terms, are sim­
ply lesser people, with less structure, less ego, less integration, 
and hence, are less likely to be able to cope with the drugs. 
Adolescents are at a crisis period in their lives, and when 
you intrude regularly at this point with powerful Chemicals, 
the potential to solve these problems of growing up by living 
them through, working them out, is stopped.
But it would appear that the “establishment” is a dmg 

user, and this has important implications in terms of the 
expectations, roles, values, and rewards of the social or­
der; but the “establishment” does not “cop-out” on dmgs, 
and this is a fact of fundamental importance in terms of 
youth. Dmgs may be physiologically “safe,” but the dmg 
experience can be very nonproductive and costly in terms 
of the individual’s chances of becoming a fully partici- 
pating adult.

(W.G.St./Ed.)

Pharmacological cults

Though the idea is stränge to most modern worshippers, 
dmgs have played an important role in the history of 
religions. The ceremonial use of wine and incense in Con­
temporary ritual is probably a relic of a time when the 
psychological effects of these substances were designed to 
bring the worshipper into closer touch with supernatural 
forces. Modern studies of the hallucinogenic dmgs have 
indicated that such dmgs, in certain persons under cer­
tain conditions, release or bring about what those persons 
claim to be profound mystical and transcendental expe­
riences, involving an immediate, subjective experience of 
ultimate reality, or the divine, resulting from the stir- 
ring of deeply buried unconscious and largely nonrational

Escapism 
in dmg use

The claim 
that dmgs 
induce 
religious 
experience
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reactions. Modern students of pharmacological cults who 
have participated in cultic drug ceremonies and used the 
drugs themselves have been astonished at the depth of 
such experiences. R. Gordon Wasson has suggested that 
the religious impulse itself may have had its origin in 
the amazement feit by primitives on accidentally finding 
and ingesting plants with hallucinogenic properties while 
foraging for food; this view is not held by most schol­
ars of religion.
Whatever the psychological origins of such reactions, 

they are viewed as religious in nature and have been 
structured and channelled through cultic forms. Through 
cultic leaders—such as shamans, witch doctors, and med­
icine men—as well as through tradition, pharmacological 
cults have specified not only how the cultic drugs should 
be assimilated but also how they should be gathered and 
prepared; generally also there are specifications for partic- 
ipants’ behaviour outside the ceremonies, in the practical 
affairs of living. Western observers of primitive cultures, 
such as missionaries, colonial administrators, and travel- 
lers, have often regarded such practices as demonstrating 
Superstition and folly. Anthropologists and other scientific 
observers who have attempted to participate sympatheti- 
cally in tribal rituals, however, not only have reported the 
useful aspects of such practices in primitive society but 
also have collected information that is of use to Science, 
medicine, religion, and social theory.

Drugs usually encountered in cultic ceremonies are gener­
ally classifiable as narcotic. Few of these are true narcotics, 
however, in the sense of being numbing or producing 
sleep. They are called hallucinogens when they produce 
changes in perception. A hallucinogenic drug may lead to 
experiences that resemble psychoses, in which case it is 
called psychotomimetic; under other circumstances it may 
cause a quasi-mystical, or psychedelic, experience. Most 
psychedelic drugs tend to stimulate rather than numb the 
mind, whereas some true narcotics, such as alcohol and 
opium, in turn stimulate and stupefy the mind at differ­
ent stages of their physical effect. Most cultic drugs come 
from plants, though Western cults more recently formed 
have made use of the active principles of natural drugs 
in synthetic form and of synthetic analogs of naturally 
occurring compounds.

TYPES OF DRUGS USED BY CULTS
There are more than 100 plants known to have properties 
that affect the mind, with more being discovered every 
year, hence only a few of the major drugs used by cults 
will be referred to here. Though these drugs vary greatly in 
composition, their effects on the user tend to be similar. 
Such factors as the personality, mood, and expectation of 
the participant, the setting, the nature of those in charge, 
and the interpretation of the experience may have a more 
significant determining effect on the experience than the 
specific properties of the drug.
At one time or another, such common substances as al­

cohol, tobacco, coffee, and tea have been used in religious 
cults, but such use is not common today.

Hemp, mushrooms, cacti, and their derivatives. Prob­
ably the most widespread plant having psychedelic prop­
erties and used in cults is Indian hemp, Cannabis sativa, 
which grows all over the world except in very cold cli­
mates. It is used in religious practices in India and Africa 
(and probably elsewhere) and is also sometimes used illic- 
itly in the United States and Europe.

Certain mushrooms are used by cultists among the Indi­
ans in Latin America, especially in the state of Oaxaca in 
Southern Mexico. The chief species is Psilocybe mexicana, 
of which the active principle is psilocybin and its deriva­
tive psilocin, in their Chemical composition and activity 
not unlike lsd  (D-lysergic acid diethylamide); the latter 
is synthesized from the alkaloids (principally ergotamine 
and ergonovine) that are constituents of ergot, a growth 
present in grasses affected by the disease also called er­
got. Amanita muscaria (fly agaric) is another mushroom 
having hallucinogenic properties that has not been thor- 
oughly studied. It may be extremely important, since it 
may have been the natural source of the ritual soma 
drink of the ancient Hindus and the comparable haoma

used by the Zoroastrians (see below History o f drug use 
in religion). Fly agaric, which is extremely toxic, is said 
to have, in addition to its hallucinogenic properties, the 
ability to increase strength and endurance; it is said also 
to be a soporific.

Indians of Mexico discovered other plants with some- 
what similar properties. The tops of the peyote cactus, 
Lophophora williamsii, may be dried to form the so-called 
mescal buttons (to be distinguished from the mescal bean, 
another mind-expanding but highly poisonous plant found 
in the same area), which are ingested by widely distribut­
ed groups of Indians in Mexico, the United States, and 
Canada during night-long ceremonies that have been de­
scribed and studied by a number of anthropologists. The 
chief active principle of peyote is an alkaloid called mes­
caline. Like psilocin and psilocybin, mescaline is reputed 
to produce visions and other evidences of a mystical na­
ture. Despite claims of missionaries and some government 
agents that peyote—from the Nahuatl word peyotl (“di- 
vine messenger”)—is a degenerative and dangerous drug, 
there appears to be no evidence of this among the mem­
bers of the Native American Church, a North American 
Indian cult that uses peyote in its chief religious ceremony 
(see below). Peyote, like most other hallucinogenic drugs, 
is not considered to be addictive and, far from being a 
destructive influence, is reputed by cultists and some ob­
servers to promote morality and ethical behaviour among 
the Indians who use it ritually.

Other psychedelic substances. Spanish missionaries to 
Mexico in the 16th Century described, primarily in derog- 
atory language, another psychedelic substance, called by 
the Indians ololiuqui and venerated highly. Ololiuqui has 
been identified as the seeds of the morning glory, mainly 
Rivea corymbosa and Ipomoea violacea. Since the active 
principles are the alkaloids D-lysergic and D-isolysergic 
acids, its properties are very similar to those of l sd , pro­
ducing visions and mystical experiences.

Columbus described the ceremonial sniffing of a powder 
encountered during one of his voyages to the West Indies. 
Of the many kinds of snuff, the chief variety was called 
yopo, paricä, or cohoba, a powerful hallucinogen derived 
from parts of a tree, Piptadenia peregrina. This narcotic 
snuff may be confused with others, as yet not clearly 
differentiated.
Another substance used in South America, especially in 

the Amazon basin, is a drink called ayahuasca, caapi, or 
yajé, which is produced from the stem bark of the vines 
Banisteriopsis caapi and B. inebrians. Indians who use 
it claim that its virtues include healing powers and the 
power to induce clairvoyance, among others. This drink 
has been certified by investigators to produce remarkable 
effects, often involving the Sensation of flying. The effects 
are thought to be attributable to the action of harmine, a 
very stable indole (structurally related to l sd ) that is the 
active principle in the plant.

Other cultic drugs may be mentioned in passing. The 
kava drink, prepared from the roots of Piper methysticum, 
a species of pepper, and seemingly more of a hypnotic- 
narcotic than a hallucinogen, is used both socially and 
ritually in the South Pacific, especially in Polynesia. Ibo- 
ga, or ibogaine, a powerful stimulant and hallucinogen 
derived from the root of the African shrub Tabernanthe 
iboga (and, like psilocybin and harmine, a Chemical rela­
tive of l sd ), is used by the Bwiti cult in Central Africa. 
Coca, source of cocaine, has had both ritual and social 
use chiefly in Peru. Datura, one species of which is the 
jimsonweed, is used by native peoples in North and South 
America; the active principle, however, is highly toxic 
and dangerous. A drink prepared from the shrub Mimosa 
hostilis that is said to produce glorious visions in warriors 
before battle, is used ritually in the ajuca ceremony of the 
Jurema cult in eastern Brazil.

g o als of pr a c t it iq n er s

The drugs used by cults for their hallucinogenic effects 
were adopted for explicit and implicit religious functions 
and purposes. The drugs were and are reported to enhance 
religious experience. Controlled laboratory investigations 
of the effects of such drugs, performed outside a culturally

Peyote
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drinks
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Drugs 
as sacra- 
ments

determined cultic framework, help to make the cults more 
understandable.

Ecstasy and union with the divine or sacred. The loftiest 
aim of the cultic use of drugs is the pure delight in what is 
described as a direct experience of God, ultimate reality, 
the spirits that preside over one’s destiny, or whatever the 
worshipper may conceive as his object of worship. As a 
consequence of such worship experience there may ensue 
a feeling of self-transcendence, sometimes through a melt- 
ing away of the ego boundaries (with consequent loss of 
sense of self) and even through the terror of death, result­
ing in a psychological rebirth that gives a feeling of power 
and freedom and releases Creative energies. Drugs have 
been used ritually to enhance the puberty ordeal through 
which, among many peoples, a youth is ushered out of 
childhood and is certified an adult. The functions of the 
drugs as teachers, leading participants through experiences 
of spiritual growth, are attested by many members of Con­
temporary drug cults.
As a means of appropriating such experiences, the rites 

surrounding the assimilation of the drugs become types 
of sacraments in which the qualities and the gifts of the 
gods are appropriated. The visions, self-knowledge, ener­
gy, power, and direction reported to be secured from the 
rite confirm the feeling of the worshipper that he has been 
ui the presence of God or has assimilatcd some of God’s 
powers. Other specific skills and benefits—either real or 
the products of fancy—may be extrapolated from this 
alleged encounter with the gods, such as sexual attractive- 
ness, skill and luck in hunting, protection in war, or even 
the ability to transcend war and to love one’s enemies.

Purification, healing, and divination. Along with the sa- 
cramental function of the drug cults is the concept of 
purification through drug use. This may take the form 
of certain ritualistic preparations for the ceremony or the 
observing of certain taboos for days before it, or may be a 
part of the ceremony itself. Many psychedelic drugs pro­
duce nausea, and the consequent vomiting may be looked 
on as a purging of faults. In more advanced cults the pu­
rification may be seen as the pure and ethical living that 
should both precede and follow the ceremony. Closeïy re­
lated to the latter may be the devotional function, viewed 
in the most primitive drug cults as acts of propitiation of 
the gods for expected favours and in the more developed 
cults as acts directed toward the needs and wishes of the 
god through the cultic experience. Ritual drug taking may 
also be viewed as an act of devotion in itself.

In some of the more primitive cults the ordinary par­
ticipant is relegated to a secondary role, for the priest or 
shaman may be the one who principally ingests the drug 
and mediates benefits, real or supposed, to the worship­
per or suppliant. Such is the case when healing is the 
chief function, when the drug is dangerous, or when it 
is reserved for those persons having the most prestige. 
Mediation is also likely to occur when divination of the 
answers to important questions is involved; e.g., whether 
to set out on a journey or where to find lost property.

Witchcraft and magie. Some pharmacological cults do 
not rise much above the level of witchcraft, with cere­
monies expressing the participants’ insecurities, anxieties, 
and hostilities. This is particularly true of cults operating 
among a marginal, competitive people, as in the Peruvian 
cult that uses ayahuasca (Banisteriopsis caapi). This is 
a syncretistic cult in which primitive magical beliefs are 
interwoven with minimal Roman Catholic features. Bad 
luck is looked on as the result of the curse of an envious 
neighbour, and the witch doctor is sought to dispel the 
curse and, if possible, to turn it onto its originator. At 
other times illness may be interpreted as the result of pos- 
session by evil spirits, and the purpose of the ceremony 
may be exorcism. In all of these cases the visions produced 
by the drugs, influenced by the assumptions and desires of 
the participants, will be interpreted according to the hopes 
and fears, prejudices, and suspicions of those participants.

Psychological goals. The literal meaning of the term 
psychedelic (“mind-manifesting”) suggests the vast amount 
of material (feelings, images, etc.) released by these drugs 
from the unconscious. This material, related as it is to 
the psychological needs and history of the person, is

viewed as both uplifting and Creative and, on the other 
hand, frightening and destructive. Though these drugs are 
regarded as dangerous by industrially advancèd societies 
and their medical advisers, cults using such drugs have ex- 
hibited durability, and in the societies that harbour them 
there is apparentiy little or no abuse of the drugs, despite 
open access to them. Perhaps these cults are so structured 
that they meet basic psychological needs fairly well, and 
the resulting cultural expressions are mainly Creative and 
constructive. Hostilities and anxieties expressed in ritual 
are sublimated and, therefore, less likely to be acted out. 
Persons who have taken the drugs maintain that they can 
engender a closeness of feeling among cultic participants 
that may satisfy the need for comradeship that is one of 
man’s most basic desires, while the excitement of the ex­
perience may rescue participants from one of mankind’s 
most pervasive enemies, boredom.

HISTORY OF DRUG USE IN RELIGION
References to the ritual use of drugs are scattered through 
the history of religions, and there is no doubt that the 
practice is ancient, its origins lost in prehistory. Presumed 
ceremonial use of Cannabis among the Scythians in the 
5th to 2nd Century bc is suggested by the censers for 
burning hemp seeds found in the frozen tombs at Pazyryk
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in Dionysian rites, and circumstantial evidence points 
to the use of a hallucinogenic substance in the most 
solemn moments of the Eleusinian Mysteries of ancient 
Greece: the drinking of kykeön, a thick gruel of unknown 
composition. Both the secular and the cultic use of the 
Amanita muscaria mushroom in Siberia probably go back 
more than 6,000 years, and cultic use has spread beyond 
the cool temperate climates where the mushroom grows. 
Evidence of the cultic use of opium in the eastern Med­
iterranean islands, in Greece, and among the Sumerians 
points to dates as early as 3000 bc , though some of this 
evidence is disputed.

One of the pharmacological mysteries is the nature of the 
Zoroastrian haoma and the early Hindu soma, both sacred
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Amanita muscaria mushroom, the mind-affecting Chemi­
cals of which pass into the urine with their properties very 
little diminished; there are scriptural references to sacred 
urine drunk as the source of divine insights. Allusions to 
the twigs and branches of haoma, however, suggest other 
plants, perhaps hemp. The mushroom, which does not 
grow in hot countries, may have been introduced to India 
by Aryan invaders from the north; subsequently, other 
plants may have been substituted until their identity was 
confused and lost.
There is less evidence for the historical use of drugs in 

Buddhism or Taoism, though it is mentioned occasion­
ally. In Islam, which prohibits use of alcohol, there has 
been much more general use of Cannabis. The fanatical 
sect known as the Assassins, founded in the 1 Ith Century, 
used hashish; their name is derived from an Arabic word 
denoting a consumer of hashish. Sensational and fanciful 
stories, told by Marco Polo and others, of the use of 
hashish to heighten the undoubted homicidal proclivities 
of the sect, may, however, be untrue.
The use of kava was reported by travellers to the Pacific 

Islands, notably Fiji, in the 18th Century, though its use 
must go back much farther. The same may be said for the 
cultic use of drugs like iboga, in equatorial Africa, where 
the discovery of such usage is very recent and where his­
torical records are meagre. Doubtless much remains to be 
discovered in both of these areas.

More is known of the history and practices of phar­
macological cults, as well as of the varieties of botanical 
sources of the drugs, in the New World than in the Old. 
The finding of many little images sculptured in the form 
of mushrooms in Guatemala almost certainly indicates a 
mushroom cult in the Mayan culture of Central America. 
Columbus reported the use of snuffs, as referred to above. 
The Spanish priest-historian Bernardino de Sahagün re­
ported with disapproval the cultic use of mushrooms in 
Mexico in the 16th Century, and there were reports of 
the widespread use of psychotropic mushrooms during the

Soma and 
haoma
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coronation of the Aztec emperor Montezuma in 1502. 
Suppressed by the Spaniards, the remnants of these once 
proud cults remain in the backcountry of Mexico, partic­
ularly in the state of Oaxaca. In 1955 R. Gordon Wasson 
and his companions were the first non-Indians invited to 
eat the sacred mushroom at one of the night ceremonies. 
Consequent Publicity led to an influx of visitors seeking 
mushrooms and also attracted the attention of Mexican 
federal police. Despite this attention, the mushroom reli­
gion is still alive, though the ceremonies are now carried 
on less openly.

Spanish reports of about the same era as those dealing 
with Mexico allude to cultic use of drugs in North Amer­
ica. Sahagün also mentioned in his reports the cultic use 
of ololiuqui and peyote.

Partly because of the rise of interest in psychedelic drugs, 
as well as the increased accessibility, the peyote religion 
has been studied more thoroughly than any other pharma­
cological cult, mainly by American anthropologists, who 
have written full and extensive reports of its practices. 
The peyote cult was harassed by missionaries and gov- 
emment agents alike until, toward the end of the 19th 
Century, Indian cults began to come together in an in­
ternational body composed of Canadian, American, and 
Mexican Indians. This federation was finally incorporated 

The Native in the state of Oklahoma in 1918 as the Native American 
American Church. Despite many laws against the use of peyote, these
Church members of the Native American Church have steadfastly

maintained their right to worship in their own way. They 
have suffered imprisonment and have fought in the courts, 
which, for the most part, have upheld this right.
The Native American Church has developed into a syn- 

cretistic religion, differing from tribe to tribe in minor 
details and in the degree to which ancient practices have 
assimilated Christian elements. The ritual surrounding 
ingestion of peyote is a highly symbolic night-long cer­
emony in the charge of an experienced Indian. Whites 
privileged to attend the service invariably speak of its 
dignity and impressiveness. Peyote itself is highly venerat- 
ed and spoken of sometimes as a gift of God, sometimes 
personified as the Peyote Spirit. It is looked on partly 
as the possessor of magical qualities of protection and 
healing and the revealer of hidden knowledge, and partly 
as a guide that motivates and strengthens the worshipper. 
There is as much controversy among the Indians them­
selves over peyote as there is over lsd among whites. But 
the cult seems to be spreading. Contrary to the assertions 
of Christian missionaries, who find them hard to convert, 
the peyote Indians, doubtless influenced by the religions 
of whites around them, are reported to be superior to the 
nonpeyote Indians in achieving their aims of brotherly 
love, hard work and self-reliance, family responsibility, 
and abstinence from alcohol.

Because hallucinogenic drugs, both natural and synthetic, 
tend to evoke an experience spontaneously recognized by 
many as religious and therefore of supreme value to the 
user, small communities of seekers have grown up wher- 
ever the drugs are generally used, most recently among 
whites in large centres of population. Because of what they 
consider to be harassment by unsympathetic elements in 
the cities, many such communities have moved to rural or 
wilderness areas. Emphasis on spontaneity leads to poor 
Organization, and consequently the histories of most of 
these communities are short. (W.H.C./Ed.)
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Alexander the Great

Alexander the Great (Alexander III), king of Mace- 
donia, overthrew the Persian Empire, carried Mac- 
edonian arms to India, and laid the foundations for 

the Hellenistic world of territorial kingdoms. Already in 
his lifetime the subject of fabulous stories, he later became 
the hero of a full-scale legend bearing only the sketchiest 
resemblance tö his historical career.

LIFE
He was bom in 356 bc  at Pella in Macedonia, the son of 
Philip II and Olympias (daughter of King Neoptolemus of 
Epirus). From age 13 to 16 he was taught by Aristotle, who 
inspired him with an interest in philosophy, medicine, and 
scientific investigation; but he was later to advance beyond 
his teacher’s narrow precept that non-Greeks should be 
treated as slaves. Left in charge of Macedonia in 340 dur- 
ing Philip’s attack on Byzantium, Alexander defeated the 
Maedi, a Thracian people; two years later he commanded 
the left wing at the Battle of Chaeronea, in which Philip 
defeated the allied Greek States, and displayed personal 
courage in breaking the Sacred Band of Thebes. A year 
later Philip divorced Olympias; and, after a quarrel at a 
feast held to celebrate his father’s new marriage, Alexander 
and his mother fled to Epirus, and Alexander later went 
to Illyria. Shortly afterward, father and son were recon- 
ciled and Alexander retumed; but his Position as heir was 
jeopardized.

Alexander the Great, portrait head on a coin of Lysimachus 
(355-281 BC). In the British Museum.
By courtesy of the trustees of the British Museum; photograph, J.R. Freeman & Co. Ltd.

In 336, however, on Philip’s assassination, Alexander, 
acclaimed by the army, succeeded without Opposition. He 

Alexander at once executed the princes of Lyncestis, alleged to be 
succeeds behind Philip’s murder, along with all possible rivals and 
Philip the whole of the faction opposed to him. He then marched 

south, recovered a wavering Thessaly, and at an assembly 
of the Greek League at Corinth was appointed generalis- 
simo for the forthcoming invasion of Asia, already planned 
and initiated by Philip. Retuming to Macedonia by way of 
Delphi (where the Pythian priestess acclaimed him “invin- 
cible”), he advanced into Thrace in spring 335 and, after 
forcing the Shipka Pass and crushing the Triballi, crossed 
the Danube to disperse the Getae; tuming west, he then 
defeated and shattered a coalition of Illyrians who had in­
vaded Macedonia. Meanwhile, a rumour of his death had 
precipitated a revolt of Theban democrats; other Greek 
States favoured Thebes, and the Athenians, urged on by 
Demosthenes, voted help. In 14 days Alexander marched 
240 miles from Pelion (near modern Korgë, Albania) in 
Illyria to Thebes. When the Thebans refused to surrender, 
he made an entry and razed their city to the ground, 
sparing only temples and Pindar’s house; 6,000 were killed 
and all survivors sold into slavery. The other Greek States

were cowed by this severity, and Alexander could afford to 
treat Athens leniently. Macedonian garrisons were left in 
Corinth, Chalcis, and the Cadmea (the citadel of Thebes).

Beginnings of the Persian expedition. From his acces- 
sion Alexander had set his mind on the Persian expedition.
He had grown up to the idea. Moreover, he needed the
wealth of Persia if he was to maintain the army built by
Philip and pay off the 500 talents he owed. The exploits
of the Ten Thousand, Greek soldiers of fortune, and of Exploits
Agesilaus pf Sparta, in successfully campaigning in Per- of the Ten
sian territory had revealed the vulnerability of the Persian Thousand
Empire. With a good cavalry force Alexander could expect
to defeat any Persian army. In spring 334 he crossed the
Dardanelles, leaving Antipater, who had already faithfully
served his father, as his deputy in Europe with over 13,000
men; he himself commanded about 30,000 foot and over
5,000 cavalry, of whom nearly 14,000 were Macedonians
and about 7,000 allies sent by the Greek League. This
army was to prove remarkable for its balanced combina-
tion of arms. Much work feil on the lightarmed Cretan
and Macedonian archers, Thracians, and the Agrianian
javelin men. But in pitched battle the striking force was
the cavalry, and the core of the army, should the issue
still remain undecided after the cavalry charge, was the
infantry phalanx, 9,000 strong, armed with 13-foot spears
and shields, and the 3,000 men of the royal battalions,
the hypaspists. Alexander’s second in command was Par-
menio, who had secured a foothold in Asia Minor during
Philip’s lifetime; many of his family and supporters were
entrenched in positions of responsibility. The army was
accompanied by surveyors, engineers, architects, scientists,
court officials, and historians; from the outset Alexander
seem s to  have env isaged  a n  u n lim ite d  O peration.
After visiting Ilium (Troy), a romantic gesture inspired 

by Homer, he confronted his first Persian army, led by 
three satraps, at the Granicus (modern Kocaba§) River, 
near the Sea of Marmara (May/June 334). The Persian 
plan to tempt Alexander across the river and kill him in 
the melee almost succeeded; but the Persian line broke, 
and Alexander’s victory was complete. Darius’ Greek mer- 
cenaries were largely massacred, but 2,000 survivors were 
sent back to Macedonia in chains. This victory exposed 
western Asia Minor to the Macedonians, and most cities 
hastened to open their gates. The tyrants were expelled and 
(in contrast to Macedonian policy in Greece) democracies 
were installed. Alexander thus underlined his Panhellenic 
policy, already symbolized in the sending of 300 panoplies 
(sets of armour) taken at the Granicus as an offering ded- 
icated to Athena at Athens by “Alexander son of Philip 
and the Greeks (except the Spartans) from the barbarians 
who inhabit Asia.” (This formula, cited by the Greek 
historian Arrian in his history of Alexander’s campaigns, 
is noteworthy for its omission of any reference to Mace­
donia.) But the cities remained de facto under Alexander, 
and his appointment of Calas as satrap of Hellespontine 
Phrygia reflected his claim to succeed the Great King of 
Persia. When Miletus, encouraged by the proximity of the 
Persian fleet, resisted, Alexander took it by assault; but, 
refusing a naval battle, he disbanded his own costly navy 
and announced that he would “defeat the Persian fleet 
on land,” by occupying the Coastal cities. In Caria, Hali- 
camassus resisted and was stormed; but Ada, the widow 
and sister of the satrap Idrieus, adopted Alexander as her 
son and, after expelling her brother Pixodarus, Alexander 
restored her to her satrapy. Some parts of Caria held out, 
however, until 332.

Asia Minor and the Battle of Issus. In winter 334- 
333 Alexander conquered western Asia Minor, subduing 
the hill tribes of Lycia and Pisidia; and in spring 333 he 
advanced along the Coastal road to Perga, passing the cliffs 
of Mt. Climax, thanks to a fortunate change of wind.
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The fall in the level of the sea was interpreted as a mark 
of divine favour by Alexander’s flatterers, including the 
historian Callisthenes. At Gordium in Phrygia, tradition 
records his cutting of the Gordian knot, which could only 
be loosed by the man who was to rule Asia; but this story 
may be apocryphal or at least distorted. At this point 
Alexander benefitted from the sudden death of Memnon, 
the competent Greek commander of the Persian fleet. 
From Gordium he pushed on to Ancyra (modern Ankara) 
and thence south through Cappadocia and the Cilician 
Gates (modem Külek Bogazi); a fever held him up for 
a time in Cilicia. Meanwhile, Darius with his Grand 
Army had advanced northward on the eastern side of 
Mt. Amanus. Intelligence on both sides was faulty, and 
Alexander was already encamped by Myriandrus (near 
modern Iskendemn, Turkey) when he learned that Darius 
was astride his line of Communications at Issus, north of 
Alexander’s position (autumn 333). Turning, Alexander 
found Darius drawn up along the Pinams River. In the 
battle that followed, Alexander won a decisive victory. 
The struggle turned into a Persian rout and Darius fled, 
leaving his family in Alexander’s hands; the women were 
treated with chivalrous care.

Conquest of the Mediterranean coast and Egypt. From 
Issus Alexander marched south into Syria and Phoenicia, 
his object being to isolate the Persian fleet from its bases 
and so to destroy it as an effective fighting fotce. The 
Phoenician cities Maräthus and Aradus came over qui- 
etly, and Parmenio was sent ahead to secure Damascus 
and its rich booty, including Darius’ war ehest. In reply 
to a letter from Darius offering peace, Alexander replied 
arrogantly, recapitulating the historie wrongs of Greece 
and demanding unconditional surrender to himself as lord 
of Asia. After taking Byblos (modem Jubayl) and Sidon 
(Arabic Saydä), he met with a check at Tyre, where he was 
refused entry into the island city. He thereupon prepared 
to use all methods of siegecraft to take it, but the Tyrians 
resisted, holding out for seven months. In the meantime 
(winter 333-332) the Persians had counterattacked by land 
in Asia Minor—where they were defeated by Antigonus, 
the satrap of Greater Phrygia—and by sea, recaptunng a 
number of cities and islands.
While the siege of Tyre was in progress, Darius sent a 

new offer: he would pay a huge ransom of 10,000 talents 
for his family and cede all his lands west of the Eu- 
phrates. “I would accept,” Parmenio is reported to have 
said, “were I Alexander”; “I too,” was the famous retort, 
“were I Parmenio.” The storming of Tyre in July 332 was 
Alexander’s greatest military achievement; it was attended 
with great carnage and the sale of the women and chil­
dren into slavery. Leaving Parmenio in Syria, Alexander 
advanced south without Opposition until he reached Gaza 
on its high mound; there bitter resistance halted him for 
two months, and he sustained a serious shoulder wound 
during a sortie. There is no basis for the tradition that he 
turned aside to visit Jerusalem.

In November 332 he reached Egypt. The people wel- 
comed him as their deliverer, and the Persian satrap Maza- 
ces wisely surrendered. At Memphis Alexander sacrificed 
to Apis, the Greek term for Hapi, the sacred Egyptian 
bull, and was crowned with the traditional double crown 
of the pharaohs; the native priests were placated and their 
religion encouraged. He spent the winter organizing Egypt, 
where he employed Egyptian govemors, keeping the army 
under a separate Macedonian command. He founded the 
city of Alexandria near the western arm of the Nile on a 
fine site between the sea and Lake Mareotis, protected by 
the island of Pharos, and had it laid out by the Rhodian 
architect Deinocrates. He is also said to have sent an ex­
pedition to discover the causes of the flooding of the Nile. 
From Alexandria he marched along the coast to Paraeto- 
nium and from there inland to visit the celebrated oracle 
of the god Amon (at Sïwah); the difficult joumey was later 
embroidered with flattering legends. On his reaching the 
oracle in its oasis, the priest gave him the traditional salu- 
tation of a pharaoh, as son of Amon; Alexander consulted 
the god on the success of his expedition but revealed the 
reply to no one. Later the incident was to contribute to 
the story that he was the son of Zeus and, thus, to his “de-

ification.” In spring 331 he returned to Tyre, appointed 
a Macedonian satrap for Syria, and prepared to advance 
into Mesopotamia. His conquest of Egypt had completed 
his control of the whole eastern Mediterranean coast.

In July 331 Alexander was at Thapsacus on the Eu- 
phrates. Instead of taking the direct route down the river 
to Babylon, he made across northem Mesopotamia toward 
the Tigris, and Darius, learning of this move from an ad­
vance force sent under Mazaeus to the Euphrates Crossing, 
marched up the Tigris to oppose him. The decisive battle 
of the war was fought on the plain of Gaugamela between 
Nineveh and Arbela. Alexander pursued the defeated Per­
sian forces for 35 miles to Arbela, but Darius escaped with 
his Bactrian cavalry and Greek mercenaries into Media.
Alexander now occupied Babylon, city and province; 

Mazaeus, who surrendered it, was confirmed as satrap in 
conjunction with a Macedonian troop commander, and 
quite exceptionally was granted the right to coin. As in 
Egypt, the local priesthood was encouraged. Susa, the Cap­
ital, also surrendered, releasing huge treasures amounting 
to 50,000 gold talents; here Alexander established Darius’ 
family in comfort. Crushing the mountain tribe of the 
Ouxians, he now pressed on over the Zagros range into 
Persia proper and, successfully turning the Pass of the 
Persian Gates, held by the satrap Ariobarzanes, he entered 
Persepolis and Pasargadae. At Persepolis he ceremonially 
burned down the palace of Xerxes, as a Symbol that the 
Panhellenic war of revenge was at an end; for such seems 
the probable significance of an act that tradition later ex- 
plained as a drunken frolic inspired by Thaïs, an Athenian 
courtesan. In spring 330 Alexander marched north into 
Media and occupied its Capital Ecbatana. The Thessalians 
and Greek allies were sent home; henceforward he was 
waging a purely personal war.

As Mazaeus’ appointment indicated, Alexander’s views 
on the empire were changing. He had come to envis- 
age a joint ruling people consisting of Macedonians and 
Persians, and this served to augment the misunderstand- 
ing that now arose between him and his people. Before 
continuing his pursuit of Darius, who had retreated into
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trusted it to Harpalus, who was to hold it at Ecbatana as 
chief treasurer. Parmenio was also left behind in Media to 
control Communications; the presence of this older man 
had perhaps become irksome.
In midsummer 330 Alexander set out for the eastern 

provinces at a high speed via Rhagae (modem Rayy, near 
Tehrän) and the Caspian Gates, where he learned that 
Bessus, the satrap of Bactria, had deposed Darius. After 
a skirmish near modem Shährüd, the usurper had Darius 
stabbed and left him to die. Alexander sent his body for 
burial with due honours in the royal tombs at Persepolis.

Campaign eastward, to Central Asia. Darius’ death left 
no obstacle to Alexander’s claim to be Great King, and 
a Rhodian inscription of this year (330) calls him “lord 
of Asia”—i.e., of the Persian Empire; soon afterward his 
Asian coins carry the title of king. Crossing the Elburz 
Mountains to the Caspian, he seized Zadracarta in Hyrca- 
nia and received the Submission of a group of satraps and 
Persian notables, some of whom he confirmed in_ their 
offices; in a diversion westward, perhaps to modem Amol, 
he reduced the Mardi, a mountain people who inhabited 
the Elburz Mountains. He also accepted the surrender of 
Darius’ Greek mercenaries. His advance eastward was now 
rapid. In Aria he reduced Satibarzanes, who had offered 
Submission only to revolt, and he founded Alexandria of 
the Arians (modem Herät). At Phrada in Drangiana (ei­
ther near modem Nad-e cAli in Seistan or farther north 
at Farah), he at last took steps to destroy Parmenio and 
his family. Philotas, Parmenio’s son, commander of the 
elite Companion cavalry, was implicated in an alleged 
plot against Alexander’s life, condemned by the army, 
and executed; and a secret message was sent to Cleander, 
Parmenio’s second in command, who obediently assassi- 
nated him. This ruthless action excited widespread horror 
but strengthened Alexander’s position relative to his crit- 
ics and those whom he regarded as his father’s men. All 
Parmenio’s adherents were now eliminated and men close 
to Alexander promoted. The Companion cavalry was re-
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organized in two sections, each containing four squadrons 
(now known as hipparchies); one group was commanded 
by Alexander’s oldest friend, Hephaestion, the other by 
Cleitus, an older man. From Phrada, Alexander pressed 
on during the winter of 330-329 up the valley of the 
Helmand River, through Arachosia, and over the moun­
tains past the site of modern Kabul into the country 
öf the Paropamisadae, where he founded Alexandria by 
the Caucasus.

Revolt in Bessus was now in Bactria raising a national revolt in 
Bactria and the eastern satrapies with the usurped title of Great King. 
Sogdiana Crossing the Hindu Kush northward over the Khawak 

Pass (11,650 feet), Alexander brought his army, despite 
food shortages, to Drapsaca (sometimes identified with 
modern Banu [Andarab], probably farther north at Qun- 
duz); outflanked, Bessus fled beyond the Oxus (modern 
Amu Darya), and Alexander, marching west to Bactra- 
Zariaspa (modern Balkh [Wazirabad] in Afghanistan), ap- 
pointed loyal satraps in Bactria and Aria. Crossing the 
Oxus, he sent his general Ptolemy in pursuit of Bessus, 
who had meanwhile been overthrown by the Sogdian Spi- 
tamenes. Bessus was captured, flogged, and sent to Bactra, 
where he was later mutilated after the Persian manner 
(losing his nose and ears); in due course he was publicly 
executed at Ecbatana.
From Maracanda (modern Samarkand) Alexander ad­

vanced by way of Cyropolis to the Jaxartes (modern 
Syrdarya), the boundaiy of the Persian Empire. There he 
broke the Opposition of the Scythian nomads by his use of 
catapults and, after defeating them in a battle on the north 
bank of the river, pursued them into the interior. On the 
site of modern Leninabad (Khojent) on the Jaxartes, he 
founded a city, Alexandria Eschate, “the farthest.” Mean­
while, Spitamenes had raised all Sogdiana in revolt behind 
him, bringing in the Massagetai, a people of the Saka 
confederacy. It took Alexander until the autumn of 328 
to crush the most determined opponent he encountered 
in his campaigns. Later ih the same year he attacked Ox- 
yartes and the remaining barons who held out in the hills 
of Paraetacene (modern Tadzhikistan); volunteers seized 
the crag on which Oxyartes had his stronghold, and among 
the captives was his daughter, Roxana. In reconciliation 
Alexander married her, and the rest of his opponents were 
either won over or crushed.

An incident that occurred at Maracanda widened the 
breach between Alexander and many of his Macedonians. 
He murdered Cleitus, one of his most trusted Comman­
ders, in a drunken quarrel; but his excessive display of 
remorse led the army to pass a decree convicting Cleitus 

Progress posthumously of treason. The event marked a step in 
toward Alexander’s progress toward Eastern absolutism, and this 
absolutism growing attitude found its outward expression in his use 

of Persian royal dress. Shortly afterward, at Bactra, he at- 
tempted to impose the Persian court ceremonial, involving 
prostration (proskynesis), on the Greeks and Macedonians 
too; but to them this custom, habitual for Persians enter­
ing the king’s presence, implied an act of worship and was 
intolerable before a man. Even Callisthenes, historian and 
nephew of Aristotle, whose ostentatious flattery had per­
haps encouraged Alexander to see himself in the role of a 
god, refused to abase himself. Macedonian laughter caused 
the experiment to founder, and Alexander abandoned it. 
Shortly afterward, however, Callisthenes was held to be 
privy to a conspiracy among the royal pages and was 
executed (or died in prison; accounts vary); resentment of 
this action alienated sympathy from Alexander within the 
Peripatetic school of philosophers, with which Callisthenes 
had close connections.

Invasion of India. In early summer 327 Alexander left 
Bactria with a reinforced army under a reorganized com­
mand. If Plutarch’s figure of 120,000 men has any reality, 
however, it must include all kinds of auxiliary services, 
together with muleteers, camel drivers, medical corps, 
peddlers, entertainers, women, and children; the fighting 
strength perhaps stood at about 35,000. Recrossing the 
Hindu Kush, probably by Bamian and the Ghorband Val­
ley, Alexander divided his forces. Half the army with the 
baggage under Hephaestion and Perdiccas, both cavalry 
Commanders, was sent through the Khyber Pass, while he

himself led the rest, together with his siege train, through 
the hills to the north. His advance through Swät and 
Gandhära was marked by the storming of the almost im- 
pregnable pinnacle of Aomos, the modern Pir-Sar, a few 
miles west of the Indus and north of the Buner River, 
an impressive feat of siegecraft. In spring 326, Crossing 
the Indus near Attock, Alexander entered Taxila, whose 
ruler, Taxiles, fumished elephants and troops in return for 
aid against his rival Porus, who ruled the lands between 
the Hydaspes (modern Jhelum) and the Acesines (modern 
Chenäb). In June Alexander fought his last great battle Battle 
on the left bank of the Hydaspes. He founded two cities of the 
there, Alexandria Nicaea (to celebrate his victory) and Hydaspes 
Bucephala (named after his horse Bucephalus, which died 
there); and Porus became his ally.

How much Alexander knew of India beyond the Hypha- 
sis (probably the modern Beas) is uncertain; there is no 
conclusive proof that he had heard of the Ganges. But 
he was anxious to press on farther, and he had advanced 
to the Hyphasis when his army mutinied, refusing to go 
farther in the tropical rain; they were weary in body and 
spirit, and Coenus, one of Alexander’s four chief marshals, 
acted as their spokesman. On finding the army adamant,
Alexander agreed to turn back.

On the Hyphasis he erected 12 altars to the 12 Olympian 
gods, and on the Hydaspes he built a fleet of 800 to 1,000 
ships. Leaving Porus, he then proceeded down the river 
and into the Indus, with half his forces on shipboard and 
half marching in three columns down the two banks. The 
fleet was commanded by Nearchus, and Alexander’s own 
captain was Önesicritus; both later wrote accounts of the 
campaign. The march was attended with much fighting 
and heavy, pitiless slaughter; at the storming of one town 
of the Malli near the Hydraotes (Ravi) River, Alexander 
received a severe wound which left him weakened.

On reaching Patala, located at the head of the Indus 
delta, he built a harbour and docks and explored both Return 
arms of the Indus, which probably then ran into the from India 
Rann of Kutch. He planned to lead part of his forces 
back by land, while the rest in perhaps 100 to 150 ships 
under the command of Nearchus, a Cretan with naval 
experience, made a voyage of exploration along the Per­
sian Gulf. Local Opposition led Nearchus to set sail in 
September (325), and he was held up for three weeks 
until he could pick up the northeast monsoon in late 
October. In September Alexander too set out along the 
coast through Gedrosia (modern Baluchistan), but he was 
soon compelled by mountainous country to turn inland, 
thus failing in his project to establish food depots for the 
fleet. Craterus, a high-ranking officer, already had been 
sent off with the baggage and siege train, the elephants, 
and the sick and wounded, together with three battalions 
of the phalanx, by way of the Mulla Pass, Quetta, and 
Kandahar into the Helmand Valley; from there he was to 
march through Drangiana to rejoin the main army on the 
Amanis (modern Minab) River in Carmania. Alexander’s 
march through Gedrosia proved disastrous; waterless des- 
ert and shortage of food and fuel caused great suffering, 
and many, especially women and children, perished in 
a sudden monsoon flood while encamped in a wadi. At 
length, at the Amanis, he was rejoined by Nearchus and 
the fleet, which also had suffered losses.

Consolidation of the empire. Alexander now proceeded 
farther with the policy of replacing senior officials and 
executing defaulting govemors on which he had already 
embarked before leaving India. Between 326 and 324 over 
a third of his satraps were superseded and six were put 
to death, including the Persian satraps of Persis, Susiana,
Carmania, and Paraetacene; three generals in Media, in­
cluding Cleander, the brother of Coenus (who had died a 
little earlier), were accused of extortion and summoned to 
Carmania, where they were arrested, tried, and executed.
How far the rigour that from now onward Alexander dis- 
played against his governors represents exemplary punish- 
ment for gross maladministration during his absence and 
how far the elimination of men he had come to distrust 
(as in the case of Phiiotas and Parmenio) is debatable; but 
the ancient sources generally favourable to him comment 
adversely on his severity.
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In spring 324 he was back in Susa, Capital of Elam and 
administrative centre of the Persian Empire; the story of 
his joumey through Carmania in a drunken revel, dressed 
as Dionysus, is embroidered, if not wholly apocryphal He 
found that his treasurer, Harpalus, evidently fearing pun- 
ishment for peculation, had absconded with 6,000 merce­
naries and 5,000 talents to Greece; arrested in Athens, he 

\ttem pt at escaped and later was murdered in Crete. At Susa Alexan- 
:reating a der held a feast to celebrate the seizure of the Persian 
master race Empire, at which, in furtherance of his policy of fusing 

Macedonians and Persians into one master race, he and 
80 of his officers took Persian wives; he and Hephaestion 
married Darius’ daughters Barsine (also called Stateira) 
and Drypetis, respectively, and 10,000 of his soldiers with 
native wives were given generous dowries.

This policy of racial fusion brought increasing friction to 
Alexander’s relations with his Macedonians, who had no 
sympathy for his changed concept of the empire. His de- 
termination to incorporate Persians on equal terms in the 
army and the administration of the provinces was bitterly 
resented. This discontent was now fanned by the arrival 
of 30,000 native youths who had received a Macedonian 
military training and by the introduction of Orientais 
from Bactria, Sogdiana, Arachosia, and other parts of the 
empire into the Companion cavalry; whether Orientais 
had previously served with the Companions is uncertain, 
but if so they must have formed separate squadrons. In 
addition, Persian nobles had been accepted into the royal 
cavalry bodyguard. Peucestas, the new governor of Per- 
sis, gave this policy full support tö flatter Alexander; but 
most Macedonians saw it as a threat to their own privi- 
leged position.

The issue came to a head at Opis (324), when Alexan­
der’s decision to send home Macedonian veterans under 
Craterus was interpreted as a move toward transferring 
the seat of power to Asia. There was an open mutiny in- 
volving all but the royal bodyguard; but when Alexander 
dismissed his whole army and enrolled Persians instead, 
the Opposition broke down. An emotional scene of rec- 
onciliation was followed by a vast banquet with 9,000
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the partnership in government of Macedonians and Per­
sians—but not, as has been argued, the incorporation of 
all the subject peoples as partners in the Commonwealth. 
Ten thousand veterans were now sent back to Macedonia 
with gifts, and the crisis was surmounted.

In summer 324 Alexander attempted to solve another 
problem, that of the wandering mercenaries, of whom 
there were thousands in Asia and Greece, many of them 
political exiles from their own cities. A decree brought by 
Nicanor to Europe and proclaimed at Olympia (Septem­
ber 324) required the Greek cities of the Greek League 
to receive back all exiles and their families (except the 
Thebans), a measure that implied some modification of 
the Oligarchie regimes maintained in the Greek cities by 
Alexander’s governor Antipater. Alexander now planned 
to recall Antipater and supersede him by Craterus; but he 
was to die before this could be done.

In autumn 324 Hephaestion died in Ecbatana, and 
Last year Alexander indulged in extravagant mouming for his clos- 
and death est friend; he was given a royal funeral in Babylon with 

a pyre costing 10,000 talents. His post of chiliarch (grand 
vizier) was left unfilled. It was probably in connection 
with a general order now sent out to the Greeks to honour 
Hephaestion as a hero that Alexander linked the demand 
that he himself should be accorded divine honours. For 
a long time his mind had dwelt on ideas of godhead. 
Greek thought drew no very decided line of demarcation 
between god and man, for legend offered more than one 
example of men who, by their achievements, acquired 
divine status. Alexander had on several occasions encour­
aged favourable comparison of his own accomplishments 
with those of Dionysus or Heracles. He now seems to have 
become convinced of the reality of his own divinity and to 
have required its acceptance by others. There is no reason 
to assume that his demand had any political background 
(divine status gave its possessor no particular rights in a 
Greek city); it was rather a symptom of growing meg- 
alomania and emotional instability. The cities perforce

complied, but often ironically: the Spartan decree read,
“Since Alexander wishes to be a god, let him be a god.”
In the winter of 324 Alexander carried out a savage 

punitive expedition against the Cossaeans in the hills of 
Luristan. The following spring at Babylon he received 
complimentary embassies from the Libyans and from the 
Bruttians, Etruscans, and Lucanians of Italy; but the story 
that embassies also came from more distant peoples, such 
as Carthaginians, Celts, Iberians, and even Romans, is 
a later invention. Representatives of the cities of Greece 
also came, garlanded as befitted Alexander’s divine sta­
tus. Following up Nearchus’ voyage, he now founded an 
Alexandria at the mouth of the Tigris and made plans to 
develop sea Communications with India, for which an ex­
pedition along the Arabian coast was to be a preliminary.
He also dispatched Heracleides, an officer, to explore the 
Hyrcanian (i.e., Caspian) Sea. Suddenly, in Babylon, while 
busy with plans to improve the irrigation of the Euphrates 
and to settle the coast of the Persian Gulf, Alexander was 
taken ill after a prolonged banquet and drinking bout; 10 
days later, on June 13, 323, he died in his 33rd year; he 
had reigned for 12 years and eight months. His body, di- 
verted to Egypt by Ptolemy, the later king, was eventually 
placed in a golden coffin in Alexandria. Both in Egypt and 
elsewhere in the Greek cities he received divine honours.

No heir had been appointed to the throne, and his gen- 
erals adopted Philip II’s half-witted illegitimate son, Philip 
Arrhidaeus, and Alexander’s posthumous son by Roxana,
Alexander IV, as kings, sharing out the satrapies among 
themselves, after much bargaining. The empire could 
hardly survive Alexander’s death as a unit. Both kings 
were murdered, Arrhidaeus in 317 and Alexander in 310/
309. The provinces became independent kingdoms, and 
the generals, following Antigonus’ lead in 306, took the 
title of king.

EVALUATION

Of Alexander’s plans little reliable information survives.
The far-reaching schemes for the conquest of the western 
Mediterranean and the setting up of a universal monarchy, 
recorded by Diodoms, a lst-century Greek historian, are 
probably based on a later forgery; if not, they were at once 
jettisoned by his successors and the army. Had he lived, 
he would no doubt have completed the conquest of Asia 
Minor, where Paphlagonia, Cappadocia, and Armenia still 
maintained an effective independence. But in his later 
years Alexander’s aims seem to have been directed toward 
exploration, in particular of Arabia and the Caspian.

In the Organization of his empire, Alexander had been Achieve- 
content in many spheres to improvise and adapt what he ment 
found. His financial policy is an exception; though the de­
tails cannot be wholly recovered, it is clear that he set up 
a central Organization with collectors perhaps independent 
of the local satraps. That this proved a failure was partly 
due to weaknesses in the character of Harpalus, his chief 
treasurer. But the establishment of a new coinage with a 
silver Standard based on that of Athens in place of the old 
bimetallic system current both in Macedonia and in Persia 
helped trade everywhere and, combined with the release 
of vast amounts of bullion from the Persian treasuries, 
gave a much-needed fillip to the economy of the whole 
Mediterranean area.
Alexander’s foundation of new cities—Plutarch speaks 

of over 70—initiated a new chapter in Greek expansion.
No doubt many of the colonists, by no means volunteers, 
deserted these cities, and marriages with native women led 
to some dilutiön of Greek ways; but the Greek (rather than 
Macedonian) influence remained strong in most of them, 
and since the process was carried further by Alexander’s 
Seleucid successors, the spread of Hellenic thought and 
customs over much of Asia as far as Bactria and India was 
one of the more striking effects of Alexander’s conquests.

His plans for racial fusion, on the other hand, were a 
failure. The Iranian satraps were perhaps not efficiënt, for 
out of 18, ten were removed or executed—with what jus- 
tice it is no longer possible to say. But, more important, 
the Macedonians, leaders and men alike, rejected the idea, 
and in the later Seleucid Empire the Greek and Macedo­
nian element was to be clearly dominant.
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General­
ship

How far Alexander would have succeeded in the difficult 
task of coordinating his vast dominions, had he lived, is 
hard to determine. The only link between the many units 
that went to make up an empire more disparate than that 
of the Habsburgs, and far larger* was his own person; and 
his death came before he could tackle this problem.

What had so far held it all together was his own dynamic 
personality. He combined an iron will and ability to drive 
himself and his men to the utmost with a supple and 
flexible mind; he knew when to draw back and change his 
policy, though he did this reluctantly. He was imaginative 
and not without romantic impulses; figures like Achilles, 
Heracles, and Dionysus were often in his mind, and the 
salutation at the oracle of Amon clearly influenced his 
thoughts and ambitions ever afterward. He was swift in 
anger, and under the strain of his long campaigns this 
side of his character grew more pronounced. Ruthless and 
self-willed, he had increasing recourse to terror, showing 
no hesitation in eliminating men whom he had ceased to 
trust, either with or without the pretense of a fair trial. 
Years after his death, Cassander, son of Antipater, a re­
gent of the Macedonian Empire under Alexander, could 
not pass his statue at Delphi without shuddering. Yet he 
maintained the loyalty of his men, who followed him 
to the Hyphasis without complaining and continued to 
believe in him throughout all hardships. Only when his 
whim would have taken them still farther into unknown 
India did he fail to get his way.
As a general Alexander is among the greatest the world 

has known. He showed unusual versatility both in the 
combination of different arms and in adapting his tactics 
to the challenge of enemies who commanded novel forms 
of warfare—the Saka nomads, the Indian hill tribes, or 
Porus with his elephants. His strategy was skillful and 
imaginative, and he knew how to exploit the chances that 
arise in every battle and may be decisive for victory or 
defeat; he also drew the last advantage from victory by 
relentless pursuit. His use of cavalry was so effective that 
he rarely had to fall back upon his infantry to deliver the 
crushing blow.
Alexander’s short reign marks a decisive moment in the 

history of Europe and Asia. His expedition and his own 
personal interest in scientific investigation brought many 
advances in the knowledge of geography and natural his­
tory. His career led to the moving of the great centres 
of civilization eastward and initiated the new age of the 
Greek territorial monarchies; it spread Hellenism in a vast 
colonizing wave throughout the Near East and created,

if not politically, at least economically and culturally, a 
single world Stretching from Gibraltar to the Punjab, open 
to trade and social intercourse and with a considerable 
overlay of common civilization and the Greek koinê as 
a lingua franca. It is not untrue to say that the Roman 
Empire, the spread of Christianity as a world religion, and 
the long centuries of Byzantium were all in some degree 
the fruits of Alexander’s achievement.
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complete biography, with genealogy and an annotated bibli­
ography; Ma r y  Re n a u l t , The Nature of Alexander (1975), a 
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of ancient sources and a favourable portrait of Alexander; e . 
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Alexander the Great (1969); d o n a l d  w . e n g e l s , Alexander the 
Great and the Logistics of the Macedonian Army (1978); and 
N.G.L. h a m m o n d , Alexander the Great: King, Commander, and 
Statesman (1981). r o b in  l a n e  f o x , The Search for Alexander 
(1980), a biography drawn from newer research on Alexan­
der, coincides with the exhibit of the same title, described in 
n a t io n a l  g a l l e r y  o f  a r t . Wa s h in g t o n , D.c., The Search 
for Alexander: An Exhibition (1980), a catalog with essays 
on Alexander and on Macedonian history and art. p s e u d o - 
c a l l ist h e n e s , The Romance of Alexander the Great, trans, by 
a l b e r t  M. WOLOHOJIAN (1969), is the first English translation 
of a 5th-century Armenian version of the Historia Alexandri 
Magni, composed in Greek, probably in the 4th Century a d , by 
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bibliography.

(F.W.W./Ed.)



8 Alexandria

Alexandria

Alexandria (Arabic al-Iskandariyah), once the great- 
est city of the ancient world, was the Capital of 
Egypt from its fouriding by Alexander the Great in 

332 bc  to a d  642, when it was subdued by the Arabs. It is 
the second largest city, an urban governorate (muhäfazah), 
and the chief seaport of Egypt. It lies on the Mediterranean 
Sea at the western edge of the Nile Delta, about 114 air 
miles (183 kilometres) northwest of Cairo.

Alexandria has always occupied a special place in the 
populär imagination by virtue of its association with 
Alexander and with Mark Antony and Cleopatra, immor- 
talized by Shakespeare. Alexandria also played a key role 
in passing on Hellenic culture to Rome and in the theo- 
logical disputes over the nature of Christ’s divinity that 
divided the early church. The legendary reputation of an­
cient Alexandria grew through a thousand years of serious 
decline following the Arab conquests, during which time 
virtuaily all tracés of the Greco-Rornan city disappeared. 
By the time Napoleon invaded Egypt in 1798, Alexandria 
had been reduced to a fishing village. The modern city 
and port that flourished on the back of the cotton boom 
in the 19th Century has, therefore, little in common with 
the Alexandria of the past.

The free port status granted Alexandria by the Ottoman 
Turks accentuated the cultural ambivalence inherent in 
the city’s location—extended along a spit of land with its 
back to Egypt and its face to the Mediterranean. This idea 
of a free city, open to all manner of men and ideas, was 
something the new Alexandria had in common with the 
old. It was a theme the Greek Constantine Cavafy, draw- 
ing heavily on its legendary past, developed in his poems 
of the city. This idea of Alexandria was taken further by 
the English writer Lawrence Durreil in his four-pait novel, 
The Alexandria Quartet.
Since the 1952 coup in Egypt most of Alexandria’s 

foreign community has departed. Nevertheless, the city 
remains a thriving commercial community, an important 
industrial centre, and Egypt’s principal holiday resort.

This article is divided into the following sections:

Physical and human geography 238 
The landscape 238 

The city site 
Climate 
The city plan 

The people 239 
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Industry and commerce 
The port 
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Administration and social conditions 240 
Government 
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The Roman period 
The Islämic period 

Evolution of the modern city 241 
Bibliography 241

Physical and human geography
THE LANDSCAPE
The city site. The modern city extends 25 miles east to 

west along a limestone ridge, one to two miles wide, that 
separates the salt lake of Maryüt, or Mareotis, now partly 
drained and cultivated, from the Egyptian mainland. An

hourglass-shaped promontory formed by the silting up of 
a mole (the Heptastadium), which was built soon after 
Alexandria’s founding, links the island of Pharos with the 
city centre on the mainland. Its two steeply curving bays 
now form the basins for the Eastern Harbour and the 
Western Harbour.

Climate. The prevailing north wind, blowing across the 
Mediterranean, gives Alexandria a markedly different cli­
mate from that of the desert hinterland. The summers are 
relatively temperate, although humidity can build up in 
July and in August, the hottest month, when the average 
temperature reaches 87° F (31° C). Winters are cool and 
invariably marked by a series of violent storms, which 
can bring torrential rain and even hail. The mean daily 
temperature in January, which is the coldest month, is 
64° F (18° C).
The city plan. Designed by Alexander’s personal archi­

tect, Dinocrates, the city incorporated the best in Hellenic 
planning and architecture. Within a Century of its found­
ing, its splendours rivaled anything known in the ancient 
world. Pride of ancient Alexandria and one of the Seven 
Wonders of the World was the great lighthouse, the Pharos 
of Alexandria, which stood on the eastern tip of the island 
of Pharos. Reputed to be more than 440 feet (135 metres) 
high, it was still Standing in the 12th Century. In 1477, 
however, the sultan Qä'it Bäy used stones from the dilap- 
idated structure to build a fort (named for him), which 
stands near the original site of the Pharos.
The Canopic Way (now al-Hurriyah Avenue) was the 

principal thoroughfare of the Greek city, running east and 
west through its centre. Most of the Ptolemaic and, later, 
Roman monuments stood nearby. The Canopic Way was 
mtersected at its western end by the Street of thc Soma 
(now an-Nabi Dänyäl Street), along which is the legendary 
site of Alexander’s tomb, thought to lie under the mosque 
an-Nabï Dänyäl. Close to this intersection was the Mou- 
seion (museum), the city’s academy of arts and Sciences, 
which included the great Library of Alexandria. At the sea- 
ward end of the Street of the Soma were the two obelisks 
known as Cleopatra’s Needles, which were given in the 
19th Century to the cities of London and New York.
Between al-Hurriyah Avenue and the railway Station is 

the Roman Theatre, which was uncovered in 1959 at 
the Kawm al-Dikkah archaeological site. At the south­
western extremity of the ancient city are the Kawm ash- 
Shuqäfah burial grounds, with their remarkable Hadrianic 
catacombs dating from the 2nd Century a d . Nearby, on 
the site of the ancient fort of Rakotis, is one of the 
few classical monuments still standing: the 88-foot-high 
marble column known as Pompey’s Pillar (actually ded- 
icated to Diocletian soon after 297). Parts of the Arab 
wall, encompassing a much smaller area than the Greco- 
Roman city, survive on al-Hurriyah Avenue, but the city 
contracted still further in Ottoman times to the stem of 
the promontory, now the Turkish Quarter. It is the oldest 
surviving section of the city, housing its finest mosques 
and worst slums.

The modern city only exceeded the size of the old Greek 
one at the tum of the 19th Century, after which it expanded 
dramatically. Midän at-Tahrir (“Liberation Square”) used 
to be the commercial centre, close to the Cotton Exchange 
and the Bourse. The commercial centre has moved east­
ward to Sacd Zaghlül Square, where the Cecil Hotel and 
the regional headquarters of the World Health Organiza­
tion are situated, and inland toward the railway station. 
Blocked to the west by the port and the industrial area, 
urban development moved eastward along the Comiche, 
a seaside promenade officially called al-Jaysh Street, and 
then inland. Today the Comiche is a ribbon of beach 
huts, bathing clubs, and cafés faced across the road by a 
continuous wall of hotels and holiday/apartment blocks.

The Pharos

Pompey’s
Pillar

Comiche
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Alexandria.

THE PEOPLE

From the late 19th Century to the 1980s the population 
grew tenfold—the result of high birthrates and migration 
from the countryside. At the 1976 census the population 
stood at more than 2,000,000, with half the people un­
der 20 years of age. Projections show that the city will 

Inter- have more than twice that number of people by the year
national 2000. The once sizable foreign community, which in 1947
community still formed one-tenth of the population, has shrunk to
depletion insignificant numbers, largely in reaction to the nation-

alization program and the Israeli-Egyptian conflict. Most 
Alexandrians belong to one of two main religious groups, 
the Egyptian Muslims and the Christian Egyptian Copts.

THE ECONOMY

Industry and commerce. Alexandria’s chief economic 
activities, banking, shipping, warehousing, and textile 
manufacturing, reflect the importance of the port and the 
cotton trade. The city has become an important industrial 
centre, accounting for about one-third of Egypt’s indus­
trial output. Most industrial development has taken place 
in the western approaches to the city around the more

modern Western Harbour and along its Southern flank. Industrial 
Industry is now the city’s chief employment sector. expansion
The area around the port known as Mina’ al-Basal 

contains the warehouses and the Cotton Exchange. West 
across the al-Mahmüdiyah Canal is al-Qabbäri neighbour­
hood, site of the asphalt works and rice and paper mills.
Farther to the west is al-Maks with its salt and tanning in­
dustries. There, also, are Alexandria’s principal oil refinery, 
a cement works, and, farther on, the limestone quarries.
Other industrial development is taking place still farther 
west in ad-Dukhaylah, to the south in al-'Amiriyah, and 
south of Lake Maryüt. Lighter industry is concentrated on 
the banks of the al-Mahmüdiyah Canal.

Agriculture is an important economic activity in the 
hinterland, and land reclamation has been attempted with 
some success.

The port. The major portion of Egypt’s foreign trade 
passes through Alexandria’s two main harbours, of which 
the Western Harbour is by far the more important. All 
of the country’s cotton and a large part of its oil are 
exported through the port, as are traditional items such as 
fruits, vegetables, perfumes, and some finished goods. By
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far the largest import is grain. The port handles consider­
ably more than its rated capacity, but improvements are 
being implemented to relieve congestion, which can be 
severe. A container terminal was added, and a container 
port across the bay at ad-Dukhaylah is expected to dou­
ble Alexandria’s pori capacity. Egypt’s depeodence on the 
port of Alexandria will gradually diminish as the port at 
Damietta develops.

Transportation. Alexandria is linked to other Egyptian 
urban centres by railway, roads, and air services. It also 
is connected by canal with the Nile. The main rail link 
to Cairo has been upgraded, and Alexandria is also the 
terminus for the rail line that runs to as-Sallüm on the 
Libyan border. The desert route to Cairo has been im­
proved, thus relieving pressure on the agricultural route 
through the delta region. Another main road links the city 
to Libya. Twice-daily air services operate to Cairo, but 
plans to introducé scheduled international services häve 
not developed. Given the severe limitations on expanding 
the existing airport at Nuzhah, built on land reclaimed 
from Lake Maryüt, al-cAmiriyah was selected as the site 
of the new airport.

ADM INISTRATION A N D  SOCIAL CONDITIONS

Government. In 1895 Alexandria became the first fully 
constituted municipality in Egypt. Based upon an earlier 
Organization formed by the foreign merchants, it had a 
high degree of autonomy in financing the city government. 
After the 1952 revolution the municipality lost its money- 
raising powers and underwent other changes. In 1960, in 
accordahce with the national government’s decentraliza- 
tion policy, the city and its hinterland were incorporated 
into a muhäfazah (govemorate). An appointed governor 
and mostly elected council administer the muhäfazah and 
are responsible to the Ministry of Local Affairs.

Services. In city services Alexandria is on a par with 
other urban muhäfazät of Egypt, providing electricity and 
pure drinking water to all but a small percentage of homes. 
Less than half of the city is provided with sewerage, how­
ever, and pollution of the beaches is becoming a major 
health hazard. A new sewerage system is under develop­
ment, part of an overall plan of city improvements.

Education. In Alexandria, the great learning centre of 
the ancient world, the state supervises education, as is the

rule throughout Egypt. The state system is divided into pri- 
mary, preparatory, secondary, and technical schools and 
is the path taken by the vast majority of Egyptians. A few 
private schools survive from before the 1952 revolution. 
The University of Alexandria, founded as a state univer­
sity in 1942 and accommodating about 100,000 students, 
lies just east of the city centre. Its library is among the 
largest in Egypt.

CULTURAL LIFE

Alexandria’s most important museum, the Greco-Roman 
Museum, situated behind the Municipality Building on al- 
Hurriyah Avenue, is noted for its collection of antiquity, 
most of which comes from finds within the city. Renewed 
interest in the classical period has revived archaeological 
exploration, which is focusing on Kawm ad-Dikkah, the Archae- 
underwater site of the Pharos lighthouse, and the search ological 
for Alexander’s tomb. The Museum of Fine Art, located interests 
across the railway line from the city’s stadium, presents 
exhibitions of modern and local art. In addition, two of 
the royal palaces, Ra’s at-TIn Palace on Pharos island and 
al-Muntazah Palace at the eastern end of al-Jaysh Avenue 
are open to the public. Alexandria is well endowed with 
outdoor recreational establishments. The most populär is 
the Shallälät Gärdens surrounding the remnarits of the 
Arab walls. The Sporting Club and the Smühah Sports 
Club provide ä variety of sporting facilities. There are also 
fine botanical gardens and populär weekend beach resorts.

History
FOUNDATION A ND  MEDIEVAL GROWTH

The Greek period. Alexander the Great founded the 
city in 332 b c  after the start of his Persian campaign; it 
was to be the Capital of his new Egyptian dominion and 
a naval base that would control the Mediterranean. The 
choice of the site that included the ancient settlement of 
Rakotis (which dates back to 1500 b c ) was determined by 
the abundance of water from Lake Maryüt, then a spur 
of the Canopic Nile, and the good anchorage provided 
offshore by the island of Pharos.
After Alexander left Egypt his viceroy, Cleomenes, con­

tinued the creation of Alexandria. With the breakup of 
the empire on Alexander’s death in 323, control of the
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city passed to his viceroy, Ptolemy I, who founded the 
dynasty that took his name. The early Ptolemies success­
fully blended the religions of ancient Greece and Egypt in 
the cult of Sarapis and presided over Alexandria’s golden 
age. Alexandria profited from the demise of Phoenician 
power and from Europe’s growing trade with the East via 
the Nile and the canal that then linked it with the Red 
Sea. Indeed Alexandria became within a Century of its 
founding the greatest city in the world and a centre of 
Greek scholarship and Science. Such scholars as Euclid, 
Archimedes, Plotinus the philosopher, and Ptolemy and 
Eratosthenes the geographers studied at the Mouseion, the 
great research institute founded by the Ptolemies.

The Roman period. The decline of the Ptolemies in the 
Ist and 2nd centuries bc was matched by the rise of Rome. 
Alexandria played a major part in the intrigues that led 
to the establishment of imperial Rome. In Alexandria, 
Cleopatra, the last of the Ptolemies, courted Julius Caesar 
and claimed to have bome him a son. Her attempts at 
restoring the dynasty’s fortunes, however, were thwarted 
by Caesar’s assassination and her unsuccessful support of 
Mark Antony against Caesar’s great-nephew Octavian. In 
30 b c , Octavian (later Augustus) formally brought Alexan­
dria and Egypt under Roman rule.

In a d  45 St. Mark reputedly made his first convert to 
Christianity in Alexandria. Thenceforth the city’s growing 
Christian and Jewish communities United against Roman 
paganism. Periodic persecutions by various early emperors 
failed to subdue these communities, and, when the empire 
formally adopted Christianity under Constantine I, the 
stage was set for schisms within the church.
The first conflict that split the early church was between 

two Alexandrian prelates, Athanasius and Arius, over the 
nature of Christ’s divinity. It was settled in 325 by the 
adoption of the Creed of Nicaea, which affirmed Christ’s 
spiritual divinity and branded Arianism, the belief that 
Christ was lower than God, as heresy. Arianism, however, 
had many imperial Champions, and this sharpened the 
conflict between the Alexandrian church and the state. In 
391 Christians destroyed the Sarapeum, sanctum of the 
Ptolemaic cult and what had been saved by Cleopatra of 
the great Mouseion library. In 415 a Christian faction 
killed the Neoplatonist philosopher Hypatia, and Greek 
culture in Alexandria quickly declined.

With the ascendancy of the Patriarchate of Constantino­
ple, the local church adopted Monophysitism (belief in 
the single nature and therefore physical divinity of Christ) 
as a way of asserting its independence. Although Mono­
physitism was rejected by the Council of Chalcedon (451), 
the Alexandrian church resisted Constantinople’s attempts 
to bring it into line. An underground church developed to 
oppose the established one and became a focus of Egyp­
tian loyalties. Disaffection with Byzantine rule created the 
conditions in which Alexandria feil first to the Persians, 
in 616, and then, in 642, to the Arabs.
The Islämic period. The Arabs occupied Alexandria 

without resistance. Thenceforth, apart from an interlude 
in 645 when the city was briefly taken by the Byzantine 
fleet, Alexandria’s fortunes were tied to the new faith and 
culture emanating from the Arabian deserts. It was soon 
eclipsed politically by the new Arab Capital at al-Fustät (la­
ter to be absorbed into the modern Capital, Cairo), which 
became the strategie prize for those wanting to control 
Egypt. Nevertheless, Alexandria continued to flourish as a 
trading centre, principally for textiles and luxury goods.

Having survived the early Crusades relatively unscathed, 
the city came into its own again with the development of 
the East-West spiee trade, which Egypt monopolized. Un- 
fortunately this trade was lost after the discovery of the sea 
route to India in 1498 and the Turkish conquest of Egypt 
in 1517. Under Turkish rule the canal linking Alexandria 
to the Rosetta branch of the Nile was allowed to silt up, 
strangling the city’s commercial lifeline. Alexandria once 
again contracted into a small fishing village.

EVOLUTION OF THE MODERN CITY
Alexandria’s rebirth began when Muhammad All Pasha 
was appointed Ottoman viceroy of Egypt in 1805. Hop­
ing to modernize Egypt, he reopened Alexandria’s access

to the Nile by building the 45-mile-long al-Mahmüdiyah 
Canal (completed between 1818 and 1820), new docks, 
and an arsenal (1828-33), where he located industry. For­
eign traders were encouraged by the Capitulations, which 
gave them certain legal rights and privileges (for instance, 
to be tried in their own courts), and they began to settle 
in and develop the city. Cotton was introduced into Egypt 
in the 1820s, and by the 1840s Europe’s growing appetite 
for the commodity was making Alexandria rieh. The city 
became an increasingly important banking and commer­
cial centre. The opening of the Cairo railway in 1856, the 
cotton boom created by the American Civil War in the 
early 1860s, and the opening of the Suez Canal in 1869, 
which reestablished Egypt as the principal Staging post to 
India, led to another cycle of rapid growth.

The British bombardment of the city in 1882 to put 
down a local nationalist revolt led directly to the British 
occupation that lasted until 1922. The city nevertheless 
continued to prosper and expand, retaining its position 
as the second (summer) Capital of Egypt. Under British 
patronage the foreign community continued to flourish. 
Alexandria played its part in the nationalist struggle be­
tween and after the world wars. In 1952 it witnessed King 
Farouk’s departure from Egyptian soil after the revolution. 
In 1956 the failure of the tripartite British, French, and 
Israeli invasion discouraged continued residence of the 
foreign community. The sequestrations that followed Suez 
and the subsequent nationalizations in the early 1960s 
drove many more foreigners out.

During the 1960s Alexandria was thoroughly Egyptian- 
ized and brought firmly under Cairo’s control. It benefited, 
however, from Pres. Gamal Abdel Nasser’s industrializa- 
tion program, particularly in food processing and textiles, 
which had been much expanded between the wars. The 
city was adversely affected by the devastating defeat in the 
Six-Day War of June 1967, the dislocation created by the 
closure of the Suez Canal, and the evacuation of the Canal 
Zone. The port was swamped by trade diverted from Port 
Said and had not fully recovered when in 1974 the intro­
duction of an open-door policy led to a flood of imports.

Liberalization, coupled with tentative moves at decen- 
tralization under Pres. Anwar el-Sadat, revived calls by 
the merchant community for greater financial autonomy. 
These in turn have created a new sense of civic iden­
tity and pride. The discovery in 1976 of offshore and 
onshore natural gas has spurred industrial development, 
principally at ad-Dukhaylah, a major iron and steel cen­
tre. Refinery facilities are being upgraded, and Egypt’s 
embryonic petrochemical industry has been established at 
al-'Amirlyah. Alexandria’s access to the outside world is 
also being promoted to encourage light industry. A free 
zone has been established in al-'Amiriyah. The city has 
launched a master plan designed to bring massive civic 
improvements in the late 20th Century.
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authoritative, well-written history and description of the Mar­
yüt district; and p e r c iv a l  g . e l g o o d , The Ptolemies of Egypt 
(1938), is a scholarly but lively history of the Ptolemies, from 
Ptolemy I (died 283 b c ) to Cleopatra (died 30 b c ). m a r y  
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e .m . Fö r s t e r , Alexandria: A History and a Guide, new ed. 
(1982), is a revision of the classic guide to the city, as it 
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Algae

A lgae (singulär alga) are a group of predominantly 
aquatic, photosynthetic organisms that defy precise 
definition. They range in size from the tiny flagel- 

late Micromonas that is 1 micrometre (0.00004 inch) in 
diameter to giant kelp that reach 60 metres (200 feet) in 
length. Algae provide much of the Earth’s oxygen, they 
are the food base for almost all aquatic life, they are an 
original source of petroleum products, and they provide 
foods and industrial products for humans. The algae have 
many types of life cycles, from simple to complex. Their 
photosynthetic pigments are more varied than those of 
plants, and their cells have features not found among 
plants and animals. Some algae are ancient, while other 
groups have evolved more recently. The taxonomy of algae 
is changing rapidly because so much new information is 
being discovered. The study of algae is termed phycology, 
and one who studies algae is known as a phycologist.

The algae as treated in this article do not include the 
prokaryotic (nucleus-lacking) blue-green algae (cyanobac- 
teria) and prochlorophyte algae. Beginning in the 1970s, 
some scientists suggested that the study of the prokaryotic 
algae should be incorporated into the study of bacteria be­
cause of shared cellular features. Other scientists consider 
the oxygen-producing photosynthetic capability of blue- 
green and prochlorophyte algae to be as significant as cell 
structure, and they continue to classify them as algae.

In this article the algae are defined as eukaryotic (nu- 
cleus-bearing) organisms that photosynthesize but lack the 
specialized reproductive structures of plants. Plants always 
have multicellular reproductive structures where the fer­
tile, gamete-producing cells are surrounded by sterile cells; 
this never occurs in algae. Algae lack true roots, sterns, 
and leaves, but they share this feature with the plant divi- 
sion Bryophyta (e.g., mosses and liverworts).

Beginning in the 1830s, algae were classified into ma­
jor groups based on colour. The red, brown, and green 
seaweeds are well known to those who have walked 
along a rocky seashore. The colours are a reflection of

th e  ch lo ro p last p ig m e n t m o lecu les— i.e., th e  Chlorophylls, 
caro ten o id s, a n d  p h y co b ilip ro te in s . M a n y  m o re  th a n  th ree  
g ro u p s are  n ow  recogn ized , a n d  each  d a s s  o f  algae shares 
a  c o m m o n  set o f  p ig m e n t ty p es th a t  is d is tin c t fro m  th o se  
o f  all o th e r  g roups.

The algae are not closely related in an evolutionary 
sense. Specific groups of algae share enough features with 
protozoa and fungi that it is difficult to distinguish them 
from certain protozoa or fungi without using the presence 
of chloroplasts and photosynthesis as delimiting features. 
Thus, some algae have a closer evolutionary relationship 
with the protozoa or fungi than they do with other algae, 
and the converse is also true—some protozoa or fungi are 
more closely related to algae than to other protozoa or 
fungi. In fact, if the algae are united into one evolutionary 
group with a common ancestor, then that evolutionary 
group will include animals, fungi, plants, and protozoa as 
well.

Knowledge and use of algae are perhaps as old as 
mankind (Homo sapiens), and possibly earlier species such 
as H. erectus also knew of, and used, algae. Seaweeds are 
still eaten by Coastal societies, and algae are considered 
acceptable foods in many restaurants. Anyone who has 
slipped on a “slimy” rock (covered with diatoms) while 
Crossing a stream has had firsthand experience with algae. 
Others know algae as green sheens on pools and ponds. 
The algae are the base of the food chain for all marine 
organisms since most plants do not live in the oceans. 
Because the oceans occupy about 71 percent of the Earth’s 
surface area, the role of algae in supporting aquatic life is 
essential.
This article discusses the algae in general terms. For a 

discussion of the related protists, see the articles protozoa 
and protists. For a more complete discussion of photo­
synthesis, see the articles photosynthesis and plants.

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, section 313, and the Index.
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GENERAL FEATURES
Size range and diversity of structure. Algae span seven 

orders of magnitude in size. Many algae consist of only 
one cell, others have two or more cells, and the largest 
have millions of cells. In large, macroscopic algae, groups 
of cells are specialized for specific functions, such as 
anchorage, transport, photosynthesis, and reproduction. 
Specialization involving thousands of cells is sometimes 
interpreted as a measure of complexity and evolution­
ary advancement. An alga that can accomplish the same 
functions using only one cell, however, should not be 
interpreted as a “simple” alga.

The algae are artificially divided into several types based 
on the morphology of their vegetative, or growing, state 
(Figures 1-3). Filamentous forms have cells arranged in 
chains and an overall appearance like strings or filaments. 
Some filaments (like Spirogyra, Figure 1) are unbranched, 
while others, like Stigeoclonium, are branched and appear 
bushlike. In many red algae—for example, Palmaria— 
numerous adjacent filaments lie together and create the

gross morphological form of the alga. Parenchymatous 
(tissuelike) forms, such as the giant kelp Macrocystis, can 
become very large. Other algae grow to large sizes without 
forming distinct cells (i.e., the protoplasm flows together as 
a large living mass); the green seaweed Codium, commonly 
known as dead-man’s-fingers, is an example. Some algae 
have flagella and swim through the water. These flagellates 
(Figure 1) range from single cells, as in Ochromonas, to 
colonial organisms with thousands of cells. Coccoid and 
capsoid algae (Figure 1) are unicellular or multicellular. 
Coccoid organisms, such as Scenedesmus, have an exact 
number of cells, and that number is produced by a series 
of rapid cell divisions when the organism is first formed; 
once the exact cell number is obtained, the organism grows 
in size but not in cell number. Capsoid organisms, such 
as Chrysocapsa, have variable numbers of cells; the cell 
number increases gradually, and the cells are embedded 
in a copious gel.

Distribution and abundance. Algae are ubiquitous, al­
though they are most common in aquatic habitats. Algae
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Figure 1. R e p re s e n ta t iv e  a lg ae .
(A) M a c ro c y s t is ,  a parenchymatous alga. (B) O ch ro m o n a s , a 
single-celled flagellate. (C) S c e n e d e s m u s , a  coccoid alga. (D) 
S p iro g y ra , an unbranched filamentous alga. (E) P le o d o r in a , a 
colonial flagellate. (F) S t ig e o c lo n iu m , a branched filamentous 
alga. (G) C o d iu m  (or dead-man’s-fingers), a large branching 
alga that is not subdivided by cell walls. (H) P a lm a ria , a 
complex filamentous alga.
After (A,F,G) R.F. Scagel e t  a l., N o n v a s c u la r  P la n t s :  A n  E v o lu t io n a r y  S u rvey , © 1982 
Wadsworth Publishing Company, Inc. Adapted by permission of the publisher; (B) R.A. 
Andersen, P h y c o lo g ia ,  vol. 21 (3) © 1982 Blackwell Scientific Publishers; (D) H.J. Walter 
in C.M. Palmer, A lg a e  in  W a te r  S u p p l ie s  o f  th e  U n it e d  S ta te s , U.S. Department of Health, 
Education, and Welfare, 1960; (H) G. South and A. Whitick, In t ro d u c t io n  to  P h y c o lo g y ,  © 1987 
Blackwell Scientific Publications. From photographs (C) by courtesy of J. Plckett-Heaps; (E) by 
courtesy of R.C. Starr

Categoriza- are often categorized ecologically by their habitat. Plank- 
tion by tonic algae are suspended in the water, while neustonic 
habitat algae grow on the water surface. Cryophilic algae grow in 

snow and ice, while thermophilic algae live in hot springs. 
Epidaphic algae live on soil, and endedaphic algae live 
in soil. Algae can live attached to other organisms: epi- 
zoic algae grow on animals such as turtles, polar bears, 
and tree sloths; epiphytic algae grow on fungi, plants, or 
other algae. Algae can be classified even more specifi- 
cally. For example, corticolous algae grow on the bark of 
trees. Epilithic algae live on rocks, endolithic algae live in 
rocks, and chasmolithic algae grow in rock fissures. Some 
algae live inside other organisms, and in a general sense 
these are called endosymbionts. Specifically, endozoic en- 
dosymbionts live in protozoa or animals, while endophytic 
endosymbionts live in fungi, plants, or other algae. Algae 
also live in the atmosphere, moving with air currents and 
receiving moisture and nutrients from clouds.

A lgal a b u n d a n c e  a n d  d iversity  varies from  on e  en v iro n ­
m e n t to  th e  n ex t, ju s t  as  p la n t  a b u n d a n c e  a n d  diversity  
varies fro m  tro p ic a l ra in  forests to  deserts. T errestria l 
V egetation (p lan ts  a n d  algae) is in flu en ced  m o st by  p re ­
c ip ita tio n  a n d  te m p e ra tu re , w hile  a q u a tic  V egetation (pri-

marily algae) is influenced most by light and nutrients.
When nutrients are abundant, as occurs in some polluted 
waters, algal cell numbers can become great enough to 
produce obvious patches of algae. These patches are called 
“blooms” or “red tides.” The number of organisms neces­
sary for a bloom varies with the size of the organism and 
the concentration of cells. Blooms are usually linked to 
favourable growing conditions, including an abundance of 
nutrients, but blooms do not occur every time favourable 
conditions exist, and therefore it is difficult to explain or 
predict their occurrence.

Importance. Algae use photosynthesis to form organic Ecological 
food molecules from carbon dioxide and water. Like importance 
plants, algae are located at the base of the food web, and 
nonphotosynthetic organisms depend upon this photosyn­
thetic food base for their existence. Nearly three-fourths of 
Earth is covered by water, and plants are virtually absent 
from the major water sources, the oceans. Marine life— 
including whales, seals, fish, turtles, shrimps, lobsters, 
clams, octopuses, starfish, and worms—ultimately depends 
upon algae for its existence.

In addition to making organic molecules, algae produce 
oxygen as a by-product of photosynthesis. Algae produce 
an estimated 30 to 50 percent of the net global oxygen.
This oxygen is available to humans and other terrestrial 
animals for respiration, and it is consumed when coal, 
wood, or oil is bumed. Although terrestrial ecosystems 
also produce large amounts of oxygen, the organisms liv­
ing in these ecosystems consume it relatively rapidly on a 
geologie time scale, so that the net oxygen production by 
rain forests over time is low.

Crude oil and natural gas are the remnants of the pho­
tosynthetic products of ancient algae, which were subse­
quently modified by bacteria. The North Sea oil deposits 
were formed from coccolithophore algae (dass Prymne- 
siophyceae), and the Colorado oil shales were produced by 
an alga similar to Botryococcus. Today, Botryococcus (a 
green alga) produces blooms in Lake Baikal, in the Soviet 
Union, and produces large amounts of oil. The oil is so 
abundant on the surface of the lake that it is collected with 
a special skimming apparatus. Several Companies have 
grown oil-producing algae in high-salinity ponds and have 
extracted the oil as an alternative to fossil fuels.

Algae, as processed and unprocessed food, have a com- Commer- 
mercial value of several billion dollars annually. Approx- cial value 
imately 500 species are eaten by humans, and some 160 
are commercially important. In addition to the use of al­
gal extracts in prepared foods (see below), algae are eaten 
directly in many parts of the world. Algae are a significant 
food item in the diets of East Asian and Pacific Island 
societies, and unprocessed algae are eaten by South Amer­
icans, North Americans, and northern Europeans. Hawai- 
ians have the most diverse diet of algae. In the 1800s at 
least 75 species were eaten by Hawaiians, and in the 1980s 
more than 50 species of algae were still being consumed.

The red alga Porphyra is the most important commercial 
food alga. In Japan alone approximately 100,000 hectares 
(247,000 acres) of shallow bays and seas are farmed. Por­
phyra has two major stages in its life cycle, the Conchocelis 
stage and the Porphyra stage. The Conchocelis stage is 
a small, shell-boring stage that is artificially propagated 
on oyster Shells. The mature Conchocelis produces con- 
chospores that germinate and grow into the large Porphyra 
stage. Either the oyster Shells are tied to ropes or nets, 
or the conchospores are seeded directly onto the ropes 
or nets. The large, mature Porphyra blades are removed 
from the nets and washed, chopped, and pressed into 
sheets to dry.
Palmaria palmata, another red alga, is eaten in the 

north Atlantic region. Known as dulse in Canada and the 
United States, as dillisk in Ireland, and as söl in Iceland, 
it is harvested by hand from intertidal rocks during low 
tide. Laminaria species (brown algae) are also harvested 
from wild beds along rocky shores, particularly in Japan.
Laminaria is eaten with meat or fish and in soups. The 
green algae Monostroma and Ulva look like lettuce leaves 
(their common name is sea lettuce), and they are eaten as 
salads or in soups, relishes, and meat or fish dishes.

The microscopie, freshwater green alga Chlorella is cul-
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tivated and eaten in Taiwan, Japan, Malaysia, and the 
Philippines. It has a high protein content (53-65 percent) 
and has been considered as a possible food source during 
extended space travel.

The cell walls of many seaweeds contain phycocolloids 
that have received increasing use in prepared foods. The 
term phycocolloid means “algal colloid” and is based 
upon the colloidal substances that are extracted from cell 
walls. The usefulness of these compounds is based on 
the colloidal property of altemating between sol (fluid) 
and gel (solid) States. The three major phycocolloids are 
alginates, agars, and carrageenans. Alginates are extracted 
primarily from brown seaweeds, and agar and carrageenan 
are extracted from red seaweeds. These phycocolloids are 
cell-wall polysaccharides that are formed by the polymer- 
ization of chemically modified galactose sugar molecules 
(agars and carrageenans) or of organic acids, such as man- 
nuronic acid and glucuronic acid (alginates). Phycocolloids 
are safely consumed by humans and other animals and are 
therefore used in a wide variety of prepared foods, such 
as “ready-mix” cakes, “instant” puddings and pie fillings, 
and artificial dairy toppings.

Alginates, or alginic acids, are commercially extracted 
from brown seaweeds, especially the kelp Macrocystis, 
Laminaria, and Ascophyllum. Alginates are used in ice
vi^auid liniu iw vi)oiai iwiiiiauun, uivivu) [/iuuuuiig

a smooth texture, and are also used as emulsifiers and 
thickeners in syrups and as fillers in candy bars and 
salad dressings.

Agars are extracted primarily from species of the red alga 
Gelidium, but they are also obtained from other red algae, 
especially Gracilaria, Pterocladia, Acanthopeltis, and Ahn- 
feltia. Agars are used in instant pie fillings, canned meats 
or fish, and bakery icings. Agar is also used as a clarifying 
agent in beer and wine.

Carrageenans, from the Irish word “carraigin” (meaning 
Irish moss), are extracted from various red algae: Eu- 
cheuma in the Philippines, Chondrus crispus in the United 
States and the Canadian Maritime Provinces, and Iridaea 
in Chile. Carrageenans are widely used in food products, 
and it iS estimated that the average human consumption 
of carrageenans in the United States is 250 milligrams 
(0.01 ounce) a day. Carrageenans are used as thickening 
and stabilizing agents in dairy products, imitation creams, 
puddings, syrups, and canned pet foods.

The diatoms have played an important role in industrial 
development during the 20th Century. The frustules, or 
cell walls, of diatoms (dass Bacillariophyceae) are made 
of opaline silica and contain many fine pores. Occasion­
ally, large quantities of frustules are deposited in ocean 
Sediments, and the fossilized remains are called diatomite. 
When geologie uplifting brings these deposits above sea 
level, the diatomite is easily mined. Diatomite contains

approximately 50 million diatom frustules per cubic inch. 
The deposit at Lompoc, Calif., U.S., for example, covers 
13 square kilometres (5 square miles) and is up to 425 
metres (1,400 feet) deep.

Diatomite is relatively inert. It has a high absorptive ca­
pacity, large surface area, low bulk density, and relatively 
low abrasion. It consists of approximately 90 percent sil­
ica, and the remainder consists of compounds such as 
aluminum and iron oxides. The fine pores in the frustules 
make it an excellent filtering material for beverages (fruit 
juices, soft drinks, beer, wine), Chemicals (sodium hydrox- 
ide, sulfuric acid, gold salts), industrial oils (those used as 
lubricants or in rolling mills or for cutting), cooking oils 
(vegetable and animal), sugars (cane, beet, corn), water 
supplies (municipal, swimming pool, waste, boiler), var- 
nishes, lacquers, jet fuels, and antibiotics, to name a few. 
The low abrasive properties make it suitable for use in 
toothpaste, “nonabrasive” cleansers, polishes (silver, auto­
mobile), and buffing compounds.
Diatomite is widely used as a filier and extender in paint, 

paper, and rubber and plastic products; the gloss and 
sheen of “flat” paints can be controlled using diatomite. 
During the manufacture of plastic bags, diatomite is added 
to the newly formed sheets to act as an antiblocking agent 
so that the plastic (polyethylene) can be rolled while it

2.5 times its weight in water, it also makes an excellent 
anticaking carrier for powders used to dust roses or for 
cleansers used to clean rugs. Diatomite is also used in 
making welding rods, battery boxes, concrete, explosives, 
and animal foods.

Chalk is another fossilized deposit of protistan remains. It 
consists in part of calcium carbonate scales, or coccoliths, 
from the coccolithophore members of the dass Prymne- 
siophyceae. Chalk deposits, such as the White Cliffs of 
Dover in England, contain large amounts of coccoliths as 
well as the Shells of foraminiferan protozoa. Coccoliths 
can be observed in fragments of ordinary blackboard chalk 
examined under a light microscope.

By the end of the 18th Century, kelp (dass Phaeophyceae) 
was harvested and burned as a means of producuig soda 
commercially. When mineral deposits containing soda 
were discovered, the use of kelp declined. Kelp was again 
harvested in abundance during the 19th Century when 
salts and iodine were extracted for commercial use. Once 
again, however, newly discovered mineral deposits, this 
time of salt and iodides, led to a demise of the kelp 
industry. During the 20th Century the kelp industry again 
flourished. During World War I the United States used 
kelp as a source of potash and acetone.

Seaweeds have been used as agricultural fertilizers for 
centuries in many parts of the world. Coastal farmers cut 
seaweeds that were spread over the soil. Kelp is now used

Kelp

By courtesy of Robert A. Andersen

Figure 2: Unicellular and colonial algae.
(Top left) Drapomaldia. (Bottom left) Stauroneis. (Centre left) Hyalotheca. (Centre top) Diatom. 
(Centre bottom) Phaeoplaca. (Right) Bambosina.



to extract macronutrients and micronutrients for special­
ized plant fertilizers and animal feed Supplements. Dried 
kelp is almost 50 percent mineral matter; Ascophyllum 
nodosum, for example, contains 55 tracé elements. Com­
mercial extracts used as plant fertilizers contain a mixture 
of macronutrients, micronutrients, and tracé elements that 
provide robust plant growth. The metal and other tracé 
elements are chelated (bound) to organic sugars so that 
the concentration of free metals, which can be toxic to 
plants and animals, is very low. The equilibrium between 
chelated and free forms provides a gradual release of nu­
trients from the extract (fertilizer) as plants use the free 
forms.
Phycocolloids have industrial uses in addition to their 

important roles in food products. Because they are rel­
atively inert and have good gelling properties, they are 
used as creams and gels for carrying minute amounts of 
active additives, as in medical drugs or insecticides. Agar 
is used extensively as a bacteriologie culturing Substrate 
in medical and research facilities and is also used as a 
Substrate for eukaryotic cell and tissue culture, including 
the culture of algae themselves. Carrageenans are used in 
the manufacture of shampoos, cosmetics, and medicines.

The green unicellular flagellate Dunaliella is cultivated in 
saline ponds. The culture conditions are manipulated so 
that carotene or glycerol are produced in large amounts. 
These compounds are extracted and sold commercially.

Toxic algae Algae can be harmful to humans. Some algae produce 
toxins that become concentrated in shellfish and finfish. 
Although they have little effect on shellfish and finfish, 
the toxins accumulate in the seafood flesh, making it 
unsafe or poisonous for human consumption. The di- 
noflagellates (dass Dinophyceae) are the most notorious 
producers of toxins. Paralytic shellfish poisoning is caused 
by saxitoxin or any of at least 12 related compounds. Saxi- 
toxin is probably the most toxic compound known and 
is 100,000 times more toxic than cocaine. Saxitoxin and 
saxitoxin-like compounds are nerve toxins that interfere 
with neuromuscular junctions. Alexandrium tamarense 
and Gymnodinium catenatum are the two species most 
often associated with paralytic shellfish poisoning. Diar- 
rheic -shellfish poisoning is caused by okadaic acids that 
are produced by several algae, especially species of Dino- 
physis. Neurotoxic shellfish poisoning is caused by toxins 
produced in Gymnodinium breve, a red tide organism. 
This alga is notorious for fish kills and shellfish poisoning 
along the coast of Florida, U.S. When the red tide blooms 
are blown to shore, wind-sprayed toxic cells can cause 
health problems for animals that breathe the air.

Ciguatera is a disease of humans caused by consumption 
of tropical fish infected with the algae Gambierdiscus or

Ostreopsis. Unlike many other dinoflagellate toxins, Cigua­
toxin and maitotoxin are concentrated in fish rather than 
shellfish. Levels as low as one part per billion in fish are 
sufficiënt to cause human intoxications.

Not all shellfish poisons are produced by dinoflagellates.
Amnesiac shellfish poisoning is caused by domoic acid, 
which is produced by diatoms (Bacillariophyceae) such 
as Nitzschia pungens f. multiseries, and Nitzschia pseu- 
dodelicatissima. Symptoms of this poisoning in humans 
progress from abdominal cramps to vomiting to memory 
loss to disorientation and finally to death.

Several algae produce toxins that are lethal to fish.
Prymnesium parvum (dass Prymnesiophyceae) has caused 
massive die-offs in ponds where fish are cultured, and 
Chrysochromulina polylepis (dass Prymnesiophyceae) has 
caused major fish kills along the coasts of the Scandinavian 
countries. Other algae, such as Heterosigma (dass Raphi- 
dophyeeae) and Dictyocha (dass Dictyochophyceae), are 
suspected fish killers as well.

Algae can cause human diseases by directly attacking hu­
man tissues, although the frequency is rare. Protothecosis Algae in 
is caused by a chloroplast-lacking green alga, Prototheca. medicine 
The alga infects skin lesions, grows subcutaneously, and 
can eventually spread to the lymph glands. Prototheca is 
also believed to cause ulcerative dermatitis in the Aus- 
tralian platypus. Similar infections, in humans and cattle, 
are caused by chloroplast-bearing species of Chlorella of 
the dass Chlorophyceae.

Some seaweeds contain high concentrations of arsenic 
and when eaten cause arsenic poisoning. For example, the 
brown alga Hizikia has sufficiënt arsenic that it was used 
as a rat poison in Asian countries.

Diatoms have been used in forensic medicine. Where 
death by drowning is suspected, lung tissue is examined.
The presence of silica diatom cell walls can verify death 
by drowning; in mysterious cases, the diatom species can 
be used to pinpoint the exact location of death because 
the species are characteristic for a given lake, bog, or bay.
Diatomite used in the manufacture of car polishes, paints, 
and matches, for example, is used in solving crimes as well.

FORM AND FUNCTION
The algal cell. Eukaryotic algal cells contain three types 

of double-membrane-bound organelles: the nucleus, the 
chloroplast, and the mitochondrion. The nucleus contains 
most of the genetic material of the cell, and the DNA 
(deoxyribonucleic acid) molecules exist as linear strands.
The DNA is Condensed into obvious chromosomes only 
at the time of nuclear division (mitosis) in most algae; 
however, the nuclear DNA of the classes Dinophyceae 
and Euglenophyceae is always Condensed. The two mem-
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(Top left, bottom left, and bottom centre) Heather Angel; (top centre) Richard H. Chesher; (top right) 
Douglas P. Wilson; (bottom right) Raniero Maltini and Piero Solaini— SCALA from Art Resource/EB Ine.

Figure 3: Diversity among macroscopic algae.
(Top left) Hormosira banksii. (Top centre) Caulerpa. (Top centre) Halimeda discoidea. (Bottom 
left) Laminaria digitata. (Bottom centre) Fucus serratus. (Bottom right) Acetabularia.
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branes surrounding the nucleus are referred to as the 
nuclear envelope, which typically has specialized nuclear 
pores that regulate the movement of molecules into and 
out of the nucleus.

The chloroplast is the site of photosynthesis, the complex 
set of biochemical reactions that convert light energy, car­
bon dioxide, and water into sugars. The chloroplast con­
tains flattened, membranous sacs, called thylakoids, that 
contain the photosynthetic light-harvesting pigments, the 
Chlorophylls, carotenoids, or phycobiliproteins (see below 
Photosynthesis).

The mitochondrion is the site where food molecules are 
broken down and carbon dioxide, water, and Chemical 
bond energy are released, a process called cellular res­
piration (see below Cellular respiration). Photosynthesis 
and respiration are approximately opposite processes, the 
former building sugar molecules and the latter breaking 
them down. The inner membrane of the mitochondrion 
is infolded to a great extent, and this provides the sur­
face area necessary for respiration. The infoldings, called 
cristae, have three morphologies: (1) flattened or sheetlike, 
(2) fingerlike or tubulär, and (3) paddlelike. Plants and 
animals, by comparison, have only flattened cristae.

Chloroplasts and mitochondria also have their own DNA. 
This DNA is not like nuclear DNA, however, because it is 
circular rather than linear, and thereföre it resembles the 
DNA of prokaryotes. The similarity of chloroplastic and 
mitochondrial DNA to prokaryotic DNA has led many 
scientists to accept the hypothesis that these organeiles re­
sulted from a long and successful symbiosis of prokaryote 
cells inside eukaryote host cells. These symbioses have 
been used in defining the endosymbiosis hypothesis, which 
States that eukaryotic cells are formed in part by incorpo- 
rating prokaryotes as specialized organelles.

Algae have several single-membrane-bound organelles, 
Cell including the endoplasmic reticulum, Golgi apparatus,
organelles lysosome, peroxisome, vacuole, contractile vacuole, and 

ejectile organelles. The endoplasmic recticulum is a com­
plex membranous system that forms intracellular com- 
partments, acts as a transport system within the cell, and 
serves as a site for synthesizing fats, oils, and proteins. 
The Golgi apparatus is a series of membranous sacs that 
are stacked like pancakes. The Golgi apparatus performs 
four distinct functions: it sorts many molecules synthe­
sized elsewhere in the cell; it produces carbohydrates like 
cellulose or sugars, and sometimes it attachés the sugars 
to other molecules; it packages molecules in small vesi- 
cles; and it marks the vesicles so that they are routed to 
the proper destination. The lysosome is a specialized vac­
uole that contains digestive enzymes used to break down 
old organelles, cells or cellular components during certain 
developmental stages, and particulate matter that is in­
gested by species that engulf food. Peroxisomes specialize 
in metabolically breaking down certain organic molecules 
and in destroying dangerous peroxide compounds, such 
as hydrogen peroxide, that are produced during some bio­
chemical reactions. Vacuoles are membranous sacs that 
store many different substances depending upon the or­
ganism and its metabolic state. The contractile vacuole is 
not involved in long-term storage; rather, it is a highly 
specialized organelle that regulates the water content of 
cells. When too much water enters the cells, the contractile 
vacuole “squirts” it out. Some algae have special ejectile 
organelles that apparentiy act as protective structures. The 
Dinophyceae has trichocysts—harpoonlike structures that 
lie beneath the cell surface and explode from the disturbed 
or irritated cell. Ejectosomes, of analogous structure, are 
found in the dass Cryptophyceae. Several classes of al­
gae in the division Chromophyta have mucous organelles. 
Gonyostomum semen, a freshwater member of the dass 
Raphidophyceae, has numerous mucocysts, and when it 
is collected in a plankton net the mucocysts discharge, 
giving the net and sample a mucous consistency.

The nonmembrane-bound organelles include the ribo- 
somes, pyrenoids, microtubules, and microfilaments. The 
ribosome serves as the “workbench” during protein syn- 
thesis. It provides the site where genetic information, as 
messenger RNA, is translated into proteins. The ribosome 
carefully interprets the genetic code of the DNA so that

the protein is made exactly to the genetic specifications.
The pyrenoid, a dense structure that occurs within or be- 
side chloroplasts of algae, has a concentration of ribulose 
biphosphate carboxylase, the enzyme necessary in photo­
synthesis for carbon fixation and thus sugar formation (see 
below Photosynthesis). Starch, the storage form of sugar, 
is often found around pyrenoids. The microtubules are Micro- 
tubelike structures formed from tubulin proteins. Some tubules 
microtubules are almost always present in the cell, but 
others appear suddenly when needed and then disassem- 
ble after use. Microtubules provide a rigid structure, or 
cytoskeleton, in the cell that helps determine the shape of 
the cell, and in species without cell walls the cytoskele­
ton maintains the cell shape. Microtubules also provide 
a “rail” system along which vesicles are transported. The 
spindle apparatus, which separates the chromosomes when 
the nucleus divides, consists of microtubules. Finally, mi­
crotubules also form the basic structure, or axoneme, of 
the flagellum, and they are a major component of the 
flagellar root system that anchors the flagellum in the 
cell. Microfilaments are formed by the polymerization of 
proteins such as actin. Actin microfilaments contract and 
relax, and they function as tiny muscles inside the cell.

Flagella. A flagellum, when present, is structurally 
complex and contains more than 250 types of proteins.
Each flagellum consists of an axoneme, or cylinder, with 
nine outer pairs of microtubules surrounding two cen­
tral microtubules. The whole cylinder is surrounded by 
a membrane. Each of the nine pairs of microtubules has 
an a tubule and a b tubule. The a tubule has numerous 
molecules of the protein dynein attached along its length.
Dynein is involved in converting the Chemical energy of 
adenosine triphosphate (ATP) into the mechanical energy 
that permits flagellar movement. The scales and hairs ap­
parentiy aid in swimming. The swellings and para-axone- 
mal structures (crystalline rods and noncrystalline rods 
and sheets) are often involved in photoreception, provid- 
ing the swimming cell with a means for detecting light, 
toward or from which it may swim. The flagellum bends 
as the dynein arms on one side of the axoneme move up 
the microtubules during the power stroke. These dynein 
molecules are then inactivated, and those on the opposite 
side slide up, causing the flagellum to bend in the oppo­
site direction during the recovery stroke. The result is the 
whiplike movement characteristic of eukaryotic flagella.

The flagellum membrane is also complex. It contains 
special chemoreceptors that aid the algal cell in recogniz- 
ing cues ranging from environmental changes to mating 
partners. Often, scales, hairs, swellings, and para-axone- 
mal structures cover the flagellum surface. The scales and 
hairs apparentiy aid in swimming. The swellings and para- 
axonemal structures (crystalline rods and noncrystalline 
rods and sheets) are often involved in photoreception, 
providing the swimming cell with a means for detecting 
light, toward or from which it may swim. The flagellum 
membrane flows into the plasma (cell) membrane, where 
the nine pairs of axonemal microtubules enter the main 
body of the cell. Each pair is joined by an additional 
microtubule, forming nine triplets. The cylinder of nine 
triplets, called the basal body, anchors the flagellum. Mus- 
clelike fibres and special microtubules (called microtubular 
roots) extend from the basal body and provide a greater 
anchorage base. Most flagellate cells have two flagella, and 
therefore two basal bodies. Typically, each basal body gives 
rise to two sets of microtubular roots. The orientation of 
the flagella and the arrangement of the microtubular roots 
and musclelike fibres are used to classify algae.

Mitosis. Mitosis, or the division of the nucleus, is rel­
atively similar among plants and animals, but the algae 
have a wide diversity of mitotic features. The nuclear 
envelope breaks apart in some algal groups but remains 
intact in others. The spindle microtubules remain outside 
the nucleus in some algae, they enter the nucleus through 
holes in the nuclear envelope in other algae, and they 
form inside the nucleus and nuclear envelope in still other 
algae. The diversity and complexity of algal mitosis has 
been studied in detail, and it provides a better understand­
ing of how mitosis operates in plants and animals.

Cellular respiration. Cellular respiration is the process
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by which food molecules are “burned” to obtain Chemical 
energy for the cell. Algae, like all organisms, sustain life 
by using the engery from the Chemical bonds of food 
molecules. Most algae are aerobic (i.e., they live in the 
presence of oxygen), although certain Euglenophyceae live 
anaerobically in environments without oxygen. The bio- 
chemical pathways for respiration in algae are similar to 
those of other eukaroytes; the initial breakdown of food 
molecules (sugars, fatty acids, and proteins) occurs in the 
cytoplasm, but the final high-energy-releasing steps occur 
inside the mitochondria.

Photosynthesis. Photosynthesis is the process by which 
light energy is converted to Chemical energy as carbon 
dioxide and water are converted into organic molecules. 
The process occurs in almost all algae, and in fact much 
of the knowledge of photosynthesis was first discovered by 
studying the green alga Chlorella.

Photosynthesis is divided into the light reactions and 
the dark reactions (or Calvin-Benson cycle). During the 
dark reactions, carbon dioxide is bound to ribulose bis- 
phosphate, a 5-carbon sugar with two attached phosphate 
groups, by the enzyme ribulose bisphosphate carboxylase. 
This is the initial step of a complex process leading to 
the formation of sugars. During the light reactions, light 
energy is converted into Chemical energy that is used in 
the dark reactions.

The light reactions of many algae differ from those of 
plants because these algae use different pigments to harvest 
light. Chlorophylls absorb primarily blue and red light, 
whereas carotenoids absorb primarily blue and green 
light, and phycobiliproteins absorb primarily blue or red 
light. Since the amount of light absorbed depends upon 
the pigment composition and concentration found in the 
alga, some algae absorb more light at a given wave- 
length, and therefore, potentially, those algae can convert 
more light energy of that wavelength to Chemical energy 

Chloro- via photosynthesis. All algae use Chlorophyll a to collect 
phyll and photosynthetically active light. Green algae and eugleno- 
other phytes also use Chlorophyll b. In addition to Chlorophyll
pigments a, the remaining algae also use various combinations of

other Chlorophylls, chlorophyllides, carotenoids, and phy­
cobiliproteins to collect additional light from wavelengths 
of the spectrum not absorbed by Chlorophyll a or b. The 
chromophyte algae, dinoflagellates, cryptomonads (dass 
Cryptophyceae), and the dass Micromonadophyceae, for 
example, also use chlorophyllides. (Chlorophyllides, often 
incorrectly called Chlorophylls, differ from true Chloro­
phylls in lacking a long, fat-soluble phytol tail.) Some green 
algae use carotenoids for harvesting photosynthetically ac­
tive light, but the Dinophyceae and chromophyte algae 
almost always use carotenoids. Phycobiliproteins, which 
appear either blue (phycocyanins) or red (phycoerythrins), 
are found in red algae and cryptomonads.
The effects of water on light. Red wavelengths are ab­

sorbed in the first few metres of water. Blue wavelengths 
are readily absorbed if the water contains average or 
abundant amounts of organic material. Thus, green wave­
lengths are often the most common light in deep water.
Chlorophylls absorb red and blue wavelengths much more 

strongly than they absorb green wavelengths, which is why 
chlorophyll-bearing plants appear green. The carotenoids 
and phycobiliproteins, on the other hand, strongly absorb 
green wavelengths. Algae with large amounts of carotenoid 
appear yellow to brown, those with large amounts of phy- 
cocyanin appear blue, and those with large amounts of 
phycoerythrin appear red.
At one time it was believed that algae with specialized 

green-absorbing accessory pigments outcompeted green 
algae and plants in deeper water. Some green algae, how­
ever, grow as well as other algae in deep water, and the 
deepest attached algae include green algae. The explana- 
tion of this paradox is that the cell structure of the deep- 
water green algae is designed to capture virtually all light, 
green or otherwise. Thus, while green-absorbing pigments 
are advantageous in deeper waters, evolutionary changes 
in cell structure can compensate for the absence of these 
pigments.

Not all algae have chloroplasts and photosynthesize. 
The “colourless” algae obtain their energy from organic

molecules, which they absorb from the environment or 
digest from engulfed particles. They are classified as algae, 
rather than fungi or protozoa, because in all other features 
they resemble algae.

As in plants, the major carbohydrate storage product of Storage 
the green algae is usually starch in the form of amylose products 
starch or amylopectin. (These starches are Polysaccharides 
in which the monomer, or fundamental unit, is the sugar 
glucose.) In green algae, starch consists of more than
1,000 sugar molecules and is stored as a solid grain in­
side the chloroplast. The individual sugar molecules are 
bound together, primarily or entirely, with an alpha link- 
age between the number 1 and 4 carbons. The cell walls 
of many, but not all, algae contain cellulose. (Cellulose 
is formed from the same glucose molecules but with a 
beta linkage between the number 1 and 4 carbons. Al­
though all animals can digest starch, no animals can by 
themselves digest cellulose. The beta linkage in cellulose 
causes altemating sugar molecules to be upside down, and 
this “flip-flop” configuration requires a special enzyme to 
link or unlink the sugar molecules. The enzyme is absent 
in animals, although cows, beavers, and other cellulose- 
eaters harbour intestinal bacteria that have the cellulose- 
digesting enzyme.)

The Cryptophyceae also store amylose and amylopectin 
starch. It is stored outside the chloroplast but within the 
surrounding membranes of the chloroplast endoplasmic 
recticulum. The Dinophyceae make starch that stains blue- 
black with iodine (the Standard test for amylose starch), 
but the Chemical nature has not been studied in detail.
Dinophycean starch is stored outside the chloroplast, often 
as a cap over a buiging pyrenoid. The major carbohydrate 
storage product of red algae is a type of starch (Floridean 
starch) that is more highly branched than amylopectin.
Floridean starch is stored as grains outside the chloroplast.

The major carbohydrate storage product of the chromo­
phyte algae and Euglenophyceae is formed from glucose 
molecules interconnected with beta linkages between the 
number 1 and 3 carbons. These polysaccharide com­
pounds are distinctly different from starch (and cellu­
lose), and they are always stored outside the chloroplast.
The number of glucose units in each storage product 
varies among the algal classes. Each type is given a spe­
cial name— i.e., chrysolaminarin in diatoms, laminarin in 
brown algae, leucosin in chrysophytes, and paramylon in 
euglenophytes. The exact Chemical constituency of the 
major polysaccharide storage products is unknown for the 
classes Bicosoecophyceae, Dictyochophyceae, Eustigmato- 
phyceae, Raphidophyceae, Synurophyceae, and Xantho- 
phyceae. In the chromophyte algae, the molecule is usually 
small (16-40 units of sugar) and is stored in a vacuole; the 
paramylon of euglenophytes is larger (approximately 150 
units of sugar) and is stored as a grain.

The algae also produce many sugars and sugar alcohols, 
such as rhamnose, trehalose, and xylose. While they are 
not polysaccharides in that the monomer is not glucose, 
various algae store energy using these small carbohydrate 
molecules.

Reproduction and life histories. Algae are formed by 
either sexual reproduction involving male and female ga- 
metes or asexual reproduction; many algae can reproduce 
in both ways (Figure 4).

Asexual reproduction is the production of progeny with­
out the union of cells or nuclear material. Algae, espe­
cially small algae, can reproduce asexually by ordinary 
cell division or by fragmentation, while others, especially 
large algae, reproduce via spores. Some red algae produce Asexual re- 
monospores (walled, nonflagellate, spherical cells) that are production 
carried by water currents and upon germination produce 
a new organism. The same type of spore is called an 
aplanospore in the green algae. In contrast, zoospores lack 
true cell walls and bear one or more flagella. Zoospores 
are motile and can swim to a favourable environment, 
whereas monospores and aplanospores rely on water cur­
rents for transport.

Sexual reproduction occurs by the union of cells, nuclei, 
and chromosomes and genes through the process of meio- 
sis. It can complement or replace asexual reproduction, 
depending upon the organism. Sexual reproduction is usu-
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Figure 4: Three types of life cycles 
found in algae.

ally regulated by environmental events. For example, when 
temperature, salinity, inorganic nutrients (phosphorus, ni- 
trogen, magnesium), or day length become unfavourable, 
sexual reproduction is induced. A sexually reproducing 
organism has two phases in its life cycle. One stage has 
a single set of chromosomes (or half that of the parent) 
and is called haploid, whereas the second stage has two 
sets of chromosomes (or the same as that of the parent) 
and is called diploid. When one haploid gamete (sex cell) 
fuses with another haploid gamete during fertilization, the 
resulting combination has two sets of chromosomes and is 
called a zygote. Either immediately or at some later time, 
a diploid cell undergoes a special reductive cell division 
process called meiosis. During meiosis the chromosome 
number is halved, and the resulting daughter cells are 
haploid. At some time, immediately or later, haploid cells 
act as gametes. In algae, as in plants, a haploid vegeta­
tive stage is called the gametophyte stage because it is 
the gamete-producing stage. Similarly, a diploid vegetative 
stage is called a sporophyte stage because it is the spore- 
producing stage (via meiosis).

The life cycles of sexually reproducing algae vary; in 
some, the dominant stage is the sporophyte, in others it 
is the gametophyte (Figure 4). For example, Sargassum 
(dass Phaeophyceae) has a diploid (sporophyte) body, and 
the haploid phase is represented by gametes. Ectocarpus 
(dass Phaeophyceae) has altemating diploid and haploid 
vegetative stages, while Spirogyra (dass Charophyceae) 
has a haploid vegetative stage, and the zygote is the only 
diploid cell.

In freshwater organisms especially, the fertilized egg, or 
Zygospores zygote, often passes into a dormant state called a zy- 

gospore. The zygospore has a large store of food reserves

and a thick, resistant cell wall. Following the appropriate 
environmental stimulus (often changes in light, temper­
ature, or nutrients), the zygospore germinates and starts 
another period of growth.

Most algae live for days, weeks, or months. Often, small 
algae are found in abundance during a short period of the 
year; for the remainder of the year, some remain dormant 
in resistant cysts and others remain in the vegetative state 
but at very low population numbers. Some large, attached 
species are true perennials. They may lose the main body 
at the end of the growing season, but the attachment site, 
or holdfast, then produces new growth at the beginning of 
the next growing season.

The red algae, as exemplified by Polysiphonia (Figure 
5), have some of the most complex life cycles known 
for living organisms. Following meiosis, a haploid tetra- 
spore, one of four spores produced following meiosis, is 
produced. The tetraspore germinates to produce either a 
male or female gametophyte. When mature, the male ga­
metophyte produces special spermatangial branches that 
bear structures, called spermatangia, which contain sper- 
matia, the male gametes. The female gametophyte pro­
duces special carpogonial branches that bear carpogonia, 
the female gametes. Fertilization occurs when the male 
spermatium, carried by water currents, “bumps into” the 
extended portion of the female carpogonium and the two 
gametes fuse. The fertilized carpogonium (the zygote) and 
the female gametophyte tissue around the carpogonium 
develop into a basketlike or pustulelike structure, the car- 
posporophyte. The carposporophyte produces and releases 
diploid carpospores that develop into tetrasporophytes.
Certain cells of the tetrasporophyte undergo meiosis to 
produce tetraspores, and the cycle continues. In the life 
cycle of Polysiphonia, and many other red algae, there 
are separate male and female gametophytes, a carposporo­
phyte growth on the female gametophyte, and a separate 
tetrasporophyte.

The life cycle of diatoms is unique as well. Diatom walls, Diatom 
or frustules, are composed of two overlapping parts (the life cycle 
valves). During cell division, two new valves form in the 
middle of the cell and partition the protoplasm into two 
parts. Consequently, the new valves are slightly smaller 
than the Originals. Over many successive generations, most 
of the cells in the growing population become smaller.

Adapted from R.E. Lee, Phycology, © Cambridge University Press, 1980 
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Figure 5: The life cycle of the red alga Polysiphonia (see text).
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Alternative
relation-
ships

When the diatoms reach a critically small size, sexual re­
production is stimulated. The small diploid cells undergo 
meiosis, and the resulting gametes form and fuse into a 
zygote, which grows quite large and forms a special cell, 
the auxospore. The auxospore divides, forming two large, 
vegetative cells. In this manner, the larger size is renewed.

EV O LU T IO N  A N D  P A LE O N T O LO G Y

The evolutionary relationships of algae (Figure 4) are not 
well understood. Modem ultrastructural and molecular 
studies have added so much new and important informa­
tion that the evolution of algae is being reassessed. The 
poor fossil record for some groups of algae also hindere 
evolutionary studies. Finally, the realizätion that some 
algae are more closely related to protozoa or fungi than 
they are to other algae came late, producing confusion 
in evolutionary thought and delays in understanding the 
evolution of the algae.

The Euglenophyceae are believed to be on an ancient 
lineage that includes some zooflagellate protozoa, which 
is supported by ultrastructural and molecular data. Most 
scientists consider the colourless euglenophytes to be an 
older group and believe that the chloroplasts were added 
more recently.
Some scientists consider the red algae to be very prim­

itive eukaryotes that evolved from the prokaryotic blue- 
green algae. Evidence in support of this view are the nearly 
identical photosynthetic pigments and the very similar 
starches. Many scientists, however, attribute the similarity 
to an endosymbiotic origin of the red algal chloroplast 
from a blue-green algal symbiont. Other scientists suggest 
that the red algae evolved from the Cryptophyceae with 
the loss of flagella. It is difficult to imagine, however, 
the evolutionary selection of a nonflagellate stage for an 
aquatic organism. Still other scientists suggest that the red 
algae evolved from the fungi by obtaining a chloroplast. 
Evidence in support of this view are similarities in mito­
sis and in cell wall plugs, special structures inserted in a 
cell wall hole that interconnects two cells. Some evidence 
suggests that the plug regulates movement between the 
two cells. Ribosomal gene sequence data from studies in 
molecular biology suggest that the red algae arose suddenly 
along with the animal, fungal, and plant (as green algae) 
lineages. Whatever the origin of the red algae, they bear 
little resemblance to any other living group.

The green algal classes are evolutionarily related, but their 
origin is unclear. Most consider the classes Micromon- 
adophyceae to be the most ancient group, and fossil data 
support this view. The dass Ulvophyceae is also ancient, 
whereas the classes Charophyceae and Chlorophyceae are 
more recent.
The dass Dinophyceae is also of uncertain origin. Dur­

ing the 1960s and ’70s the unusual structure and Chemical 
composition of the nuclear DNA was interpreted as a very 
primitive feature. Some scientists considered the Dino­
phyceae to be mesokaryotes (an intermediate between the 
prokaryotes and the eukaryotes). That view is no longer 
accepted by most scientists, and the peculiar structure is 
considered simply an evolutionary divergence. Some sci­
entists consider the Dinophyceae to be distantly related 
to the chromophyte algae. Ribosomal gene sequence data 
suggest that their dosest living relatives are the ciliates, a 
large, complex group of protozoa.
As in the case of the other algae, the origin of the chro­

mophyte algae is unknown. Ultrastructural and molecular 
data suggest that they are on a protistan lineage which di- 
verged a long time ago. That lineage, however, apparentiy 
remained one of protozoa and later aquatic fungi until 
about 300 to 400 million years ago. At that time a chloro­
plast was added (originally as a symbiont), and since then 
the many chromophyte groups have been evolving. Fossil, 
ultrastructural, and ribosomal gene sequence data support 
this hypothesis.

The Cryptophyceae are truly an enigma. They have no 
fossil record, and other data are conflicting. Although 
some workers align them near the red algae, because 
both groups possess phycobiliproteins in their chloroplasts, 
most scientists suggest that independent symbiotic origins 
for their chloroplasts could explain the similarity. Crypto-

phytes have flagellar hairs and other flagellar features that 
resemble those of the chromophyte algae; however, the 
mitochondrial structure and other ultrastructural features 
are distinct and argue against such a relationship. Much 
like the platypus, the cryptophytes appear as though they 
were constructed by an administrative committee.

The fossil record for the algae is not nearly as complete Fossil 
as it is for plants and animals (Figure 6). Red algal fossils record 
are the oldest known algal fossils. Microscopie spherical 
algae (Eosphaera and Huroniospora) resembling the living 
genus Porphyridium are known from the Gunflint Iron 
Formation of North America (1.9 billion years ago). Fos­
sils that resemble modern tetraspores are known from the 
Amelia Dolomites of Australia (1.5 billion years ago). The 
best fossils are the coralline red algae that are represented 
in fossil beds since the Precambrian era.

Some of the green algal classes are also very old. Organic 
cysts resembling modern Micromonadophyceae cysts date 
from about 1.2 billion years ago. Tasmanites formed the 
Permian “white coal,” or tasmanite, deposits of Tasmania 
and accumulated to a depth of several feet in deposits 
that extend for miles. Similar deposits in Alaska produce 
up to 150 gallons of oil per ton of sediment. The Ulvo­
phyceae fossils date from about 1 billion years ago and 
are abundant in Paleozoic rocks. Some deposit calcium 
carbonate along their cell walls, and these algae produced 
some limestone formations. The Charophyceae, as repre­
sented by the large stoneworts (order Charales), date from 
about 400 million years ago. The oospore, the fertilized 
female egg, has spirals on its surface, a result of pressing
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Figure 6: The fossil record for algae.
The origin of major photosynthetic Systems is shown 
at the bottom.
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against the spiraling protective cells that surround the 
oospore. Oospores before about 225 million years ago had 
right-handed spirals, while those formed since that time 
have had left-handed spirals. The reason for the switch 
remains a mystery.

Fossil Dinophyceae date from the Silurian period (430 
million years ago). Some workers consider at least a Por­
tion of the acritarchs, a group of cystlike fossils of un­
known affinity, to be Dinophyceae, but most scientists do 
not agree with that view. The acritarchs occurred as early 
as 700 million years ago.

The chro- The Chromophyta have the shortest fossil history of
mophytes the major algal groups. Some believe that the group is 

ancient, but there are no fossils. Others point out that 
there is a lack of data to support this view and suggest 
that the group evolved recently, as indicated by fossil and 
molecular data. The oldest chromophyte fossils, a putative 
brown alga, are approximately 400 million years old. Coc- 
colithophores, coccolith-bearing members of the Prymne­
siophyceae, date from the late Triassic epoch (230 to 208 
million years ago), with one reported from approximately 
280 million years ago. Coccolithophores were extremely 
abundant during the Mesozoic era, contributing to deep 
deposits such as the White Cliffs of Dover. Most species 
became extinct at the end of the Cretaceous period (66.4 
million years ago), along with the dinosaurs, and there 
are more extinct species of coccolithophores than there 
are living species. The Chrysophyceae, Bacillariophyceae, 
and Dictyochophyceae date from about 100 million years 
ago, and following the mass extinctions 66.4 million years 
ago, these algae flourished. Their siliceous remains form 
deposits of diatomite almost 0.5 kilometre (0.3 mile) in 
depth. The enormous deposits and the siliceous nature of 
the fossils strongly suggest that these organisms evolved 
very recently. In fact, mammals and birds evolved before 
these algae. The Xanthophyceae may be even more recent, 
with fossils dating from about 20 million years ago.

The remaining groups of algae, especially the Eugleno­
phyceae and the Cryptophyceae, lack a good fossil record. 
These groups are without hard parts, which may explain 
the lack of fossils.

CLASSIFICATION
Diagnostic features. The Classification of algae into tax­

onomie groups is based upon the same rules as for the 
Classification of plants. The Organization of groups above 
the order level has changed substantially since 1960. Re­
search using electron microscopes has demonstrated new 
and im portant features of the flagellar apparatus, cell 
division process, and organeile structure and function. 
Similarities and differences among algal, fungal, and pro- 
tozoan groups have led scientists to propose taxonomie 
changes, and these changes are continuing. Molecular 
studies, especially comparative gene sequencing studies, 
have supported some of the changes that followed electron 
microscopie studies, but they have suggested additional 
change as well. Since 1960 the num ber of classes has nearly 
doubled and algal Classification has changed constantly. 
Furthermore, the apparent evolutionary Scattering of algal 
groups among protozoan and fungal groups implies that a 
natural Classification o f algae by themselves is impossible.

Kingdoms are the most encompassing of the taxonomie 
groups, and scientists are actively debating which organ­
isms belong in which kingdoms. Some scientists have 
suggested as many as 30 or more kingdoms, while oth­
ers argue that all eukaryotes should be combined into 
one large kingdom. Using cladistic analysis (a method for 
determining evolutionary relationships), the green algae 
should be grouped with the plants, and the chromophyte 
algae should be grouped with the aquatic fungi and certain 
protozoa. The Euglenophyceae are most closely related 
to the trypanosome flagellates, the protozoa that cause 
sleeping sickness. It is unclear where the red algae or 
cryptomonads belong. In summary, the algae are not all 
closely related, and they do not form a single evolutionary 
lineage devoid of other organisms.

Division-level Classification, like kingdom-level Classifica­
tion, is tenuous for algae. For example, some phycologists 
place the classes Bacillariophyceae, Phaeophyceae, and

Xanthophyceae in the division Chromophyta, while oth­
ers place each dass in separate divisions: Bacillariophyta, 
Phaeophyta, Xanthophyta. Yet, almost all phycologists 
agree on the definition of the classes Bacillariophyceae, 
Phaeophyceae, and Xanthophyceae. In another example, 
the number of classes of green algae (Chlorophyta), and 
the algae placed in those classes, has varied greatly since 
1960. The five classes given below are accepted by a large 
number of phycologists, but at least an equal number of 
phycologists would suggest one of many alternative Clas­
sification schemes. The classes are distinguished by the 
structure (scales, angle of insertion, microtubular roots, 
striated roots) of flagellate cells, the nuclear division pro­
cess (mitosis), the cytoplasmic division process (cytoki- 
nesis), and the cell covering. Many scientists combine 
the Micromonadophyceae with the Pleurastrophyceae and 
name the group the Prasinophyceae.

Because classes are better defined and more accepted 
than divisions, taxonomie discussions of algae are usually 
conducted at the dass level. The divisions provided below 
are commonly used, but they are by no means accepted 
by all phycologists.

“Phylum” and “division” represent the same level of Or­
ganization; the former is the zoological term, the latter is 
the botanical term. The Classification of protists continues 
to be debated, and a Standard outline o f the kingdom has 
not been established. The differences between the Classi­
fication presented below and that in the article protists 
reflect the taxonomie variations that arise from individual 
interpretations.

A nn o ta ted  C lassification.

DIVISION CHLOROPHYTA (green algae)
Chlorophylls a and b; starch stored inside chloroplast; mi- 

tochondria with flattened cristae; flagella, when present, lack 
tubulär hairs (mastigonemes); unmineralized scales on cells or 
flagella of flagellates and zoospores; conservatively, between
9.000 and 12,000 species.
Class Chlorophyceae
Primarily freshwater; includes Chlamydomonas, Chlorella, 

and Oedogouium.
Class Charophyceae
Includes the macroscopic pondweed Chara, filamentous Spi- 

rogyra, and desmids.
Class Micromonadophyceae
Primarily marine; includes the smallest eukaryotic alga, 

Micromonas.
Class Pleurastrophyceae
Freshwater and marine; includes marine flagellate Tetraselmis. 

Class Ulvophyceae
Primarily marine; includes sea lettuce Ulva.

DIVISION CHROMOPHYTA
M ost with Chlorophyll a; one or tw o w ith chlorophyllide c; 

carotenoids present; storage product /?-l,3-linked polysaccha­
ride outside chloroplast; m itochondria w ith tubulär cristae; 
biflagellate cells and zoospores usually w ith tubulär hairs on  
one flagellum; m ucous organelles com m on .
Class Bacillariophyceae (diatoms)

Silica cell walls, or frustules; centric d iatom s com m only plank­
tonic and valves radially sym m etrical; pennate diatom s found  
attached to Substrate and valves bilaterally symmetrical; pri­
m arily in freshwater, m arine, and soil environm ents; at least
12.000 to 15,000 living species; tens of thousands more species 
described from fossil diatomite deposits; Cyclotella and Tha- 
lassiosira (centrics) and Navicula and Nitzschia (pennates). 
Class Bicosoecophyceae
May be included in the Chrysophyceae or in the protozoan 

group Zoomastigophora; colourless flagellates found in vase- 
shaped loricas (wall-like coverings); cell attached to lorica using 
flagellum as a stalk; lorica attachés to plants, algae, animals, or 
water surface; in freshwater and marine; fewer than 50 species 
described; Bicosoeca.
Class Chrysophyceae (golden algae)
Many unicellular or colonial flagellates; also capsoid, coccoid, 

amoeboid, filamentous, parenchymatous, or plasmodial; many 
produce silica cysts (statospores); predominantly freshwater; 
approximately 1,200 species; Chrysamoeba, Chrysocapsa, and 
Ochromonas.
Class Dictyochophyceae
Predominantly marine flagellates, including silicoflagellates, 

which are common in diatomite deposits; fewer than 25 de­
scribed species.
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Order Pedinellales
When pigmented, has 6 chloroplasts in a radial arrangement; 

flagella bases attach almost directly to nucleus.
Order Dictyochales (silicoflagellates)
Typically forms siliceous skeleton that appears as spiny basket 

in which cell sits; flagella bases attach almost directly to nu­
cleus; silicoflagellate skeletons common in diatomite deposits; 
Dictyocha, Pedinella, and Pseudopedinella.
Class Eustigmatophyceae
Newly described, with probably more to be discovered; mostly 

small, pale green, and spherical; fewer than 15 species; Eustig- 
matos and Nannochloropsis.
Class Phaeophyceae (brown algae or brown seaweeds) 
Microscopie forms to large kelp more than 60 metres long; 

more than 1,500 species, almost entirely marine; Ectocarpus, 
Macrocystis, and Sargassum.
Class Prymnesiophyceae (Haptophyceae)
Many with haptonema, a hairlike appendage between two 

flagella; no tubulär hairs; many with organic scales; some 
deposit calcium carbonate on scales to form coccoliths; coccol- 
ithophorids may play a role in global warming because they 
can remove large amounts of carbon from the ocean water; 
predominantly marine and planktonic species; approximately 
300 species; more fossil coccolithophores known; Chrysochro- 
mulina, Emiliania, and Prymnesium.
Class Raphidophyceae (Chloromonadophyceae)
Flagellates; mucocysts (mucilage-releasing bodies) commonly 

found in freshwater forms; sharply divided between freshwater 
and marine environments; fewer than 50 species; Heterosigma, 
Vacuolaria, and Olisthodiscus.
Class Synurophyceae
Previously placed in Chrysophyceae; silica-scaled; unicellu- 

lar or colonial flagellates sometimes alternating with capsoid 
benthic stage; cells covered with elaborately structureel silica 
scales; approximately 250 species, with approximately 10 new 
described each year since 1970; Mallomonas, Synura, and 
Tesselaria.
Class Xanthophyceae (yellow-green algae)
Primarily coccoid, capsoid, or filamentous; mostly freshwater 

environments; about 600 species; Bumilleriopsis, Tribonema, 
and Vaucheria.
DIVISION CRYPTOPHYTA 
Unicellular flagellates.

Class Cryptophyceae
Chlorophyll a, chlorophyllide c2, and phycobiliproteins; starch 

stored outside of chloroplast; mitochondria with flattened 
cristae; tubulär hairs on 1 or both flagella; special ejectosomes 
lie in a furrow or gullet near the flagella; cell covered with 
periplast, often elaborately decorated sheet or scale cover­
ing; nucleomorph may represent reduced nucleus of symbiotic 
organism; approximately 200 described species; Chilomonas, 
Cryptomonas, Falcomonas, and Rhinomonas.

DIVISION PYRRHOPHYTA (DINOFLAGELLATA)
Predom inantly unicellular flagellates; approxim ately half o f  

the species are heterotrophic rather than photosynthetic; photo­
synthetic form s w ith Chlorophyll a, 1 or m ore chlorophyllide c 
types, and peridinin or fucoxanthin; m itochondria with tubulär 
cristae and flagella w ithout tubulär hairs; ejectile trichocysts 
below  surface in m any m em bers; m any w ith cellulosic plates 
that form  an arm our around cell; som e biolum inescent, som e  
contain ing sym bionts; nucleus contains perm anently Condensed 
chrom osom es; several produce toxins that either kill fish or 
accum ulate in  shellfish and cause sickness or death in hum ans 
w hen ingested; m ore than 1,200 species described, m ost in  
the class D inophyceae; Alexandrium, Dinophysis, Peridinium, 
and Polykrikos.

DIVISION EUGLENOPHYTA
Primarily unicellular flagellates; both photosynthetic and 

heterotrophic.
Class Euglenophyceae
Chlorophylls a and b; paramylon stored outside chloroplasts; 

mitochondria with paddle-shaped cristae; flagella lack tubulär 
hairs, but some with hairlike scales; unusual pellicle covering 
of sliding sheets allows organisms to change shape easily; ap­
proximately 1,000 described species; Colacium, Euglena, and 
Eutreptiella.

DIVISION RHODOPHYTA (red algae or red seaweeds) 
Predominantly filamentous; mostly photosynthetic but almost 

one-third parasitic; photosynthetic species with Chlorophyll a; 
Chlorophyll d  present in some species; phycobiliproteins (phy- 
cocyanin and phyeoerythrin) organized into descrete structures 
(phyeobilisomes); starch occurs outside chloroplast; mitochon­
dria with flattened cristae; flagella completely absent; coralline 
red algae contribute to coral reefs and coral sands; predomi­
nantly marine; approximately 4,100 described species; Bangia, 
Palmaria, Polysiphonia, and Porphyra.
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Algebra

A lgebra may be described as a generalization and 
extension of arithmetic. Elementary arithmetic is 
concerned primarily with the effect of certain op­

erations, such as addition or multiplication, on specified 
numbers, hence, for instance, the multiplication täbles; el­
ementary algebra is concerned with properties of arbitrary 
numbers. For instance, the fact that 2 added to 3 gives the 
same result as 3 added to 2 is one of arithmetic; the for- 
mula a +  b =  b +  a for all numbers a, b is one of algebra.

The particular operations of arithmetic that came to be 
extended and generalized to provide the materials of al­
gebra emerged only slowly. The earliest writings on the 
subject dealt with many topics that are not now regarded 
as part of algebra. (For a treatment of the evolution of al­
gebra as a well-defined branch of mathematics, see m ath - 
em a tics , th e  h isto ry  o f .) The earliest extant work with 
any claim to be regarded as a treatise on algebra is by the 
Greek philosopher Diophantus of Alexandria (c. a d  250). 
This work is devoted mainly to problems in the solution of 
equations. For this purpose a suitable notation had to be 
invented, and Diophantus gave rules for generating pow- 
ers of a number and for the multiplication and division of 
simple quantities. Of great significance is his statement of 
the laws governing the use of the minus sign, which did 
not, however, imply any idea of negative quantities.

During the 6th Century the ideas of Diophantus were 
improved on by Hindu mathematicians, and many de­
ficiënties in the Greek symbolism were remedied. The 
development of symbolic algebra by the use of general 
Symbols to denote numbers is due to a 16th-century 
French mathematician, Francois Viète, a usage that led 
to the idea qf algebra as generalized arithmetic. Sir Isaac 
Newton gave it the name Universal Arithmetic in 1707.

The main step in the modern development of algebra 
was the evolution of a correct understanding of negative 
quantities, contributed in 1629 by a French mathemati­
cian, Albert Girard, whose work was later overshadowed 
by that of his Contemporary, René Descartes. While it is 
convenient to view Descartes’s work as the starting point 
of modern algebra, for the sake of clarity notations and 
terminology will be used that were developed later. 

Algebra is concerned with certain operations on numbers, 
and it is necessary to be precise about what a number is. 
The numbers dealt with are either the natural numbers, 
0, 1, 2, 3, 4, • • • (some authors exclude 0); rational 
numbers, which have the form p/q, in which p  and q are 
integers (natural numbers and their negatives), with q¥= 0; 
real numbers, which correspond to all the points on a line; 
or complex numbers, which are constructed from the real 
numbers together with a number i, the square of which 
is — 1. The essential property that these numbers have is 
that they can be added and multiplied by well-established 
rules. Arithmetic becomes algebra when general rules are 
stated regarding these operations, as, for example, the 
commutative law of addition (see below). First the basic 
algebraic properties of such numbers are considered.

Linear algebra is the branch of algebra that deals primar­
ily with linear problems, that is to say, problems that de- 
pend for the most part on the solution of linear equations.

An equation in two or more variables, or “unknowns,” 
is linear if it contains no terms of the second degree or 
greater; that is, if it contains no products or powers of the 
variables. The term linear derives from the fact that the 
graph of a linear equation in x  and y  is a straight line in 
the Cartesian xy-plane. Thus a linear equation represents 
a linear relationship between the variables jc and y  in 
a geometrie sense. Similarly, a linear equation in three 
variables x, y, z represents a plane in three-dimensional 
space, and two such equations considered simultaneously 
represent the line of intersection of the two planes, pro­
vided they are not parallel. When the number of variables 
is greater than three, there is no longer a simple geometrie 
Interpretation because physical space is limited to three 
dimensions. Nevertheless, it is customary to continue the 
geometrie analogy and to think of the Solutions of a linear 
equation in four variables as constituting a “hyperplane” 
in a four-dimensional space, and similarly for any finite 
higher dimension.
The theoretical investigation and solution of general Sys­

tems of linear equations are facilitated by the introduction 
of entities called vectors and matrices. Vectors were orig­
inally introduced in order to interpret mathematically a 
physical quantity such as a velocity or force that has both 
a magnitude and an associated direction. A matrix is a 
rectangular array of numbers in a definite order, such 
as the array of coefficients of the unknowns in a system 
of linear equations. Rules of computation with vectors, 
which stem from their original physical Interpretation, 
lead to closed Systems of vectors called vector spaces, and 
matrices can be identified with special functions on these 
vector spaces called linear transformations. The theory of 
linear transformations of finite-dimensional vector spaces, 
which embraces the theory of matrices and that of Sys­
tems of linear equations, constitutes the subject matter 
of linear algebra. Vectors are more fully treated in the 
article analysis: Vector and tensor analysis; matrices are 
covered in the article m a trix  th eo r y .

Out of the developments of elementary algebra evolved 
the abstract algebra used today and the idea of an algebraic 
structure. Elementary algebra was originally concerned 
with a set of elements, the numbers used in arithmetic. 
Together with these elements there were two operations, 
addition and multiplication (subtraction and division be­
ing the inverse of these). It became recognized that there 
was also a collection of basic rules that constitute an ax- 
iomatic structure. The axiomatic structure describes even 
today the assumptions made in elementary algebra and 
arithmetic. Certain entities, however, do not follow these 
rules. Abstract algebra is concerned with the formulation 
and properties of quite general axiomatic abstract Systems 
of this type. These Systems are sets of elements with gen­
eral operations and with a number of axioms. Just as new 
self-consistent geometries can be based on axioms other 
than those of Euclid, new algebras can be based on axioms 
that differ from those of elementary algebra. These new 
algebras may describe mathematical objects other than 
numbers. (Ed.)
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Laws of 
addition 
and multi­
plication

Elementary and multivariate algebra
BASIC THEORY

Elementary operations. Addition has the following 
properties: The order of addition does not affect the result 
(see Box, equation 1)—that is, addition is commutative. If 
three numbers are being added, parentheses can be placed 
around either the first two or the last two, while the terms 
in the parentheses are added first, and their sum is added 
to the remaining term. The two results are, however, al­
ways equal (see 2). This second property is expressed by 
saying that addition is associative, and as a result either 
sum may be expressed as a +  b +  c. There is a number 0 
(zero) such that the sum of any number a and zero is a 
(see 3). Corresponding to each number a there is a number

(--d) such that the sum of a and (—d) is zero (see 4). From 
the second and fourth of these laws it follows that for any 
two numbers a, b, there is a unique number x such that 
a + x  = b, namely, x =  b +  (—a), more commonly written 
x  = b — a. A set of numbers with the law of addition 
satisfying the above properties is called an additive group.

The result of multiplication of two numbers a, b is 
usually denoted by ab, but sometimes to avoid confusion 
a X b is written.

Multiplication of numbers has the following properties: 
The order of multiplication does not affect the result 
(commutativity; see 5) nor does the way the numbers are 
placed in parentheses (associativity; see 6 ). The product 
of a number and the sum of two numbers equals the 
sum of two appropriate products. This last is known as
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( 1 ) a-\-b — b + a

(2 ) (a + b)-\-c = a + (b + c) = a + b + c

(3) a +  O — a

(4) a + ( -a )  =  0

(5) ab =  ba

(6 ) a x ( b c )  = ( a b ) x c  = abc

(7) ö X (b +  c) =  +  flc

(8 ) 1 x  a = a = a x  1

(9 ) Oö =  0 , and if  ab =  0 , e ith er  a or b  is  z ero .

the distributive law (see 7). There exists a unique element 
1 (unity) such that the product of any number o. and 
1 is a (see 8 ).
Any set of elements in mathematics that has two laws 

of composition, addition and multiplication, such that ( 1) 
with addition as the law of combination it forms an ad­
ditive group, and (2 ) with multiplication is commutative 
and associative, and distributive over addition, is called 
a ring. It is because so much of modern algebra is con- 
cemed with groups and rings that it is important to realize 
that ordinary numbers have these properties. Because the 
numbers have unity the ring is a ring with unity. One 
other property of numbers that should be noted is that the 
product of 0  and a is 0  for all a, and if ab — 0 , either a or 
b is 0 (see 9). With this last property the ring with unity 
becomes what is called an integral domain.

All accepted Systems of numbers, integers, rational num­
bers, and real and complex numbers have the above 
properties (see a r it h m e t ic ; a nalysis: Real analysis). If 
the system has the property that when a is different from 
zero there is a number x such that ax=  1 (see 1 0 ), then

( 1 0 ) a x=  1 , a ^ 0

1 1  Ua +  ib) +  (c +  id ) =  {a +  c) + i(b +  d)
l(a  +  ib) x  (c +  id) =  (ac — bd)  +  i{bc +  ad)

( 1 2 ) a  =  r(cos 0 +  / sin 6), ß  =  p(cos <ß +  / sin <j>)

(13) aß  = rp [cos(0 +  </>) +  / sin(0 +  </>)]

the nonzero numbers of the system form a group in which 
multiplication is the group Operation, and the integral 
domain is a field. The Systems consisting of the rational, 
real, or complex numbers form a field, but the system of 
integers does not.

Complex numbers and root extraction. The operations 
so far considered— namely, addition, subtraction, mul­
tiplication, and division—are known as the elementary 
operations of algebra. In another section the extension of 
these operations to more complex Systems, such as polyno­
mials (see below), will be considered. One other Operation 
on real or complex numbers must be considered here. A 
theorem States that: If a is any positive real num ber and n 
is any positive integer, there exists a unique positive real 
number x  such that x n =  a, in which x n is the product of 
n factors each equal to x.

It is im portant to note that if a is an integer (rational 
number, negative real number) there is, in general, no inte­
ger (rational number, real number) such that x n ~ a .  Thus 
this Operation called extracting the nth root is not a satis- 
factory algebraic Operation as it stands. To obtain a satis- 
factory Operation, it is necessary to use complex numbers.

A complex number, symbolized here by the Greek letter 
alpha, a, is any formal combination a = a +  ib of two real 
numbers a, b, with addition and multiplication defined 
by certain appropriate rules (see 11). With addition and 
multiplication so defined, the complex numbers form a 
field. It should be noted that i X i = — 1.
Now, a = a + ib may be considered. Because a2 +  b2 is 

a positive real number, there exists a unique positive real 
number r such that r2 =  a1 +  b2, r being called the am­
plitude of a. If a, b are not both zero, there is an angle, 
symbolized by the Greek letter theta, 0, uniquely defined 
to within a multiple of 2n (Greek letter pi, the ratio of 
the circumference to the diameter of a circle), such that a/  
r = cos 6, b/r =  sin 0, and hence a can be written in terms 
of r and 0 (see 12). Let the Greek letter ß  stand for any 
other complex number (see 12). Following the rule for 
multiplying complex numbers, and again using elemen­
tary trigonometry, the product of two complex numbers 
is given in terms of the product of the amplitudes and the 
sum of the two angles (see 13).

It is possible to consider the problem of finding a com­
plex number z such that zn — a. From the formula for the 
product, the amplitude s must satisfy sn = r, and the angle 
yt must satisfy ny/ = 0 to within a multiple of 2n; that is, 
ww — 0 = 2tn for some integer t. Because r is a positive 
real number, there must be a unique positive real number 
s satisfying sn =  r; y/ must have the form y/ =  (6/n) + (2tn/ 
n), and there are n possible values of y/ (to within a 
multiple of 2n) satisfying this condition, corresponding to 
t =  0, 1, 2, • • • , n — 1 , for example. Hence there are n 
possible numbers z such that zn =  a.

If z, is any one of these n numbers, the others can all be 
written z xco, in which co (omega) is an nth. root of unity; 
that is, co" = 1. Thus the problem of finding the nth roots 
of unity is basic in the theory of complex numbers.
It is clear that for any complex number a there are n 

Solutions of zn =  a, and this shows one of the advantages 
of complex numbers over the other kinds of numbers con­
sidered. In order to extract roots of integers, or rational 
numbers or real numbers one notes that each of these 
number Systems is a subsystem of the succeeding one, and 
that they are all Subsystems of the complex numbers. To 
find z such that zn =  a, when a is, say, a rational number, 
is to consider a as a complex number that just happens 
to belong to the subsystem of real numbers, and then to 
consider the problem for complex numbers. This process 
is usually referred to as extending the field of rational 
numbers to the complex field.
Geometrie representation of numbers. Numbers may be 

represented geometrically, and the operations of algebra 
can be carried out by geometrical methods. The following 
representation of real numbers (which include the integers 
and rational numbers) was introduced by Descartes in the 
17th Century. On a straight line OX  point O is fixed, called 
the origin, and corresponding to each real number a the 
point Aa is taken, the distance of which from O is equal to a 
(if a is positive, —a if it is negative), measuring distances to 
the right when a is positive, to the left when it is negative. 
One of the postulates of geometry is that there is a one- 
to-one correspondence between the real numbers and the 
points of the line established in this way. For convenience 
another line OY  is considered, through O perpendicular to 
OX, and on it the point Bh is marked corresponding to the 
real number b, as before. The operations of addition, sub­
traction, multiplication, and division can then be obtained 
by simple geometrical constructions. The accompanying 
diagram (Figure 1) illustrates the geometrie constructions 
necessary for multiplication, division, and the extraction 
of square roots.

1. To add a and b the points Aa, Ah are marked. A seg­
ment AgAd, equal in length and direction to OAb, is laid off 
on OX. Then d =  a +  b. By constructing the segment O A h 
equal in length to OAb but in the opposite direction, —b 
is found. In this way a — b is constructed and geometrical 
representations of addition and subtraction are obtained.

2. To multiply a and b, Aa is marked on OX and OBb is 
marked on OY. B x is marked on OY  distant one unit from
O.AaB x is joined and, through Bb, BtA c is drawn parallel 
to B xAa. Then, by the geometry of similar triangles it may
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Figure 1: Geometrie constructions necessary for the arithmetic 
operations of multiplication, division, and extraction of square 
roots (see text).

be shown that c = ab. Division by a nonzero number is 
obtained by a similar process. To construct c/b, when 
b #  0, Bb is joined to Ac, and the line through Bx parallel 
to it. This meets OX  in Aa, where a = b/c.

3. Let a be any positive real number, and on A_x Aa as 
diameter construct a circle. This meets OY  in P, Q, and 
Euclidean geometry shows that OP and OQ are of equal 
length but opposite sign, and OP X OQ = OA-x X OAa. P 
represents a positive real number r on OY  such that r 2 = a.

The geometrical operations described in 1 ,2 ,3  can all be 
carried out using only ruler and compass. It can be shown, 
on the other hand, that the Operation of constructing the 
«th root of a, when n is not a power of 2 , cannot in gen­
eral be carried out solely by the use of ruler and compass.

Tuming next to the representation of complex numbers 
in the Argand diagram (Figure 2) a number a — a +  ib is

Figure 2: The representation of complex numbers and 
construction of the representation of the sum of two complex 
numbers (see text).

represented by the point P constructed by constructing Aa 
on OX as above, Bb on OY  similarly. P is then the inter- 
section of the line Aa P through Aa parallel to OY, and the 
line BhP through Bh parallel to OX. To construct a + ß, 
in which a is represented by P, ß  by Q, the parallelogram 
OPRQ is completed. R represents a +  ß (Figure 2). If a 
has amplitude r and angle 0, r is the length of OP, and 
6 is the angle XOP. If Q represents ß  with amplitude p 
and angle (p, then /?, (p can be interpreted in the same 
way. To construct the point representing aß, the proce­
dure adopted in Figure 1 is used to construct the product 
r p, and the angle (0 + q>) can also be constructed by ruler 
and compass. It follows that the operations of addition, 
subtraction, multiplication, and division of complex num­
bers can be carried out geometrically by means of ruler 
and compass.
To construct a number z such that zn = a it is necessary 

to find z with amplitude 5  and angle i// such that sn = r, 
nx=  0 (modulo 2n). It is not possible to construct s by 
ruler and compass if n is not a power of 2. Nor can an 
angle be divided into n equal parts using ruler and com­
pass if n is not a power of 2 .

The consideration of problems that can be solved by the 
elementary operations of algebra and the extraction of 
roots, and by ruler and compass is of great importance in 
solving equations (see below Solution of equations).

Quaternions and hypercomplex numbers. If the prop­
erties of order can be sacrificed as well as the commu­

tative law of multiplication, then an interesting further Addition 
extension of the complex-number system can be made and multi- 
to the so-called quaternion; i.e., o numbers of the form plication 
a +  bi +  cj +  dk in which a, b, c, d  are real.
The sum (a +  bi +  cj +  dk) + (a' -f b'i + cfjA- d'k) is 

defined as (a +  a').+ (b +  b')i -F (c +  &)j +  (d +  d')k. 
Multiplication is defined from the equa­
tions (generalizing i 2 =  — 1 ); i 2= j 2 = k2 = - 1 ,
ij =  jk  =  ki = —ji  = —kj =  —ik =  — 1. Certain laws of arith­
metic are satisfied, and subtraction and division (except 
by zero) are possible. Further, any polynomial equation 
with quaternion coefficients has a quaternion root.

For many years quaternions were widely used in solving 
physical problems.

The construction of quaternions can be further gen­
eralized. For any set of n3 real coefficients Cf,  a 
linear algebra, or system H  of hypercomplex num­
bers, can be defined as follows. The elements of H  
are the expressions ax£x +  • • • +  anen, in which the 
units £,, • • • , en take the place of the special quater­
nions i, j, and k, and are the same for all elements; 
ax, • • • , an are arbitrary real numbers. The sum of 
ax£x +  • • • +  anen and bjEjA- • • • • +  bnen is defined as 
(ax +  bx)£x +  • • • +  (a„ +  b„)e„. Their product is defined 
as the sum axbxex2 +  axb2£x£2 +  • • • +  anbn£ 2, in which
the £jSj are given by £,£, =  CxiJ£x +  C fe2 +  * • • +  Cn,J£n.

Although the study of hypercomplex numbers forms 
an interesting branch of algebra, the complex numbers 
and quaternions are the only Systems of hypercomplex 
numbers with real coefficients in which multiplication is 
associative and division is possible.

POLYNOMIALS A N D  RATIONAL FUNCTIONS

Polynomials. The discussion of polynomials (defined 
below) begins with the coefficients, which, in elementary 
algebra, may be natural numbers, or real numbers, or 
complex numbers. Except when considering some special 
Problems, the reasoning is the same in all three cases, and 
it is sufficiënt to speak of the coëfficiënt field (or ring) 
without being more explicit.
Once the coëfficiënt field is chosen, a new object is 

introduced, usually denoted by jc, and called a vari­
able or an indeterminate, which is not in the coëfficiënt 
field. Laws are then specified by which to define addi­
tion and multiplication in the enlarged set consisting of 
the elements of the coëfficiënt field and x. The pow- 
ers of x, x?, x \  x 2, x \  • • • , are generated, together 
with products axn, in which a is in the coëfficiënt field. 
Multiplication of two such products axn and bxm is defined 
by axnX bxm = abxn + m, and the sum of axn and bxn is 
defined as (a +  b) x n; xP can be replaced by 1 , and axP by 
a. Moreover, Ox" =  0 for all n.

Sums of terms axn and bxm, when n¥^ m, are defined by 
introducing compound expressions such as axn +  bxm. It is 
finally postulated that multiplication of such expressions 
is distributive over addition, so that the product of x n and 
such an expression is a similar expression with each term 
multiplied by xn (see 14).

In this way a System is built up, any element of which 
can be written uniquely as the sum of terms of the form

Operations 
with coeffi­
cients and 
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(14) x n(axp +  bxq) =  axp + n +  bxq + n

(15> +  ' • - + an

06) 8(x) = b 0x m + b 1x m- 1 + - ■ . + bm, 0

(17) “m̂ ny m +  am _ , > " 1 +  • • • +  +  • • • +  a00

(a + bx)n= a n+ c 1an~1b x+  ■ ■ ■ +

08) « + cran ~ rb rx r +  • • • +  cnb nx n

cr ==̂ n (n ~  1 ) "  ' ( n - r +  1 ), C'-= ( ” )
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apC1̂ , for / —0, 1, • • • , n (see 15), in which the coef­
ficients a, are in the coëfficiënt field, and each expression 
only involves a finite number of terms apcn~r. Here, and 
in what follows, ƒ  (x) is an abbreviation for the expression 

Degree of that follows. If a0 ¥= 0 , ƒ  (x) is said to be a polynomial in 
polynomial x  of degree n and a,xn~r is the term of degree n — r in 
expressions /(x). If g  (x) is another polynomial of degree m (see 16), 

ƒ  (x) +  g (x) is obtained by adding the terms of like degree, 
and f i x )  X g i x ) is the polynomial of degree n + m ob­
tained by multiplication. With these laws of addition and 
multiplication, the polynomials in x  form a ring. The ring 
has unity: the polynomial of degree zero written 1. Further, 
if neither /(x ) nor g (x) is zero, their product ƒ  (x) X g (x) 
is not zero, because its leading term is a0b<yXn+m, and a0b0 
is not zero unless one of a0, b0 is zero. Hence the ring of 
polynomials in x  is an integral domain. It is easily seen, 
however, that it is not a field; for example, there is no 
polynomial p (x) such that p  (x) (x +  1 ) =  1 .
It is now a straightforward matter to define polyno­

mials in more than one variable. To the polynomials in 
x a new variable y  is adjoined. Products are defined by 
axpy q X bxry  =  abx^ry ^ s, axpy q +  bxpy q is identified with 
(a -F b) xpy q, and x° and y 0 are identified with unity in 
the coëfficiënt field. In this way the integral domain of 
polynomials in two variables is built up; a general element 
is written as a sum of these products (see 17). In a similar 
way the integral domain of polynomials in r variables may 
be constructed.

Elementary algebra is rieh in identities concerning poly­
nomials. Perhaps the most important is the binomial the­
orem, which expresses the sum of two terms raised to a 
power as a sum of products (see 18).

Rational functions. The ring of polynomials in r vari- 
The ring ables is an integral domain, but not a field. It is possible,
of poly- however, to embed the ring of polynomials in r variables
nomials in a field, the field of rational functions of r variables, 

just as the integers are embedded in the field of rational 
numbers. The case of one variable illustrates the general 
procedure. A rational function is one of the form /(x )/ 
g (x), in which fix)  and g  (x) are polynomials; the fol­
lowing discussion makes this idea precise and rigorous. 
All pairs of polynomials |ƒ  (x), g (x)] in which g (x) ¥= 0, 
are considered and two pairs [f(x), g(x)], [F(x), G(x)] 
are defined to be equivalent if ƒ  (x) Gix) — g (x) F  (x) =  0. 
This relation has all the necessary and sufficiënt properties 
of a true equivalence:

1 • Iƒ  (x), g (x)] is equivalent to itself (reflexive);
2. if \f(x), g (x)] is equivalent to [F(x), G (x)], then 

[i7 (x), G (x)] is equivalent to |f ix) ,  g (x)] (symmetrie); and
3. if [fix), g (x)] is equivalent to [F(x), G(x)], and 

[F (x), G (x)] is equivalent to [Pix), ß(x)], then [fix), 
g (x)] is equivalent to [P (x), Q (x)] (transitive).

As an illustration, this last property is proved. If ƒ  (x) G 
(x) g (x) F ix) = 0, and F  (x) Q (x) -  G (x) P (x) =  0, 
then Q ix) f i x )  G (x) =  Q (x) g (x) F ix) = g (x) G (x) P (x) 
and hence G (x) [f (x) Q (x) — g (x) P (x)] =  0. Because the 
ring of polynomials is an integral domain, and G(x) ¥= 0, 
by hypothesis, ƒ  (x) Q ix) -  g (x) P (x) -  0, which is the 
condition that [f (x), g (x)] is equivalent to [P ix),Q (x)].

Addition and multiplication of pairs are defined by the 
appropriate formulas (see 19), which arise from the fact 
that the pair [fix), g(x)] is to represent the rational 
function f ix ) /g  (x). By methods similar to that used to 
prove the transitivity of the equivalence relation, it can be 
shown that if [f (x), g (x)] or [p (x), q (x)] is replaced by 
an equivalent pair, their sum, or product, is replaced by 
an equivalent pair. Now consider a new set Z of elements, 
one representing each dass of equivalent pairs. Addition 
and multiplication can be defined in Z and it can be ver- 
ified that with those operations Z is an integral domain. 
The unity of Z is the class of pairs containing [1 , 1 ]: and 
if |f ix) ,  g(x)] represents a class a that is not zero, ƒ (x) is 
not zero, and there is a class ß represented by [g(x), fix)]. 
Then aß is equal to the unity of Z, and Z is a field.

The set Z contains a subring consisting of elements rep­
resented by pairs |fix ) ,  1]. If this class of pairs is identified 
with fix ) ,  it is seen that addition and multiplication in 
this subring are consistent with addition and multiplica­
tion in the ring of polynomials. Therefore Z is regarded as

[ [/(x ), g(x) ] +  [p{x), q(x)]
(19) I =  [ ƒ  (x)^(x) +  p(x)g(x), g{x)q{x) ]

L [fix) ,  £(*)] x  [p(x), q(x)] =  [/(x )p (x), £(x)<?(x)]

(2 0 ) (ƒ(•*) =  tf0xn +  tfr*n~ 1H------- ]-an, ao9^ 0
W )  =  b0x m +  b tx m ~ 1 +  • • • 4-b m, b0^  o

(2 1 ) f f x ) = f li x ) ~ k x n i~ mg(x)

(22) f  (x) =  a(x)g(x) +  bix)

(23) f(x) =  ö 1(x)^(x) +  Z?1(x)
[fl(x) — a fx )]g(x)  = b f x )  — bix)

(24) g ( x ) ^ aiix)bix) + b fx )

(25)

ƒ  (x) =  a(x)g(x) +  bix) 
g(x) = a fx)b ix)  +  b fx )  
bix) = a2ix)b1ix) + b2ix)

br_ f x )  = a fx )  b r_ j(x) +  b fx )  
hr~ iM  = ar+fx ) b rix)

[ f  (x) =  [aix)afx)  +  1 ]b(x) +  aix)bfx),
(26) | ƒ (x) =  Cjix)bjix) +  djWbj  + ,(x), in which ^.(x) and

^djix) are polynomials.

a class of pairs is represented by f ix ) /g  ix) in which [fix), 
g (x)] is any pair representing the class of equivalent pairs. 
Thus the ring of polynomials in x has been extended to 
the field of rational functions of x. By a similar process 
the ring of polynomials in r variables can be extended to 
the field of rational functions of r variables.

Elementary properties of polynomials and rational 
functions. The remainder of this section deals with ele­
mentary properties of poly nomials and rational functions. 
The division algorithm (procedure) for polynomials in 
one variable is discussed first. If f i x )  and gix)  are two 
polynomials of degree n and m, respectively (see 2 0 ), and 
if m < n, then ƒ  (x) — iajbf)xn~m g (x) is a polynomial f  (x) 
of degree n{(nx < n). If nx > m, in the same way, a number 
k in the coëfficiënt field may be found such that a similar 
expression can be formed in terms of f i x )  and g(x) (see 
21). If n2 > m, the process is repeated, and eventually ƒ  (x) 
can be written as the sum of a ix) g ix)  and b (x) (see 2 2 ), 
in which a (x), b (x) are polynomials [with coefficients in 
the coëfficiënt field of f i x )  and ^(x)] and the degree of 
b ix) is less than m. This representation is unique, for if 
another such expression is formed and subtracted from 
the first (see 23), the right-hand side will be of degree less 
than m. Because g{x) is of degree m, the left-hand side is 
of degree m at least unless a{x) =  <2 ,(x).
The equality therefore shows that a (x) — ö,(x), 

b ix) = bxix), and that the representation of ƒ  (x) is unique. 
For use below (see Solution of equations) note that if 
g (x) =  x — a, b (x) is a polynomial of degree zero equal 
to ƒ  id) = a0an +  axan~‘ +  *. • • +  an (the remainder theo­
rem).

Returning to the case in which g (x) is a polynomial 
of degree m, suppose that b ix) F  0. The same process is 
applied to the polynomials g (x), b (x), leading to a similar 
formula expressing g (x) as the sum of a,(x) b (x) and ^(x) 
(see 24), in which axix), b xix) are polynomials the coeffi­
cients of which are in the coëfficiënt field of fix), g (x); 
and the degree of Z?,(x) is less than that of b (x). If &,(x) is 
not zero, the process is repeated, until a stage is reached

Division 
of poly­
nomials
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in which the remainder is zero. A set of equations of this 
form is obtained (see 25) ending when b ^ x )  =  0.
From the first equation b (x) = f  (x) — a (x) g (x); sub- 

stituting in the second, an expression b{(x) —
p  M  f ( x )  + Q W  g (x) is obtained, and by successive Sub­
stitution br(x)= pr(x)f{x)  +  qr{x) g  (x), in which pix), 
qr(x) are polynomials.
Next, starting from ƒ  (x) = a (x )g  (x) +  b (x), one obtains 

by Substitution two expressions for ƒ  (x) involving the above 
quantities and the polynomials c/x) and d/x) (see 26).

Because br+ ,(x) is zero, f ( x )  = cr(x) br(x). Starting from 
the second equation of (25), the same procedure gives 
g (x) =  e£x) bix), in which er(x) is a polynomial.

If r(x) is a polynomial that is a factor of f(x )  and 
g (x), so that ƒ  (x) =  / (x) r (x), g (x) = m (x )r  (x), then 
bix) = [pr(x) l (x) +  qr(x) m (x)] r (x); that is, r (x) is a fac­
tor of br{x). Conversely, if r(x) is a factor of br(x), 
so that br(x) = r(x) s (x), then ƒ  (x) =  cr(x) r (x) 5  (x), 
g (x) =  eix) r (x) s (x), so that r (x) is a factor of ƒ  (x) and 
g(x). For this reason br(x) is called the highest common 
factor of ƒ  (x) and g (x).
A polynomial ƒ  (x) with coefficients in a field K  is called 

reducible if it can be written in the form ƒ  (x) =  g (x) h (x), 
in which g (x) and h (x) are polynomials of degree greater 
than zero; otherwise it is irreducible. If ƒ  (x) is reducible it 
can be written g (x) h (x); if g (x) or h (x) is reducible it can 
be written as h(x) = l (x) m (x). Thus, after a finite num­
ber of steps, one obtains f ( x )  = p ix ) p 2(x) * • • pix), in 
which each p,(x) is irreducible.

This representation of ƒ (x) as a product of ir­
reducible factors is unique, for suppose that 
f i x )  = q ix )  q2(x) • • - qs(x) is another such representa­
tion; p ix )  is a factor of qix) q2(x) • • • qs(x), and so must 
be a factor of qix) for some i. This is proved by supposing 
pix )  and q{(x) are not factors of one another; then their 
highest common factor is in the coëfficiënt field, and from 
the above there exist polynomials a (x), b (x) such that 
a (x) p ix )  +  b (x) qix) = 1 ; b (x) qix) q2{x) ■ * • qs(x) = 
b (x) p ix )  p2(x) • • • pr(x) =  [ 1 -  a (x) p x (x)] q2{x)
• • • qs(x).
Hence pix)[b  (x) p2(x) • • • pr(x) +  a (x) q2(x) • • • 

qix)] =  q2(x) • • • qs(x). Thus p ix )  is a factor of q2(x)
• • • qix). The same argument can be repeated to show 

that if p,(x) is not a factor of q2(x), it must be a factor 
of q2{x) • • • qix), and so on, so that p^x) must be a 
factor of qix) for some i. Since p ix )  and qix) are both 
irreducible, they can differ only by multiplication by an 
element of the coëfficiënt field. In this way a pairing is 
obtained between factors pix)  and qix), and the unique 
factorization theorem is proved.

It is easy to extend the theorem to polynomials in several 
variables: it is sufficiënt to demonstrate how it may be 
done for polynomials in two variables x and y. Ifƒ  (x, y) be 
a polynomial in x, y, it may be regarded as a polynomial 
in y, with coefficients in the field of rational functions of 
x  Because the unique factorization theorem for one vari­
able is proved by purely rational processes—that is, using 
only operations of addition and subtraction, and multi­
plication and division in the coefficients—it follows that 
f (x ,  y) = r,(x, y) r2(x, y) ■ ■ ■ rk(x, y), in which r,(x, y) is 
an irreducible polynomial in y  with coefficients that are 
rational functions of x, the k polynomials being uniquely 
determined save for order and factors that are rational 
functions of x. Let bix) be a common denominator of the 
coefficients of y  in r;(x, y), so that each coëfficiënt may 
be written a(x)/bix), in which a(x) is a polynomial, and 
let a,(x) be the highest common factor of the coefficients 
of y  in bix) rix, y). Then r,(x, y) =  [aix)/bix)] gix, x), in 
which g,{x, y) is a polynomial in x and y, uniquely deter­
mined save for a factor in the field of coefficients. Hence 
b ,(x )b2(x) ■ ■ • bk{x) f(x ,y )  = a l(x) ■ ■ ■ a ß x jg ^ x ,  
y) ' • ■ gk(x, y). Applying the unique factorization for 
polynomials in one variable to the coefficients of y, 
bix) ■ * * bk(x) is seen to be a factor of a{(x) • • • ak(x), 
and so f (x ,  y) =  c,(x) ■ ■ ■ cs(x) g{(x, y) ■ ■ ■ gk(x, y), in 
which the c; (x) and gj (x, y) are irreducible and uniquely 
determined to within a factor in the coëfficiënt field.

Symmetrie polynomials. Polynomials in r variables, 
X,, • • • , xr, which are of importance in many parts of

mathematics, for instance in the theory of equations, are 
the symmetrie polynomials. A polynomial / ( x b • • • , 
x,.) is a symmetrie polynomial in its arguments x b • • • , 
xr if the coefficients are rational numbers and if its value 
is unchanged whenever the subscripts in the arguments 
are replaced by any permutation of (1, • • • , r). For 
example, (2, 1, 3) is a permutation of (I, 2, 3). Important 
examples include the elementary symmetrie polynomials 
(see 27), and sums of terms, each of the form x/,  for i — 1,
2 , • • • , r (see 28).
In general (except for a plus or minus sign) the elemen­

tary symmetrie polynomial yk in r variables x b • • • xr is 
the coëfficiënt of tk in (t — x,) (/ — x2) * * • (t ~  xr) (k — 1 ,
2, • • • ). The principal result concerning symmetrie Operations 
polynomials is that any such polynomial F  (Xj, • • - , x j  on sym- 
can be obtained by applying the operations of addition and metrical 
multiplication to the elementary symmetrie polynomials poly- 
7 i, y2, • • • , yn so that F  is a polynomial in y„ • • • , nomials 
yr. This may be proved by the process of induction on r.
There is, indeed, nothing to prove if r=  1. To begin the 
induction, it may be assumed that the theorem is true

(27)

The elementary symmetrie polynomials:
y l = x x +  x2 +  * * * +  x r, 
y 2 =  XjX2 +  XjXg +  • • • +  x2x 3 -b • • • T  x r _ jXr, 

<yr= x ix 2- • - x r

(28)
The sums of powers: pÄ. =  x* +  x^+  • • • +x£, 
k =  1 , 2 , . . . .

(29) T 1 = + *r’ =̂ y'i + * • •

(30) y[ = y x- x r, y.; =  y 2- x . zy ,+x? ,  ■ ■ ■

(31) F(xv ■ ■ ■ , x r) =  +  a , x f ~ 1H------- \-am

(32) f ( z ) = ( z  — x t)(z — x.2) • • • (z — x r)
= z r —y,z r~ , + y 2zr~2 — - ■ - ± y r

(33) F{xv ■ ■ ■ , x r)=  ß ^ - 1 + ß xx rr~2 -------\-ßr - i

(34) F(xv ■ ■ • , * r) = / V r 1 +  /3 i 4 “ 2H------- 'rßr - 1

( =  1

(35) H(Z): II 'S 1 ' +  ß 1zr~2+ ■ ■ ■ +  ß r_ k — i

(36) F(xv • • •, x r) =  ßr~1

(37) F p v X2,- ■ ■, x n) =  0, i = l ,

(38) F ^ r , a 2, • • • , a n)--=0, i=  1, • • • , r

if applied to symmetrie polynomials in x b • • • , x^,. 
If Y\, / 2. * ' * , Yr-\ denote the elementary symmetrie 
polynomials in x„ • • • , x,_,, then y,, • • • , yr can be 
expressed in terms of ■ • • , Yr and xr (see 29). These 
equations can be solved for / ,  • • • , (see 30).
Writing ^ (x ,, • * • , xr) as a polynomial in xr (see 31), 

with the coefficients a, being polynomials in x,, • • • , 
x^,, one finds that because F(x,, • • • , x,.) is unaltered 
by any permutation of x,, • • • , x r, in particular by any 
permutation leaving x, fixed, a, is a symmetrie polyno­
mial in x b • • • , x^j, and can therefore be represented 
as a polynomial in / , ,  • • • , Replacing / ,  by
y, — x,, Y 2 by y2 — xry, +  x,2, etc., it is possible to write 
F(x,, • • • , x,) as a polynomial G{y{, • * • , y^,, xr) 
in y,, • • • , y^i, xr Now if f ( z )  is a product of terms 
of the form (z —x(), for i=  1, 2, • • • , r (see 32), then 
Xx,) — 0. Using this, powers of xr in G{yu • • • , y^,, xr)
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of degree greater than r — 1 can be replaced by expressions 
involving yx, • * * , yr and lower powers of x r Finally an 
equation is reached for F(x,, • • • , xr) as a sum of terms 
ßi-xxr' (see 33), in which ß0 • • • , ß ^ x are polynomials 
in 7 i, • • * , yr—and hence symmetrie polynomials in 
(x,, • • • , x r). Because F(x,, • ■ - , x r) is symmetrie, r 
similar equations result (see 34).

Now consider the polynomial H(z), formed by subtract- 
ing F(xi, • • • , x r) from a similar polynomial in the 
variable z (see 35), with coefficients in the field of ratio­
nal functions of x,, • • • , x r H(z) has r zeros, namely 
z =  a„ • * • , ar. But (see below Solution o f equations) 
a polynomial of degree r — 1 or less that has r zeros 
is identically zero. Hence putting z =  0, F(xx, • * • , xr) 
equals ß ^ x (see 36), in which ß ^ x is a polynomial in the 
elementary symmetrie polynomials yx, • • • , yr. So if any 
polynomial in r — 1 variables may be expressed as a poly­
nomial in the r — 1 elementary symmetrie polynomials, 
it follows that any polynomial in r variables may be so 
expressed. Because the theorem is true for one variable, it 
is true for any number of variables.

The symmetrie polynomials play an important role in 
the theory of equations (see below). A simple calculation 
enables expressions to be given for the sums sr of the rth 
powers of (*„ ■ • • , x,) in terms of >■„ • • • , y,\ from 
these relations it can be shown that y,, • • • , yr are equal 
to polynomials in 5,, • • • , sr; hence any symmetrie poly­
nomial can be expressed as a polynomial in sx • • • , sr

Nature 
of the 
problem

Solution as 
i unique 
Doint in 
iffine 
;pace

SOLUTION OF EQUATIONS
One of the principal problems of elementary algebra is 
the solution of a set of equations in which r polynomials 
Fjßxx, x2, • * * , x„), i=  1 , 2, • • • , r, with coefficients 
in a field (rational numbers, real numbers, or complex 
numbers), are set equal to zero (see 37). By a solution of 
these equations is meant a set of numbers (als a2, • • • , 
an) in the coëfficiënt field, or in some extension of the 
coëfficiënt field, that, when substituted for x,, x 2, • • • , 
x n, causes the polynomials all to equal zero (see 38).

a solution of the equations, and how can a given set of 
equations be tested for solvability? This question can be 
refined by asking whether there exist Solutions in the field 
of the coefficients, or in some prescribed extension of this 
field. A particular case of this arises when the coefficients 
are natural numbers, and it is desired to find Solutions 
(a,, a2, • • • , an) in which a, is rational. Such problems 
really belong to the theory of numbers, though methods 
of algebraic geometry (see below) play an important role 
in these investigations. (2) The criteria for determining 
whether a set of equations has a solution do not, as a rule, 
give any clue to finding a solution when one is known 
to exist. One asks whether there exists some algebraic 
process, involving the elementary operations of addition, 
subtraction, multiplication, and division, together with the 
extraction of roots, which, when applied to the coefficients 
of the equation, will lead to a solution. More precisely, it 
is of considerable interest to ask whether the solution can 
be obtained by elementary operations only (the Solutions 
are then said to be rational) or if they can be found 
by elementary operations together with the extraction of 
square roots so that the Solutions can be constructed ge- 
ometrically by ruler and compass only (see above). (3) 
Whether or not it is possible to find the solution of a set of 
equations explicitly, it may be possible to develop a theory 
of the aggregate of Solutions of a set of equations. This 
leads to algebraic geometry. In elementary geometry of the 
plane Coordinates (x, y) are introduced consisting of pairs 
of real numbers x  and y, and a one-to-one correspondence 
is established between all pairs (x, y) and all points of the 
plane. This notion can be extended in several ways: First 
the plane may be replaced by the real affine space of n 
dimensions, in which there is a one-to-one correspondence 
between the points of the space and all possible sets (ax, 
a2, • • • , aß) of real numbers. Again, this notion may 
be extended to obtain complex affine space, in which the 
Coordinates are sets of n complex numbers. Then each real 
(complex) solution of the equation defines a unique point 
in real (complex) affine space of n dimensions. The aggre-

(39) y p p A  & * ) - E G i(y0, y, . • • •. y„)
'Vo y0 y j

(40) G i(Ov OV • • iG i(y<>’yv ■■■’ y,)

(41) C i(v„.}V • • • ^ n )  =: 0 , i=  1 , • • ■ , r

(42) axxn~] • +  « , =  °

(43) f (x)= f l(x)(x--  «) +ßot)

(44) >> 'S? II 'S? 1 3
’

>> 2 f i x ) = ( x - <x)(x-fß.f,(x)

(45) 1cII '  a 2> ' ,)

(46) O t j ß - o ^ ß - - a 2> ■■■iß - a „ )  =  °

(47)

(48)

aQx n +  axx n- 1^--------b an
=  a 0(x -  a ,) (x -  a 2) • • • ( x -  a n)
= a0x n — a0(ax +  « 2 H--------b cxp) x n ~ 1 +  •
=  a0x n — a08xx n ” 1 +  a 0ö2xw - 2 — • • •

x2 +  axx  +  a2 =  (x +  \a ß f  +  a2 — \d\
=  (x +  \ a x +  a)(x +  iß  i — «)

gate of the Solutions defines a locus in the affine space, and 
the geometrical properties of this locus provide important 
information about the solution of the equations.
It is familiär that, in the elementary geometry of the 

plane, simple theorems such as “two (distinct) lines have 
one point in common” have to be qualified by adding “or 
eise are parallel.” This difficulty is overcome by adding to 
the affine plane a “line at infmity” to make ihe plane into a 
projective plane, the points being given by sets of numbers 
(a, ß , y) not all zero, two sets of numbers which are propor­
tional determining the same point so that (a, ß, y) and (2 a,
Xß, Xy) represent the same point. The points of the affine 
plane are identified with the points of the projective plane 
for which a is not zero. The affine Coordinates of the point 
are (ß/a, y/a). The same process can be used to extend the 
real (complex) affine space of n dimensions to a projective 
space of n dimensions. Now let (al9 a2, • • • , an) be any 
solution of the equations being considered (see 38). This 
is represented in projective space of n dimensions by the 
point (ß0, ß x, • • • , ßn), in which ß0a,= ßh i =  1 , • • • , 
r. In F,(xx , x2, • • • , x„) replace x, by yJyQ and multi- 
ply by the lowest power of y0 that yields a polynomial 
Gj (see 39). This polynomial is homogeneous (see 40).
Now consider the set of homogeneous equations (see 41) 
in which the G, are set equal to zero. If (ß0, /?„ • • • , ßn) 
is a solution, so is (Xß0, Xßx, • • • , Xßn) for any X. If not 
all ßj are zero, the solution (Xß0, Xß{, * • • , Xßn) defines 
a unique point in the projective space of n dimensions.
If ßo^O, then (ßfßo, ß2/ßo> ' * * , ßjßo) is a solution 
of the original equations (see 37). Thus the homogeneous 
equations (see 41) define a locus in projective space of n 
dimensions; and the points of this locus not in y0 = 0  can 
be identified with the points of the affine space from which 
the projective space was constructed, which corresponds 
to the Solutions of the original equations (see 37).
Just as the use of projective space allows certain dif­

ficulties arising in the geometry of affine space to be 
eliminated, so the restriction to homogeneous equations 
simplifies some difficulties in algebra, which arise when the 
Solutions of nonhomogeneous equations are considered.

E xistence  of Solutions. As a preliminary to the algebraic 
study of the equation in r variables, it is necessary to 
consider the solution of an ^-degree polynomial equation 
in one variable (see 42), in some detail. The fundamental The funda- 
theorem of algebra States that if n > 0 and the coefficients mental 
are rational, or real, or complex numbers, there exists theorem of 
at least one complex number a such that f  (a) = 0. The algebra
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(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60) 

(61) 

(62)

(63)

(64)

(65)

f ( x )  = g(y) = y^Jr p y ^ q

o( , z6 +  q z s — p 3l 2 7  h(z)g (y )==------------ -------—  =  _
Z3 Z3

\ H z ) = ( z 3 — £) ( z3 — yj)

^  =  -4<7+p> v  = —iq  — p

ß —P 
~3 a

—O3 —p 3—  F 1 —p 3 — iq  — p p
j = - i q ~ P27i  21 - i q  + p 27 \q

•r ' 3 - —«„.v- • (/.j.v • </, — ()

y2 + axxy +  a2y + a3x + a4 =  0  

v — .v2 =  0

F(x, y, X) =  X(x2 — y) + y Z + a txy + a2y + a3x  + a4

*(X — a2)2 + a ^ X  — a2) — 4 a4X +  o2 +  a2a4 =  0

F (x,y, X{) = (a(x  + b ty +  c.)(ajX +  ß (y + 7 t)
1.2.3

a1x + b Jy + c 1 = 0, a2x  + b2y + c 2=  0

aix  +  b ,y + c ,  — 0 , a 2x + ß 2y + y.2 =  0  

f ( x )  =  a0x n + a,xn~1 + • ■ - + an=  0  

£(*) =  b0x m + b4x m - 1 +  • • ■ +  bm =  0  

H  (/. g ) =  p (x ) f ( x ) +  q(x) g(x) 

f  (x) =  r(x) H (f ,  g) , X'(.v) =  s(x) H (f ,  g)

a”>b'‘(a1- ß 1)(a1- ß 2) . . . ( a n- ß m)

=  • • • #(«„) 
= ± b m ß ß f ( ß - z ) - - - f ( ß j

number a is called a root ofƒ  (x), or a solution of ƒ  (x) =  0 . 
No elementary algebraic proof of this theorem exists, and 
the result is not proved here. There is an extension of the 
theorem which States that if the coefficients of f i x )  are 
in any field K, there exists an extension of K  in which 
ƒ (x) has a root. In what follows, however, the coefficients 
of f i x )  are in the complex field: f i x )  then has a root 
in this field.
The remainder theorem proved above (see Elementary 

properties o f  polynomials and rational functions) can be 
applied (see 43) to express f ( x )  as the sum of f(a)  and 
the product f ( x )  (x — a), in which f i x )  is a polynomial 
of degree n — 1. If a is a root of ƒ  (x), this implies that 
(x — a) is a factor of f ix) .  If ( n -  1)>0,  f ( x )  also has 
a root ß , and the process can be continued to express 
f i x )  as a product (see 44 and 45) of terms of the form 
(x —az), for i=  1 , 2 , • • • , n, in which a„ a2, • * • , 
an are complex numbers. Because f(a,) = 0, each a, is a 
root of ƒ  (x). If ß  is any root of ƒ  (x), then this expression 
equals zero (see 46), and because the complex numbers 
form a field, one term (ß — al) must be zero. Hence al9 
a2, • • • , a„ are the only roots of f(x). So now the 
polynomial can be written in terms of ö, (see 4 7 ), the 
result of replacing x l5 x2, • • • , x n by a,, a2, • * • , 
an in the elementary Symmetrie polynomial y, (see 27). 
A function 3, is usually called an (elementary) symmetrie 
function of the roots of f ix ) ,  and a considerable body 
of algebra deals with properties of the symmetrie func­
tions of the roots of an equation. For example, note that 
a03l = —üi if / is odd, and that aü3, =  al if i is even. Thus 
the symmetrie functions of the roots lie in the coëfficiënt 
field of ƒ  (x), though the individual roots may not.

Extraction of the roots of a polynomial. Although the 
fundamental theorem of algebra enables one to show that 
a polynomial ƒ  (x) of degree n has n roots, it gives no clue 
to finding the roots. In algebra, it is desired to give rules 
for applying a series of elementar)/ operations, together 
with the extraction of rth roots (the Standard operations 
of algebra) on the coefficients of ƒ  (x) to find the roots. In 
considering this problem, note that the roots of f i x )  are 
the same as the roots of b f  (x) in which b is any nonzero 
number of the coëfficiënt field; b can be chosen so that 
ba0 =  1 ; this means that without loss of generality a0 may 
be set equal to one in ƒ  (x); by doing this the notation is 
greatly simplified.
(I) n — \. The equation is x  +  tf ,=0,  which has the 

unique solution — a, in the coëfficiënt field.
(II) n = 2. Any quadratic expression can be put in the 

form x2 4- a xx  +  a 2 and then can be factored, giving the 
Solutions — xh a x +  a, —x/ i a x — a  (see 48), in which a, —a 
are the square roots of l/4a lz — a2. The root a  can be 
constructed by use of ruler and compass, and the roots 
— l/2 a l +  a, — V2a x — a  are obtained by the Standard opera­
tions of algebra.

(III) n = 3. The variable in f i x )  is changed by writing 
V =  x +  xh a x giving a cubic equation with no quadratic 
term (see 49), in which the constants p and q are obtained 
from ax, a2, a3 by elementary operations. If a root ß of 
g (y) can be found, ß — lh a x is a root of f ix) .  If p — 0, the 
roots of g (y) are determined by extracting a cube root, 
and the solution of ƒ  (x) =  0  is complete.

Consider now p=£ 0 and make another change of vari­
able determined by y —z — p/3z. Then express g (y) in 
terms of z (see 50), and it is clear that if y is any root of 
h { z ), y — p ß y  is a root of g(y), and so a root of /(x) is 
obtained. Defining two new quantities £ and rj and using 
the properties of homogeneous equations (see 40), one 
can factor h  (z) into a product (see 51), with terms of the 
product constructed by Standard processes. By a Standard 
process (but not by ruler and compass) a number a can be 
constructed such that o? =  If 1, cob co2 are the cube roots 
of unity, the other roots of z3 — 4  one of the factors of 
h  (z), are acu,, co2. It can be shown (see 52) that ß  is a cube 
root of q. The other cube roots are obtained, similarly, 
using aru,, aojy they are in fact ßoj2, ß c o x, respectively.

If yx =  a — p/3a, y, is a root of g iy). Replacing a in this 
by awx, aoh or ß, ßw2, ßcox the other roots of g (y) are 
obtained. On account of the relation ß = ~p/3a, however, 
the pairs (a, ß), (aeu,, ßco2), (aw2, ßa)x) give the same roots

of g 0A Thus three roots of g (y) are obtained by the Stan­
dard processes of algebra, an d  hence three roots of ƒ  (x).

(IV) n =  4. It can also be proved that the fourth degree 
equation (see 53) can be solved by the Standard processes 
of algebra. It is instructive to see how one is led to the solu­
tion by simple considerations of geometry in the complex 
affine plane. In this plane define two conics by equations in 
x and y  (see 54 and 55). A conic in the real plane is formed 
by the intersection of the plane with a cone. A circle, 
ellipse, hyperbola, parabola, or pair of intersecting straight 
lines is a conic. The concept is generalized to the complex 
plane. If a is any root of the fourth-degree equation (see 
53), (a, a2) is a point common to the conics. Conversely, 
if (a, ß) is any point common to the two conics, ß = a2 
from the second conic, a is a root of the fourth-degree 
equation (see 53). So it is necessary to find the four points 
common to the two conics. Define a function Fix, y, A), 
in which X is any complex number, from these two conics 
(see 56). Fix, y, A) — 0 is the equation of a conic in the 
plane. It is clear that if A, // are different complex numbers, 
the points common to Fix, y, A) =  0 and Fix, y, p) =  0 
are the points common to the conics (see 54 and 55). 
Now it is a theorem of geometry that Fix, y, A) =  0 
becomes a pair of lines if A is a root of a certain cubic 
polynomial (see 57). By (III), this polynomial in A has 
three roots A„ A2, A3, which can be found by the Standard 
processes. Then, by solving quadratic equations, as in (II),
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F(x, y, X) can be written as a product of two terms, each 
linear in x  and y  (see 58). To find the four points common 
to the conics it is necessary to find the points common 
to F(x, y, f )  = 0 and F  (x, y, X2) =  0. To find these, four 
pairs of linear equations (see 59 and 60) must be solved.

Because the four points so obtained satisfy the original 
equation and the second conic (see 37 and 55), the so­
lution of the fourth-degree equation (see 53) is deduced, 
and can therefore be obtained by the Standard processes 
of algebra.

In the 18th Century, much effort was put into attempts 
to find methods of finding the solution of an equation 
of degree higher than four by the Standard processes of 
algebra. Early in the 19th Century the Norwegian mathe- 
matician Niels Henrik Abel proved that the general equa­
tion of degree five could not be solved in this way. Before 
his untimely death in 1832, the French mathematician 
Évariste Galois extended Abel’s result to equations of 
degree greater than five and developed a general theory 
of equations that threw much light on the problem (see 
below Fields).

Common roots of two polynomials. Now let ƒ  (x) and
g  (x) be polynomials of degree n and m, respectively, and 
let ƒ  (x) =  0 and g (x) =  0 (see 61 and 62). One may ask 
if these equations have any common solution, and if so 
how it is found. It was shown above how to construct 
the highest common factor of fix), gix). This is a poly­
nomial Hif, g), such that there exist polynomials pix), 
qix), r (x), s(x), in terms of which ƒ  (x) and g(x) can be 
written (see 63 and 64). From these equations it follows 
that any common root of ƒ  (x) and g (x) is a root of Hif, 
g), and any root of Hif, g) is a common root of ƒ  (x), g (x). 
Thus /(x )  and g(x) have a common root if and only if 
the highest common factor is of degree greater than zero. 
The process described can easily be extended to find the 
common roots, if any, of any finite set of polynomials 
/< x )(/=  1, * • • , r). The highest common factor Hif, 
f 2) of f ix ) ,  f i x )  is constructed; the highest common factor 
H i f \ , f , f )  of this and A(x), and so on. The common roots 
of fix)  are simply the roots of H i f . f .  • • • , f )
If/(x) and g (x) have a common root, then let a,, • • • , 

a„ be the roots oï fix),  /?,, • • • , ßm the roots of gix). 
Consider a product with terms of the form (a, — /?,), for 
/=  1, 2, • • • , n, and j =  1, 2, • • • , m (see 65). The 
first expression is a symmetrie function of the roots of 
/(x), and hence can be expressed in terms of the elemen­
tary symmetrie functions of these roots, that is, in terms of 
Oq, a{ • • • , an. The expression is therefore a polynomial 
R if, g) in the coefficients a0, • • • , an, b0, • • • , bm. If, 
for any given polynomials ƒ  (x) and £ (x) in which a0 and 
b0 are not zero, R if, g) = 0, it follows that the equations 
have a common solution, and conversely if the equations 
have a common solution R ( f  g) = 0.

In later developments, the condition of a0 ¥= 0, b0¥= 0 
turns out to be an undesirable restriction. This restriction 
may be removed to some extent. Suppose that a0 ¥=0, 
b0 = 0. Because R if, g) can be written as a product of a0m 
and the n terms g (a;) (see 6 6 ), in which a,, • • • , an 
are roots of ƒ  (x), Rif, g) = 0  implies g (a,) =  0  for some 
root a, of ƒ  (x). Hence this a, is a common root of ƒ  (x),
& (x). If ÜQ — 0 =  b0, however, this argument breaks down. 
It can be verified that if a0 and b0 both vanish, R i fg )  = 0, 
whatever values are given to ax, • • • , an, b{, • • • , bm, 
and nothing is learned about the roots of fix) ,  £ (x).

To overcome this difficulty a new variable y  is introduced 
in f(x), g ix)  by replacing a, by A y ,  bj by By;  then three 
homogeneous polynomials F  (x, y), G (x, y) and R if, g) are 
obtained (see 67). The polynomial T  (F, G) in A0, • • •., 
An, Bq, • • • , Bm is obtained by replacing a0, • • • , an, 
bo, ■ ■ ■ > bm by A0, ■ ■ ■ , A„, ß„, • • • , B„, in R (f, ,?).

If F{x, y) and G ix, y) both equal to zero (see 6 8 ) have a 
common solution (a, ß) in which ß=£ 0, a/ß is a common 
root of ƒ  (x), gix), and hence T  (F, G) =  0. If the homoge­
neous equations have a common solution (a, 0 ) in which 
a = 0, then A0, B0 are zero, and T  (F, G) =  0. Conversely, 
if T (f , G) = 0  and A0, B0 are not both zero, F (x, 1) and 
G\y, 1 ) have a common root a, and (a, 1 ) is ä common 
solution (see 6 8 ). If A0, B0 are zero the equations have the 
common solution (1, 0). Hence T  (F, G) = 0 is a necessary

(66)

(67)

(68)

(69)

(70)

(71)

\!L)

(73)

(74)

(75)

(76)

n j \

(78)

(79)

(80) 

(81)

R (f ,  ,s’) =  • • • .?(«„)

(F(x, y) =  A ax n-\-A1x n~ly-\------- 1- A ny n
j G(x, y) = B 0x m + B tx m ~ ly  + ----- 1- B my m
[R ( f ,g )  = ymnT (F , G )

FCx,y) =  0, G (x,y) =  0

f ( x , y ) = a 0x n + a1x " - J + - - -  + an= 0

g(x,y) = btyxm+ b lx m~1+ ■ ■ - + bm=  0

'F(x, y, z) = A 0(y, z)xN + A t(y, z)xN~' +
+  ■ ■ • -\-AN(y, z) =  0  

‘ C(x, y, z) .  B 0(y, z)x« + R 1(y, z)xu ~' +
. ■ +  ■ • • +  z) = 0

F(x, y, z) = A 0(u, v)xN + A t(u, v)txN^ 1 +
H------+A„{u,v)tN

G(x, y, z) = B 0(u, v)xM + B 1(u, v)1xM~l +
_ +  • • - + B M(u, v)tM

/,• =  atx + b (y + CjZ, i =  1 , • • • , r

bf j  ~  bf i  = ciaj -  cjai =  aibj -  ajbi = 0  

i , j=  l ,  • • - ,r

l i  =  P i l i

a1x + b 1y + c1z =  0

h l  — h l  — (h n — h si -L- (h r  — /) r b - 0
~ i j  ~ r i  i ~ j  1 ^ i ~ j

( b f j  -  bf i K  + (c f j  -  cjai)bk + (a,bj -  aJ>t)ck =  0

/« . « 2  • • • ar \
{byb* - b A  
\ c i c 2 ' ’ • c j

M t = OfX + b y + c ^ O ,  i=  1, • • • , r 

b M j — bjM i — Ojc +  btc} — b f t =  0

and sufficiënt condition for the homogeneous equations 
(6 8 ) to have a common solution.

The problem of solving equations in two variables (x, 
y) is now considered. If a simple equation ƒ  (x, y) =  0 is 
taken, y is given an arbitrary value r\ in the complex field, 
and the equation ƒ  (x, rj) — 0 in one variable remains. If £ 
is a root of ƒ  (x, rj), (£, rj) is a solution for ƒ  (x, y) = 0 .

Two simultaneous equations. Now consider two simul- 
taneous nonhomogeneous polynomial equations (see 69 
and 70) in which the coefficients ah bj are now polynomials 
in y. R if, g) is then a polynomial in y; and it is clear that 
if (£, rj) is a common solution of the two equations, then 
rj satisfies R i f  g) = 0. If, on the other hand, 77 is a root of 
R if, g) and the polynomials a0, b0 do not both have rj as 
a root, there exists a common root of ƒ  (x, rj), g (x, 77) and 
so a common solution of the two equations (see 69 and 
70). If 77 is a common zero of a0, b0, however, the diffi­
culty described above arises. To get over this difficulty, a 
new variable z is again introduced to make ƒ  (x, y), g (x, 
y) homogeneous, and F(x, y, z) is defined as a sum of 
7V+ 1 terms of the form Afy, z) x N~‘, for i = 0, 1, • • • , 
N, and G (x, y, z) as a similar sum of terms of the form 
Bfy, z)xM~J, for j  = 0, 1, • • • , M  (see 71), where Afy, z) 
is homogeneous of degree / and ßfy, z) homogeneous of
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degree j. Then ut is written for y, vt for z (see 72). Regard- 
ing these as equations in (x, t), T  (F, G) is constructed as 
before. It is homogeneous in (u, v). If A0 and B0 are both 
zero, the equation F (x, y, z) = 0, G {x, y, z) — 0 have a 
common solution (1,0, 0). If they are not both zero, F (x, 
y, z) = 0 and G (x , y, -z) =  0 have a common solution (A, 
//, v) if and only if (//, v) is a solution of T  (F; G) = 0.

This again illustrates the advantages of studying homo­
geneous equations and the associated loci in projective 
space.

Linear Systems. To conclude, there follows a brief 
consideration of the solution of a system of linear ho­
mogeneous equations in three variables x, y, z, with coeffi­
cients av bh c„ respcctively, for /=  1, 2, • • • , r (see 73). 
If each ah b,, c„ is zero ( /=  1 , • • • , r), the problem is 
trivial. Next, suppose, for instance, that ax, bx, cx are not all 
zero, and that a certain relation of the coefficients (see 74) 
holds. Then there is a nonzero number such that /, equals 
the product of p, and /, (see 75), and the problem reduces 
to finding the solution of a single such equation (see 76). 
Next, suppose that by) — b f h cß, — cjait afa — ap, are 

not all zero for a particular pair i, j, say bicj — b f i ¥= 0 . 
Then y  can be eliminated yielding a simpler prob­
lem (see 77). This equation has a unique solution 
[p (bjCj — by,), .pXafjj — ap,)] in which p¥=0, and sub- 
stituting in the expressions for /,, lp /, =  0  =  /7 have 
the unique solution (bß  — bf„ cß} — cßh apj — ap). 
If equations being considered have any solution, it must 
be unique and this must be it. This solution, then, substi­
tuted into the original system, gives the condition for the 
existence of a solution (see 78). It must hold for all i, j, k. 
In the language of linear algebra the equations (73) have 
an infinity of Solutions, a unique solution, or no solution 
according as the rank of the matrix of coefficients (see 79) 
is one, two, or three.

It should be noted that if the nonhomogeneous equations 
(see 80) had been considered, there would have been more 
possibilities. For instance, suppose that apj — apj = 0, 
b y  — b f ,  #  0, for given values of i, j. Then a System of 
equations (see 81) is reached that has no solution, and 
hence the nonhomogeneous equations have no solution. 
In this case, the geometrical explanation is that the lines 
Mj = 0, Mj = 0 are parallel, but not identical. To obtain an 
intersection, it is necessary to pass from the affine plane 
to the projective plane.

Linear and multilinear algebra
LINEAR ALGEBRA
Historical and conceptual introduction. Although the 

term linear algebra is comparatively recent, the mathemat- 
ical ideas that it embraces are found in the works of many 
mathematicians over the past two or three hundred years. 
The main development of the subject, however, has taken 
place since 1850. Linear algebra originated in the study of 
Systems of linear equations in several unknowns and in the 
attempt to find general methods for their solution. This 
attempt led quite early to the notion of a determinant, in 
1693 by the German mathematician Gottfried Wilhelm 
Leibniz. In 1750 the Swiss physicist Gabriel Gramer gave 
the rule bearing his name, for expressing the solution of n 
linear equations in n unknowns in terms of determinants. 
The French mathematician Joseph-Louis Lagrange noted 
in 1773 the connection between a third-order determinant 
and the volume of a tetrahedron. Lagrange and Germa- 
ny’s greatest mathematician, Carl Friedrich Gauss, both 
observed that if the quadratic form F = ax2 + 2bxy  + cy2 
is subjected to a linear transformation (see Box, equations 
82), expressed in two linear equations, to obtain the new 
form ƒ  =  a' iF +  2b'uv+ d  v2 in the variables u and v, then 
the effect (see 83) of the transformation is to multiply the 
discriminant of the form (a function expressed in terms of 
the coefficients) by a factor depending on the transforma­
tion and not the forming.
The concept of a vector space grew out of the work 

of Hamilton on the algebra of vectors. An example of a 
vector space is the set, U3, of all ordered triples [x, y, z] 
in which x, y, z  are real numbers. These triples are called 
vectors with components x, y, z  and are added according

(82)

(83)

(84)

(85)

( x = a u  +  ß v  
l y  =  yu  +  8v

a'c’ — b'2 =  (<x8 — ßy)2(ac — b2)

U ,.y ,.z ,]  +  [x2, y 2,z.1] = [ x i + x 2, y l + y ï , z 1 + z2\ 

c X = [ c x , c y , c z ]

to the rule (see 84) that respective components of two vec­
tors are added to yield a sum vector. Moreover, if X =  [x, 
y, z] is a vector and c is a real number, then the product 
cX, called a scalar multiple of X, is defined (see 85) to be 
the vector obtained by multiplying each component of X 
by c. In this context a real number is called a scalar, as 
opposed to a triple [x, y, z] that is a vector. The vector 
[0, 0, 0] is called the null vector or zero vector and is 
denoted by 0.

The vectors of U3 have a geometrie interpretation. The 
vector X =  [x, y, z] is represented, relative to a Cartesian Geometrie 
coordinate system with origin at O, by the directed line interpre- 
segment OP with initial point O  and terminal point at tation of 
the point P  the Coordinates of which are {x, y, z). It vectors 
is further stipulated that two directed line Segments that 
have the same length and the same direction represent the 
same vector. Thus, vectors are invariant under translation 
and hence the vector represented by AB with initial point 
A (x,, y u z,) and terminal point B (x2, y2, z 2) is (see Figure 
3) the same (see 86) as the vector with initial point at the 
origin and with terminus at the point with Coordinates 
(x2 — x,, y 2 — y {, z 2 — z,). If X, and X2 are vectors with 
geometrie representations OP and OQ, respectively, then 
X, +  X2 has the geometrie representation OR in which R  
is the point determined by PR =  OQ. If O, P, and Q  are 
not collinear, then OR is the diagonal of the parallelogram 
of which OP and OQ are adjacent edges (Figure 4). If c is 
any scalar, the geometrie representation of cX  is a directed 
segment the length of which is | c | times the length of 
the segment representing X, and . the direction of which is

Figure 3: Geometrie interpretation of the fact that vectors 
are invariant under translation. Specifically, the vector 
represented by the line segment AB  is the same as the vector 
represented by OP. The Coordinates of each point are shown 
in parentheses (see text).

the same or opposite to that of X according as c >  0 or
c <  0. If c =  0 then 0X =  0.
The set U2 of all ordered pairs [x, y] of real numbers, 

with similar definitions of addition and multiplication by 
scalars, is another example of a vector space. The vectors 
of U2 can be represented geometrically by directed line 
Segments in a Cartesian plane.

A function of mapping r  from U3 to U3 can be defined 
by a system of three linear equations (for example, see 87) 
that give the components u, v, w  of the vector t [x , y, z] 
onto which [x, y, z] is mapped by t (see 88). The vector 
[u, v, w] is called the image of [x, y, z] under t and images 
of particular vectors such as [1, 2, 3] and [1, 0, 0] can be 
computed from the given equations (see 89). Because the 
equations defining the mapping are linear, t has the prop­
erties (see 90) that the image of the sum of two vectors is 
the sum of their images, and the image of a scalar mul­
tiple of a vector is the same scalar multiple of its image. 
A mapping with these properties is called a linear transfor-
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Figure 4: Geometrie interpretation of the sum of two vectors.
The vectors with representations OP and OQ add to yield 
the vector with representation OR, which is the diagonal of a 
parallelogram (see text).

mation, in this case from U3 to U3. Using Cayley’s definition 
of matrix products, equations (87) defining the mapping r 
can be written (see 91) Y =  AX  in which A is the matrix (92) 
of coefficients of the equations, and X and Y are the vec­
tors [x y z] and [ a v vt/j written for technical reasons as 
columns. Thus the matrix A represents the linearTransfor­
mation T and operates on the vector X to give the vector Y. 
The linearity properties (90) of t thus become two rules 
of matrix algebra (see 93). In the same way, a system (see 
94) of two equations in three variables determines a lin­
ear transformation o from U3 into U2 defined (see 95) by 
specifying the image in U2 of each vector in U3 under the 
mapping o. The equations defining a can also be written 
in matrix form (see 96). In general, both matrices and

(8 6 ) AB = [ x 2 — x v y2 — y v z2 — z l'\ = OP

f 2 x —3 y + z = u
(87) J x + y — 2 z=  v 

[?>x + y + 5 z = w

(8 8 ) r [x, y, z] = \_u, v, w]

f r [ l ,  2, 3] =  [ - 1 , - 3 ,  20], r [ l ,  0, 0] =  [2, 1, 3] 
| r [ l ,  1, 1 ] =  [0, 0, 9]

(90) (t(X  +  Y) = tX  +  tY  
1 t( cX ) = c(tX)

(91)

(92)

(93)

(94)

(95)

A ( X 1+ X 2) = A X 1+ A X 2,

{5x — y + 2 z = u  
lx +  3y — 4z = v

cr[x, y , z ] =  [u,v]

A (c X )= c (A X )

(96) ~u — "5 - i  r x"
-V- -1 3 - 4 . y

Systems of linear equations may be considered as repre­
sentations of linear transformations.
A subset U of U3 is called a subspace of U3 if it is Subspaces 

closed under addition of vectors and multiplication by 
scalars; that is, if, whenever X and Y belong to 6 , then 
also X +  Y and cX also belong to 6 , for all scalars c.
The set of all scalar multiples of a fixed vector X in U3 

is a subspace of U3 that consists, if X ¥= 0, of all vectors 
with geometrie representations OP lying in a fixed line 
through the origin. Similarly, if X, Y are two vectors 
the geometrie representations of which do not lie in one 
line (or are not parallel), then the set of all vectors of 
the form c,X +  c2Y is a subspace consisting of all vec­
tors with geometrie representations in the plane through 
the origin determined by the two vectors X and Y.
Apart from the space U3 itself (dimension 3), and the zero 
subspace consisting of the zero vector only (dimension 0 ), 
the subspaces of U3 are essentially the straight lines (di­
mension 1 ) and the planes (dimension 2 ) that pass through 
the origin. Linear transformations always map subspaces 
onto subspaces, but they may or may not preserve the 
dimensionality of all subspaces.

Vector spaces. In general, a nonempty set U, the ele­
ments of which will be called vectors, is called a vector 
space, or a linear space, over a field 3  if addition of 
vectors and multiplication of vectors by elements of 5  are 
defined and satisfy 10 postulates (see 97).

(97)

(1 ) The sum V x +  V2 of any two vectors Vx, V% is a 
uniquely defined vector in U. (2) Addition of vectors is 
commutative: V x + V 2= V 2 + V v  (3) Addition of 
vectors is associative: ( V 1 -f V 2) +  V 3 =  V x +  ( V „ +  V3). 
(4) There is a zero vector O such that V  +  O = V 
for all V in U. (5) Every vector V has a unique negative 
—V such that V  +  (—V ) = 0 .  (6 ) For any element c 
of $  and any vector V in U the product cV is a 
uniquely defined vector in U. (7) c(K +  V 2) =  
c V x +  c V 2. (8 ) (ct +  c 2) V =  c t V +  c2V.

1(9) c*1(c2K ) =  (c ic2) F . (10) IV  = V.

d ny d n xv
(98) ~ d ^ + a ' d ^ + ' " + a »y = 0

(99) 2c.V.

Basic concepts. The elements of 5  are called scalars 
and 5  is called the field of scalars. The field of scalars 
may be any field (see below Fields), but in most appli­
cations is either the field 9t of real numbers or the field 
& of complex numbers. The postulates just referred to 
imply that 0V =  0, and (—1 )V =  —V. An essential prop­
erty of a vector space is that if V„ V2, • • • , Vr are 
vectors in U and c}, c2, • * • , cr are scalars, then the sum 
Cj Vj +  c2V2 +  • • * +  cr\ n called a linear combination of 
Vi, V2, • • • , V„ is a vector in U.

Examples of a vector space are the spaces U2 and U3 dis­
cussed in the introduction or, more generally, the vector 
space U"(!5 ) of all ^?-tuples [x,, x 2, * * * , x j  in which x,, 
x2, • • • , x n belong to 3 \  and addition and multiplica­
tion by scalars are defined as in U3. Other examples are 
the set 95 of all polynomials with coefficients in 5 , the set 

of all polynomials of degree < n with coefficients in 3 \ 
Similarly, the set of all continuous real-valued functions 
defined on the interval of real numbers between two fixed 
numbers a and b is a vector space over the field 9t of real 
numbers. The set of all Solutions of a linear differential 
equation (see 98) with real coefficients is also a vector 
space over 9t.
Subspaces. A subset 6  of a vector space U over 3  is 

called a subspace of U if 6  itself is a vector space over 
5  under addition and scalar multiplication that it inherits 
from U; that is, if, whenever V,, V2 belong to 6 , V, + V2 

is in 6  and c \ x is in 6 , for every scalar c. The space U, 
itself, and the zero space consisting of the zero vector only 
are included among the subspaces of U. If S) is any subset
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of U, the set 6  of all linear combinations of vectors in $  is 
a subspace of U, called the subspace spanned by the set $). 
It is the smallest subspace of U containing all vectors in S). 
The set $  may be finite or infinite, but a linear combination 
(see 99) must have only a finite number of nonzero terms. If 
the subspace spanned by the set S) is U itself, then S) is called 
a spanning set or generating system of U. If U is spanned by 
a finite set of vectors, U is said to be finitely generated or 
finite-dimensional. Linear algebra is concerned primarily 
with finite-dimensional vector spaces. Although many of 
the theorems of linear algebra can be generalized to infinite- 
dimensional spaces, in order to do so it is usually neces­
sary to introducé a topology on the space, and the results 
that are obtained are generally analytic in nature rather 
than purely algebraic (see analysis: Functional analysis).

If (6 a) is any set of subspaces of U, then their intersec- 
tion, consisting of all vectors of U that belong to each 
of the subspaces 6 a, is a subspace of U. For example, 
the space spanned by the set ip is the intersection of all 
subspaces 6 a that contain all vectors in $). The sum of 
the subspaces 6 a is the space spanned by the set of all 
vectors V such that V belongs to at least one of the 
subspaces 6 a. The sum of a finite number of subspaces
6 t6 2, • • • , 6 r is the set of all vectors ES,, in which
Sj belongs to 6 ,-.
Linear dependence. The vectors Yb V2, • • • , Vr 

in a vector space U over *5 are linearly dependent, 
or constitute a linearly dependent set, if there ex­
ist scalars ch c2, • • • , cr in 3 , not all zero, such 
that c,Y, + c 2V2+  • • • + crV r=Ó. If no such scalars 
exist, the vectors are linearly independent. For ex­
ample, the vectors X =  [2, 5, —1], Y = [ l ,  1, 4], 
Z =  [l, 3, —2] in U3(9t) are linearly dependent, be­
cause 2X — 1Y — 3Z =  O; but the vectors V =  [2, 5], 
W =  [4, 1] in U2(9t) are linearly independent because 
c,V +  c2W =  O implies 2c, +  4c2 =  0, 5c, +  c2 =  0, and 
the only solution of these two equations is c, =  c2 = 0 . 
An infinite set of vectors is linearly dependent if it con­
tains a finite subset that is linearly dependent. Linear 
dependence of two vectors means that one of them is a 
scalar multiple of the other. Linear dependence of three 
vectors in U3(9t) means that the three vectors have geomet­
rie representations that lie in one plane passing through 
the origin. In general, a set of vectors in U is linearly 
dependent if, and only if, one of the vectors is in the 
subspace of U spanned by the other vectors of the set.

A basis of the vector space U comprises a linearly 
independent set of vectors that Spans U. Every vec­
tor space has a basis. If U has a basis containing a 
finite number of vectors, then every basis of U con­
tains the same number of vectors. The number of vec­
tors in a basis of U is called the dimension of U. A 
finitely generated vector space has finite dimension, be­
cause every set of vectors that Spans U has a maximal 
linearly independent subset that forms a basis of U.
The space Un(5) is «-dimensional, because it is spanned 

by the n linearly independent vectors E, =  [1, 0, • • • , 
0], E2 =  [0, 1, 0, • • • , 0], E„ =  [0, 0, • • • , 1], which 
therefore form a basis of U/3(3:). If Ü has dimension n, then 
any set of n linearly independent vectors is a basis of U, 
and any set of r linearly independent vectors, r less than 
n, is a subset of a basis.

If F,, F2, • • • , F„, or, more briefly, (F), is a basis 
of U, then every vector V in U has a unique rep­
resentation, namely, V =  x lF, +  x2F2 +  • • •;;+ x nF/I, as 
a linear combination of the basis vectors. The vector 
X =  [xb x2, * • • , x j  in Un(3:) is called the coordinate 
vector of Y relative to the F-basis, and x,, x2, • • • , 
x n are called the Coordinates of Y relative to this basis. 
If the coordinate vector X is denoted by a(Y), the mapping 
a maps the space U onto the space U^S'). This is one- 
to-one and satisfies the rules that the image of the sum 
of vectors is the sum of the images and the image of 
a scalar multiple of a vector is the same scalar multiple 
of its image. Such a mapping is called an isomorphism 
and the two spaces U and U„(5) are isomorphic. Every 
«-dimensional vector space over 5  is isomorphic to U„(5), 
and every basis of U provides such an isomorphism.

Linear transformations. If U and 9B are vector spaces 
over the same field 5, a mapping o that associates 
a unique vector crV in 9B with each vector V of U 
is a linear transformation if the image of the sum of 
any two vectors is the sum of their images and the 
image of a scalar multiple of any vector is the same Linear 
scalar multiple of its image (see 100). A linear oper- operators

ator in U is a linear transformation of U into itself.
If A is any m X «  matrix over 31, then the mapping o 
from U„(3) to U J3), defined by oX = AX, is a linear 
transformation. If 93 is the vector space, over the field 91 
of real numbers, of all polynomials in x with real coef­
ficients, and if <S[/? (x)] is the derivative of p(x), then S 
is a linear operator in 93. Similarly, the integral (see 1 0 1 ) 
defines a linear operator r in the space of continuous 
functions ƒ  from 9t into 9t. If t is any linear transforma­
tion that maps a vector space U into a vector space 91$, 
then t maps the zero vector of U on the zero vector of 9B.
Moreover, r preserves linear combinations (see 102) and 
maps subspaces of U onto subspaces of 9B. If U is finite- 
dimensional with basis (E), and if F„ F2, • • • , F„ are 
arbitrary vectors of 91$, there exists a unique linear trans­
formation t from U into 9B such that tE, =  F,, and hence 
(see 103) r is completely determined by its effect on 
a basis of U.
The set £(U, 91$) of all linear transformations from U to 91$ 

can be given the structure of a vector space. If o, r are such 
linear transformations, then sums and scalar multiples are 
defined by forming sums and scalar multiples of images 
(see 104). The zero element of £(U, 9B) is the zero mapping 
O, defined by OV =  0 for all V, and (—er)V is defined to be 
—(crV). If U and 91$ are finite-dimensional, and o is a linear 
transformation that maps U into 91$, then a is uniquely 
determined by equations (105) or by the matrix Aa(En (see 
106), called the matrix of er relative to the E- and F-bases.
If a vector V in U has a coordinate vector X relative to the 
E-basis, and if crV has a coordinate vector Y relative to 
the F-basis, then Y =  A}E- EX. Because there is an isomor­
phism of the vector space £(U, 91$) onto the vector space 
of all m X « matrices over 3  (see 107), the dimension of 
£(U, 9B) is mn.

If, U, 91$, and 3 are vector spaces over 5, and if a and r 
are linear transformations that map U into 9B and 9B into 
3 , respectively, then the composite mapping, or product, 
zo that maps U into 3 is defined by (rcr)Y =  r (oV) and 
is a linear transformation. Hence, by taking 3 =  91$ =  U, 
a multiplication is defined (see 108) in the vector space 
£(H, U) that is associative and distributive with respect to 
addition, and £(H, U) becomes a linear associative algebra 
over 5. In the case of a linear operator o that maps U 
into U, the corresponding matrix A}E E) is denoted by AaU£) 
and is called the matrix of o relative to the E-basis of 
U. The vector space isomorphism a, which is defined by 
a(o) = AJ'V, is also an algebra isomorphism of the algebra 
of linear operators in U onto the algebra of « X « ma­
trices over 3 \

If t is a linear transformation of U into 9B, the image of r, 
written im r, is the subspace of 9B consisting of all vectors 
tY where Y belongs to U. The rank of r  is the dimension The image 
of im t. The subspace 91 of U, consisting of all vectors V of a linear 
such that tY =  0, is called the nullspace or kernei of r. transfor- 
The dimension of 9t, written dim 9t, is called the nullity mation
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(104)

(105)

(o- +  t)V  =  (t V  +  t V and (c<r)V= c(<rV) 

' For basis E j, E„, • • • , £ „  of SS1’ *-'2 »
and basis F „  F  , • • • , F m of !

(106) A IE’F>=

+  a 2 1 F 2 +  * * * +  a m l F m

hnF, i +  +  • * * +  a m n F  m

~a H al2 . . . «in
« 2 , ü 22 «2„

f f  m l a m 2 a m n

(107)

(108)

(109)

(H O )

f Because A <iF̂ F>= A <rf ,FI + A <F’F> and A ^ Fl= cA iF,F>
< the mapping a : 2 (U, SB) —» [ g ] ran defined by 
[ a(o') =  j4 ^ ,p) is an isomorphism.

fAlso, if (£/, (F) and (G) are bases for the three spaces, 
I then A ^ Ĝ = A ^ fF)A^F»G)m'lf er and r are both linear 
I operators in 11 then to- and err are also linear operators 
[in U.

The isomorphism a :ß (U ,3 B )—> [ ^ ] m nrnaps im r  
onto the column space of A[E,F) and hence rank r =  
ran k ;4 ^ ,F). Also a maps the nullspace of r onto the 
nullspace of A ^ ’*">:■

A W ^ p - i A W p

of T. If U is finite-dimensional, then for every t in £(U, 
315), a simple relationship holds between rank, nullity, and 
dimension, namely: rank z +  nullity z =  dim U. This rela­
tionship States, in effect, (see 109) that the solution space 
of the system of equations AX = 0 has dimension n — r, 
in which n is the number of unknowns and r =  rank A. 
A linear transformation is one-to-one (that is, tV, =  rV2 

implies V! =  V2) if, and only if, its nullspace is 0. If U is 
finite-dimensional and t belongs to £(U, U) then im i  =  U 
only if the nullspace of z is O. In this case, z is called 
a nonsingular or invertible operator, and there exists an 
inverse mapping x~\ also a linear operator, such that 
t~lz =  Tr~‘ =  I, in which I  is the identity mapping on U. 
An operator r is nonsingular, if and only if the matrix 
Af® is nonsingular; then the matrix of the inverse of r is 
the inverse of the matrix of z relative to the E-basis.
If (E) and (F) are two different bases of U, and if X and 

Y are the coordinate vectors of vector V relative to the 
E- and F-bases, respectively, then X =  PY in which P is 
a nonsingular n X n  matrix, depending only on the two 
bases, and is called the transition matrix from the E- to 
the F-basis. If r is a linear operator in U, then the matri­
ces of T relative to the two bases are related by equation 
(110) in which P is the transition matrix from the E- 
to the F-basis. ATin and AT(E) have the same determinant. 
Thus det A f :) is independent of the basis (E) and is called 
the determinant of the linear operator z and written det 
T. If T is a linear operator in U2(SR), then the area of the 
parallelogram with adjacent edges rV, and rV2 is equal to 
det T times the area of the parallelogram with edges V, 
and V2. Similarly in U3(91), the parallelepiped with edges 
Vj, V2, V3 is mapped by z onto the parallelepiped with 
edges tV ,, tV 2, tV 3 whose volume is det z times that of 
the original parallelepiped. If det r  =  0, t is singulär and 
im T is a proper subspace of U.

Linear functionals. If H is a vector space over 3,  then 
a linear functional on U is a mapping r from U into 
3. such that the linearity properties (see 1 1 1 ) are satis- 
fied. If 3  itself is considered as a vector space over 3, 
with field addition as vector addition, and field multipli­
cation as scalar multiplication, then a linear functional

on U is simply a linear transformation from U into 3.
If U has dimension n and a basis (E), examples (see 
112) of linear functionals are easily constructed. In par­
ticular, the mapping of each vector V onto its ith co­
ordinate, relative to the E-basis, is a linear functional.
Other examples are the mapping o that carries 35 into Examples 
3  defined by o f  (x) =  ƒ  (ä) for a fixed scalar a, in which of linear 
35 is the space of all polynomials in x; with coefficients functionals 
in 3 , and the mapping (p defined on the space of all 
continuous real-valued functions on the closed interval of 
real numbers between a and b in which (p is the integral 
(see 113) of ƒ  over that interval. The set of all linear 
functionals on U can be given the algebraic structure of 
a vector space by identifying it with £(U, 5 ) in which 
3  is viewed as a one-dimensional vector space over 
The vector space £(U, 5) of linear functionals on U is called 
the dual space of U and is denoted by U*. Since dim 3  =  1, 
if dim U =  n, then U* also has dimension n. If (E) is a basis 
of U, since F, =  1 is a basis of 3, there is a unique linear 
functional r in U* such that, for each i, tE,• =  at in which the 
{ß,j are n arbitrary scalars. The matrix (see 114) qf z rela­
tive to the E- and F-bases is the vector with components at.
Thus every linear functional on a finite-dimensional space 
is defined by a fixed linear homogeneous function of 
the Coordinates relative to the E-basis. Corresponding to 
an E-basis of U, there is a dual r-basis of Ü*, defined 
by ZjEj = 1 and t,E, =  0 if j  ¥= i. Thus, r; is the func­
tional that maps each vector V of U on its z’th coor­
dinate relative to the E-basis. The matrix of r(, relative 
to the E-basis, is the vector with 1 in the zth place 
and 0 elsewhere, and every vector V of U expressed 
in the E-basis has the zth coordinate r;(V) (see 115).
The dual space (U*)* of U* is denoted by U** and is called 
the double dual of U. There is a natural isomorphism a 
from U onto U** defined by aV =  av in which av is the 
linear functional on U*, defined by ztvt =  tY for all r in 
U*. The isomorphism a maps the E-basis of U onto its 
double dual basis of U** (see 116).

If o is a linear transformation of U into 315, and z is a 
linear functional on 3B, then the composite zo is a linear 
functional on U. Thus, o induces a linear transformation 
of o1 of 3B* into U*, defined by oTz =  zo, and called the

(1 1 1 ) r(Vl +  V2) =  r ¥ 1 +  tV2 and r(cV)  =  c(rV)

(112) T(xtE t + x2E 2 +  ••■•+ x nE n) =  a,x, +  a2x2 -------h
+  anx n in which av a2, • • • an are any fixed scalars

(113) </,ƒ= \ bf ( x ) dx
Ja

(114) A ^ = [ a i , a 2, . . . , a J

(115) V =  t , ( V ) E 1 + t2(K)F2 + • • • + r n( V ) E n

f • • • , r w is the basis of U* dual to the basis
(116) j £ 1? • • • , E n of U then the basis of U** dual to

 ̂r v * * * , Tn is > a E n

(117) (X ’ 1' ) = V , + - V ,! + V 3

M - V I O )

(119) | lf X ~  [x i ’ ‘ ‘ > x n] and Y =  [j'j, • • •,
l (X, Y) =  +  x 2y 2 +  • • • +  x ny n

f <t>(V, +  V 2t W )  =  <{>(Vv  W )  + 0(K2, W )

(120) |  </>([/, W 1+ W J  =  < K K  W J  +  M V ,  W 2)

I </>(cF, W)  =  <p(V, c W ) =  c<f>(V, W )
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transpose of er. If (E) and (F) are bases of U and 5B, and (a) 
and (ß) are the dual bases of *U and 5B*, then the matrix 
of er7, relative to the bases iß) and (a), is the transpose of 
the matrix A}E• F).

Inner products. If X and Y are any two vectors in U3(9t), 
then their classical inner product or dot product (see 117) 
is a scalar-valued function of the pair of vectors X, Y. Its 
importance lies in the fact that the length of the vector X, 
denoted by || X || , and the angle 6 between the directions 
of X and Y, can be defined in terms of inner products 
(see 118). Similarly, if X and Y are two vectors of U„(9t), 
their dot product or Standard inner product is defined as 
a sum (see 119) of products of respective components. 
Because (X, X) >  0 if X #  0, and because 
the Cauchy-Schwarz inequality ensures that | (X, 
Y) | «s V(X,X)V(Y,Y), the length of a vector and the angle 
beween vectors can be defined by the same formulas as 
those used in U3. In general, an inner product is used to 
introducé metric concepts in an abstract vector space over 
either the real or the complex field.

An important property of the dot product in U„(9t) is that 
the mappings defined by <rv(Y) =  (X, Y) for a fixed X, and 
<Ty(X) =  (X, Y) for a fixed Y, are both linear functionals 
on H/7(9ft). The dot product is therefore an example of a 
bilinear functional. In general, if U X U denotes the set of 
all ordered pairs (Y, W) in which V, W are vectors in 
a vector space U over 3, a bilinear functional on U is a 
mapping q> from U X U into 3  having linearity properties 
(see 120) with respect to both members of the pair. A 
bilinear functional (p is symmetrie if (p (V, W) =  cp (W, V), 
and is positive if (p (V, V) is a real number for every vector 
V and <p (V, Y) >  0 whenever V =£ 0.
If U is any vector space over 9t, an inner product in U 

is a positive symmetrie bilinear functional on U. The dot 
product in U„(9t) is clearly an inner product under this 
definition. More generally, if (E) is any basis of U, an inner 
product in H is obtained by defining (V, W) to be the dot 
product of the coordinate vectors of V and W, relative to 
the E-basis. A vector space over 9t in which a fixed inner 
product is designated is called a real inner product space. 
A finite-dimensional real inner product space is called 
a Euclidean vector space. Inner products that lead to a 
suitable metric can also be defined in a vector space over 
the complex field (E, but the linearity and symmetry con­
ditions have to be modified. If U is a vector space over (E, 
an inner product on U is a function that associates with 
each ordered pair of vectors V, W in U a scalar (V, W) 
such that (see 121) (V, W) is linear in the first member of

(1) (V t +  V2, W) =  (Vv W) + (V2, W), (2) (W, V)  
= (V, W), in which z denotes the complex conjugate 

' of z, (3) (cV, W )=  c(Vt W), and (4) (F, F ) is real 
and(F, F ) > 0 i f  F ^ O .

(X, y> =  X,ƒ, +  x2y2 + ---- b x nyn

If V = x lE 1 + • • • + x nE n, W = y,E,  +  • • • + ynE n 
the postulates require that

J n n n n

( ^ ) = n # , £ ; ) = n v ^
i =  1 j  = 1 i = 1 j  = 1

jn  which A = [atj] is Hermitian.

n n
2  2  in which a0= ä . t
i = l j = l

|(F, W)I ^ ( F ,  F ) 1/2 (W, w y i 2

(a) ||F|| >  0 if F * 0 ,  (b) |c F |= |c | | |F | |
(c) \\V+W\\^\\V\\+\\W\\

W 1 +  C2J 2y2+* • - + C ,y jn

the pair, (Y, W) is equal to the complex conjugate of (W,
V) , and (V, Y) is real and is positive if V ¥= 0.

These postulates can be used to define an inner product 
on either a real or complex vector space. In the complex 
case gw, defined by o fV  =  (V, W), is a linear functional 
on U into (E and, in fact, every linear functional of U 
has this form for some vector W. The behaviour of crF, 
defined by crvW =  (Y, W), is, however, not linear because 
the functional value of ov at cW is c times the value at W. 
An example of an inner product (X, Y) in the complex 
case is the Standard inner product of defined by the 
sum (see 122) of products of the type xy,. In general, if 
3  is either 9S or (E, and a is the isomorphism that maps 
each vector V on its coordinate vector a \  in then (V,
W) ' =  (aY, aW), in which ( , ) denotes the Standard inner 
product ■in'-Un(3:), defines an inner product (V, W)' in U.

If 3  denotes either the real field 9t or the complex 
field (E, and U is a vector space over 3  with basis 
(E), then an inner product (V, W) in U is completely 
determined by the n2 scalars (E„ Eß. If these scalars 
are denoted by aip then the matrix A =  [aß has the 
property A* —A, in which A* is the transpose of the 
complex conjugate matrix A =  [äh]. The matrix A* is 
called the conjugate of A, and a matrix A for which 
A* = A is called a self-conjugate or Hermitian matrix, 
named for the French mathematician Charles Hermite. 
If A has real elements, then A* = A T, and hence a real 
Hermitian matrix is symmetrie in the sense that A T = A. 
An expression formed from a sum of terms of the type 
dipefj in which au =  äß naturally occurs when taking the 
inner product of two vectors V and W with coordi­
nate vectors X and Y (see 123). Such an expression 
(see 124) is called a Hermitian bilinear form. It can be 
written in matrix notation as XTY*, in which X and_Y 
are the coordinate vectors of V and W, and Y* =  Y7.
A Hermitian bilinear form has the property that XTX* 

is real for all X. If in addition XTX* >  0 for all nonzero 
X, then the Hermitian form and the Hermitian matrix A 
are said to be positive. Every inner product in U has the 
form (V, W) — XTY* in which X, Y are the coordinate 
vectors of Y, W relative to some basis, and A is a positive 
Hermitian matrix. Conversely, every positive Hermitian 
bilinear form in the Coordinates of Y and W defines an 
inner product on U.

If U is an inner product space over 9t or (E, then for any 
two vectors Y, W the Cauchy-Schwarz inequality holds 
(see 125). The length of V is defined by || V || =  (Y, Y) l/2 

and has the three properties (see 126) that are normally 
associated with length. If || V || =  1, then Y is called a 
unit vector. Two vectors Y, W are said to be orthogonal 
if (V, W) =  0. The zero vector is orthogonal to every 
vector in U and is the only vector with this property. 
Every «-dimensional inner product space has an ortho- 
normal basis; that is, a basis consisting of n mutually 
orthogonal unit vectors. If (E) is an orthonormal basis of 
U, a second basis (F) is orthonormal if, and only if, the 
transition matrix F  from the E- to the F-basis has the prop­
erty PP* =  ƒ. Such a matrix P is called a unitary matrix. 
The columns (and the rows) of a unitary matrix constitute 
an orthonormal basis of U„((E) relative to the Standard 
inner product. If a unitary matrix P has real elements, 
then PP' =  I  and P is called an orthogonal matrix and its 
columns (and rows) form an orthonormal basis of U„(9t). 
If U is an inner product space with orthonormal basis 
E,, E2, * * • , E„ and a is the isomorphism that maps 
each vector V on its coordinate vector aV relative to the 
E-basis, then the inner product (V, W) in H is equal to the 
Standard inner product (aV, aW) of the coordinate vec­
tors in U^^). Hence the Standard inner product in U„(5) 
is invariant under transformation from one orthonormal 
basis to another.

Linear operators in an inner product space. If U is a
finite-dimensional inner product space over 3, in which 
3  is either 9t or (E, then for any linear operator t on 
U there exists a unique linear operator t* on U, called 
the adjoint of t, such that (tV, W) =  (V, r*W) for all 
vectors V, W in U. If Ar is the matrix of r relative to 
an orthonormal basis, then the matrix Ar* of t*, relative 
to the same basis, is the adjoint matrix A T* of Ar. If

Hermitian
matrices

The
adjoint of 
a linear 
operator
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er, x are linear operators on U, and if c is any scalar, 
then (a +  x)* =  a* +  x*, {ca)* =  ca*, (or)*- =  x*<7*, and 
(er*)* =  er. An operator t is self-adjoint, or Hermitian, if 
T* =  x. If T is Hermitian, then (xV, V) =  (V, tV) =  (tV,V), 
and hence (xV, V) is real for all V. A Hermitian op­
erator x is positive if (xV, V) > 0 when V =£ 0. If x is 
a linear operator in an inner product space with inner 
product (V, W),, then the function (V, W ) 2 =  (xV, W,){ 
is an inner product in U if, and only if, x is positive 
Hermitian. An operator is positive Hermitian if, and only 
if, its matrix, relative to an orthonormal basis, is positive 
Hermitian. A Hermitian operator on an «-dimensional 
inner product space U has « real eigenvalues and « mu- 
tually orthogonal eigenvectors. Thus, if x is Hermitian, 
it is diagonalizable, and U is the direct sum of mutually 
orthogonal one-dimensional subspaces invariant under x. 
Applied to the operator t in U„((E), defined by tX = HX 
in which H  is a Hermitian matrix, this implies that H  
has « mutually orthogonal unit eigenvectors in U„((E) and, 
hence, that there exists a unitary matrix U such that 
U~[H U =  U*HU is a real diagonal matrix whose diago­
nal elements are the eigenvalues of H. Similarly, in the 
real case, if A is a real symmetrie matrix, there exists 
a real orthogonal matrix P such that P [AP is diagonal, 
and A has « mutually orthogonal eigenvectors in U,?(9t). 
Using this diagonaiization procedure, any Hermitian 
form XHX* can be reduced by a unitary transformation 
X 1'=  UYr to a canonical form (see 127) in which the 
coefficients c, are the eigenvalues of H. It follows that ƒƒ is 
positive if, and only if, all its eigenvalues are positive, and 
the same is true of a positive Hermitian operator.

A unitary operator is a linear operator x on U that pre­
serves lengths, that is, such that for every vector V in U, 
II tK II =  || V II • A necessary and sufficiënt condition that 

X preserves lengths is that for any two vectors V, W  in U, 
(xV, xW) = (V, W). Hence, unitary operators preserve or- 
thogonality as well as lengths. Since (xV, xW) = (V, x*xW) 
it follows that x is unitary if, and only if, t*t =  I. Thus a uni­
tary operator x is invertible, with inverse x 1 =  x*, and x 1 

is also unitary. If a and x are unitary, the same is true also 
of ax. t hus, the unitary operators on H form a group called 
the unitary group. An operator x is unitary if, and only if, 
its matrix Ax relative to an orthonormal basis, is unitary. 
The unitary matrices over (E also form a group under ma­
trix multiplication, and the mapping of x on AT is an iso­
morphism of the group of unitary operators onto the group 

Orthogonal of unitary matrices. A unitary operator on a real vector 
>perators space is called an orthogonal operator. Its matrix relative 

to an orthonormal basis is orthogonal, and the mapping of 
x on A x is an isomorphism of the (real) orthogonal group 
of orthogonal operators onto the group of real orthogonal 
matrices. Every nonsingular linear operator x on U has a 
unique polar factorization, x — pa, into the product of a 
positive Hermitian operator p and a unitary operator a. 
If x is singulär, it can still be factored in this way, but 
the Hermitian factor/> is merely nonnegative (that is, has 
nonnegative eigenvalues) and the unitary factor a is not 
uniquely determined.
An operator x on U is normal if xx* =  x*x. Her­

mitian, unitary, and real orthogonal operators are 
all normal. In general, an operator is normal if 
and only if it has « mutually orthogonal eigenvec­
tors with « =  dim U. Thus, a normal operator is 
diagonalizable; its matrix, relative to the orthonor­
mal basis of U, consisting of « mutually orthog­
onal unit eigenvectors of x, is a diagonal ma­
trix with the eigenvalues of x as diagonal elements. 
An « X « matrix A over (£ is normal ii AA* =  A*A, and an 
operator is normal if and only if its matrix relative to an 
orthonormal basis is normal. Just as in the Hermitian case, 
if A is normal, then there exists a unitary matrix U such 
that U~XAU  is a diagonal matrix. Conversely, every matrix 
that is unitarily similar to a diagonal matrix, is normal.

If U is finite-dimensional, and if 6  is any subspace of U, 
then the set 6 1 of all vectors of T in U such that (T, S) =  0 
for all S in 6  is a subspace of U called the orthogonal 
complement of 6 . For any subspace 6  of U, (6 1) 1 — 6 , and 
V — 6  © 6 '. Thus every vector V has a unique represen­
tation V =  S +  T, in which S is in 6 , and T is in 6 . The

mapping n from U onto 6  defined by nV =  S is a linear 
operator called the orthogonal projection of U on 6 . Since 
7xV = 0  if and only if V is in 6 ', the nullspace of n is 6 '.
If x is a normal operator on an «-dimensional inner prod­

uct space U, ch • • • , c, are the distinct eigenvalues of x, 
and Tij is the orthogonal projection of H onto the nullspace 
of x — cj, then a basic result (see 128) expresses x as a 
linear combination of the orthogonal projection n. The 
result is called the spectral theorem for normal operators.

(128)
T = C 17X1 - f C 27X2 + .. • - +  CY7T, 

and tt1 4 - 772 T ; • • + 7Tr= I
TT.TTj = 0  if I #  j

, fr{Vv * • • yVi + V'i, • - • > Vr)
(i29) |  = r { v v ....., V, ,  -  v r) + T(vv • • •, v;, ■ • • , Vr)

[ T(VV •. •, c v ;, . •. v r) = cT(vv •. •, v„ • • •, v r).

(130)
{Xiv i + x2v ; ,  v 2) - x , ( v v v 2) - x2{v ;, v 2) 
or ( y v y xV2 + y2V Ï ) - y x{ y v V2) ^ y 2(Vv V').

f v x®  (V2 +  V!2) = V x (x) v 2 +  V t (x) V' 
(131) \ (v x +  f ;)(x) v 2 = V, (X) k 2 +  v ;  ®  v 2

L (CVX) ®  V2 = V X®  (cV2) = c(Vx (X) V2)

3

MULTILINEAR ALGEBRA
The tensor product of vector spaces. If U,, ü2, • • ,

U, are vector spaces over a field 3  then, the set of 
all r-tuples (V,, V2, • • • , Vf) in which V, belongs 
to U/V is called the Cartesian product of U,, • • • ,
U, and is denoted by U, X U2 X • • - XU,.. The Carte­
sian product of r copies of a vector space U is called 
the rth Cartesian power of H and is denoted by XT1.
If 3B is also a vector space over 3, a mapping x from 
U, X U2 X • • • X Ur into 515 is multilinear if for each 
value of i from 1 to r linearity holds (see 129) for the /th 
variable. A multilinear mapping from XrH to 515 is called 
an r-linear mapping. If 5B is the scalar field 3  considered 
as a vector space, then an r-linear mapping x from XrU 
into 3  is called an r-linear functional on U.

If U,, U2 are vector spaces over 3 , and if 9K is the free 
vector space over 3  on the basis set U, X U2, then one 
may let 91 be the subspace of 9Jt spanned by the set of all 
elements having one of the two forms (130). The factor 
space 9K/91 consists of elements Z +  91, Z in SOI, and is a 
vector space over 5  when addition and scalar multiplica­
tion are defined by (Z, +  91) +  (Z2 +  9t) =  (Z,,+ Z2) +  91 
and c(Z +  9?) =  cZ +  9t, respectively. The mapping n from 
SOI onto S01/SÏÏ defined by tiL  =  Z +  SH is a homomor- The tensor 
phism called the canonical projection of SOI onto S01/9T product 
The space S01/SH is called the tensor product of U, and U2 

and is denoted by U, 0  U2. If n is the canonical projec­
tion, 7r(V,, V2) is written V, 0  V2 (read V, tensor V2).
The elements V! 0  V2, with V, in Ü„ and V2 in U2, span 
11, 0  U2, and the Operation 0  satisfies three basic relations 
(see 131). Thus the mapping x, defined by x(V,, V2) =  V,
0  V2, is bilinear.
The tensor product U, 0  U2, together with the bilinear 

mapping x from H, X U2 into U, 0  U2, has the follow­
ing “universal property.” If a is any bilinear mapping 
of U, X U2 into an arbitrary vector space 3 over 3, 
then there exists a unique linear transformation (p from 
U, 0  U2 into 3, such that (px=a. Most modern writers 
use this universal property to define the tensor product.
From this point of view, and if 51, U, and H2 are vector
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(135)

(136)

(137)

(138)

(139)

(140)

spaces over 3 , and if r  is a bilinear mapping from U, X U2 

into 31, then the pair .(31, r) is a tensor product of the 
vector spaces U,, U2, if for every bilinear mapping er from 
U, X U2 into 3, there exists a unique linear transformation 
q> from 31 into an arbitrary vector space 3 over 3, such 
that (px = er (see 132).

The existence of a tensor product, so defined, is proved 
by showing that (SDt/9t, 7r) has the required universal 
property. Moreover, the tensor product (31, t) is unique 
in the sense that if (31', r') is a second tensor product, 
then there exists an isomorphism a from 31 onto 31' 
such that ölt =  t'. Again, t(Y,, V2) is written V, 0  V2 and 
(31, t) is written U, 0  U2. The tensor product U, 0  U2, is 
spanned by the elements V, 0  V2, with V! in Ub and V2 

in U2; and V! 0  V2 =  O if and only if V, =  0 or Y2 =  0. 
If U, =  6 , © 6 2 © • • • © 6 « and U2 =  U, © U2 © • • • 
©3lw, then U, 0  U2 is the direct sum of the nm spaces 
6 / 0  31,. If (E) and (F) are bases of U, and H2, then 
the elements (Ez 0  F,} form a basis of U, 0  U2. Thus dim 
(U, 0 U 2) =  (dim U,) (dim Ü2) if U, and U2 are finite- 
dimensional. If T and o are linear transformations from 
the vector spaces U, and 3B, to vector spaces U2, 3B2, 
respectively, then the linear transformation /?, defined 
by p(Y , 0  W,) =  tV , 0  crW,, is called the tensor product 
of T and G and is denoted by t 0  er. If x' and g/ are 
also linear transformations defined on the vector spaces 
il2 and 3B2, the rule for composition is (x' 0  g/) (t 0  g) 
= T'r 0  g' g, and 1 0  1 is the identity on U, 0  315!. The 
image of the tensor product of two linear transformations 
is the tensor product of the images. The kemel (nullspace) 
of a tensor product of linear transformation is given by 
ker (t 0  g) =  ker x 0  3B, +  U, 0  ker er. For a fixed space 
3B a linear transformation g from U, into U2 induces a lin­
ear transformation g* from U, 0  315 into U2 0  3 B defined 
by er* =  <7 0  1; for fixed 315 the mappings /(U) =  110 315, 
/ ( g ) =  G* define a covariant functor from the category of 
vector spaces over 3  to itself. Similarly for a fixed space 
U, the mappings 315 U 0  333 and t 1 0  t define a co­
variant functor.
The tensor product of r vector spaces H„ U2, • • ■ , U,. 

over 3  is defined similarly. If x is a multilinear mapping

0:01,• -0Ur)0(Ur+1®- • -0Hr+s) 
-►U10---0Ur+f

/3[(U,0- • -0Ur)0(Ur+]® • • -0Ur+s)]
= Uj0- • ■ -0Ur+s

T='2,xil- i rEi.®-’-®El
(i) r

1(̂ ,0̂ 2 0- • • 0Kn) = (Kj0K20• • -0Fn)l
= k10 f2®-• -®vn

' ®F20• • • 0 ynxv;0V’0• • • 0f;)
= f,0f2®-•-®f„®f;®-•-0f;

\Ehh '■': eh 0 • • • 0 Eln 0
t 0£,j10£i2®- ■ .®£̂n

I the summation extending over each i and each j

(FJ0F2® • • •0Fr> H/|0PF20- • -® fF ) 
= (»'1.w'lXH'l ,w2) . . . (vr,wr)

CT , U ) = Z ( T r, U r)

G* = K X t. x Jy x ' ® x i
and G = 2.(X\ X i)X ,(g)X

1 J

of the set Uj X U2 X • ’ • X VLr into a vector space 31, 
then the pair (31, r) is a tensor product of Uj, • • • Ur if, 
for every multilinear mapping g  from U, X U2 X • • -X  
U, into an arbitrary vector space TT over 3, there exists 
a unique linear transformation q> of 31 into 3  such that 
(pT =  G. As before t ( V j, V2, • • • , Vr) is written as Vj 0  
V2 0  • • * 0  Vr and (31, r) is denoted by Uj 0  U2 
0  • • • 0  Ur. Existence and uniqueness of 31 follow as 
in the case r =  2. There is an isomorphism ß  of U, 0  
U2 0  U3 onto (Uj 0  U2) 0  U3, such that ß ( Y l 0  V2 0  
V3)-=(Y i 0  Y2) 0  Y3 and similarly for U, 0  (U2 0  U3). 
This associativity principle extends to the tensor prod­
uct of any finite number of vector spaces over 3  (see
133) .
The tensor algebra of a vector space. If H is a vector 

space over 3, then the tensor product U 0  U 0  • • • 0  U 
of r copies of U is called the rth tensorial power of U 
and is denoted by 0 rH or by 3lr. Its elements are called 
tensors of order r. If Eb • • • , E„ is a basis of U, then 
{E(10  E/2 0  • • • (g) E/r) is a basis for 0TI and every ten­
sor T  of order r can be written in summation form (see
134) . The nr scalars x n . . ir that appear in this form are 
called the components of T  relative to the E-basis of U.
As a notational convenience, 31, is identified with U and

3l0 with the scalar field 3. The direct sum 3l(U) =  © £3Ir

is a vector space over 3  and each tensorial power 3lr can 
be considered a subspace of 3l(U). Multiplication can be 
defined formally for the generating elements of 3I(U) (see
135) and can be extended linearly to arbitrary elements. 
With this definition of multiplication 3l(U) becomes an 
associative algebra over 3, with unity element 1, and is 
called the tensor algebra of the vector space U.

The tensor algebra has the following universal mapping 
property: If t is the canonical injection of U into 3l(U), 
and if g  is a linear transformation of U into an arbi­
trary associative algebra A over 3  with unity, then there 
exists a unique algebra homomorphism (p of 31(11) into 
A such that (px =  g . This property can be used as the 
definition of 3l(U), in which case existence is implied by 
the construction already given, and uniqueness follows in 
the same sense as the uniqueness of the tensor product. 
The universal property of 31(11) also implies that every 
linear transformation g  of U into a second vector space 3B 
over 3  induces a unique algebra homomorphism T  (er) of 
3l(U) into 31(315) such that T ( g ) 1 =  1. Moreover, T(I) = I  
and if p  from 3B into 3 is a second linear transformation 
T  {(pG) = T { ( p ) T  (er). Thus the mappings U —* 31(11) and 
er—> T { g ) define a covariant functor, from the category of 
vector spaces over 3  to the category of associative algebras 
with unit over 3.

If U* is the dual space of U, the tensor product 
U 0  • • • 0  U* 0  • • • 0  U* of r  copies of U and 5 
copies of U* is denoted by 0/(11). If s =  0, 0 o'll is iden­
tified with 0'U and its elements are called contravariant 
tensors of order r. If r =  0. then 0 vtl°tl =  0 yH* and its 
elements are called covariant tensors of order s. Ele­
ments of 0 /U  are called mixed tensors of contravariant 
order r and covariant order 5. Finally, 0 O'U is identified 
with U, 0,°U with U* and 0 O°U with the scalar field 3. 
If Eh E2, • • • , E„ is a basis of 11 and E1, E2, • • • , 
E" is the dual basis of U*, then n(r+s) elements (136) form 
a basis for 0/U . Every tensor T  of 0 /U  can be written

in terms of these (see 137). The n(r+s) scalars x h '  ' ’ l.r
J\ ■ * * h

are called the components of T  relative to the E-basis 
of U. By a process analogous to the construction of the 
tensor algebra 3l(U), the mixed tensors of all orders can be 
embedded in a mixed tensor algebra 31(U, U*).
If U is an inner product space with inner product ( , ), 

then an inner product on 0'U can be defined (see 138), 
and 0'U is then an inner product space. If (E) is an 
orthonormal basis for U, then (E,, 0  E;2 0  * • - 0  E,„} 
is an orthonormal basis for 0'U. Now, if T =  XT,, 
£ /= £(/„  T n U r in 0'U are any two elements of the 
tensor algebra 3l(U), then an inner product (T , U) in 
3l(U) (as a vector space) can also be defined (see 139).

Tensorial
powers

Mixed
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The tensor G =  X E, 0  E, is independent of the choice

of the orthonormal basis (E) and is called the contravariant 
metric tensor of the Euclidean space U; the covariant met­
ric tensor G* is defined similarly in terms of the dual basis 
(E*) of U*. In general if X„ • • • , X„ and X1, • • • , X' 
are arbitrary dual bases of U and II*, respectively, then G* 
and G can be expressed in terms of these bases (see 140).
The exterior algebra of a vector space. For the following 

discussion, three definitions are needed. (1) U is a vector 
space over 3; (2) %(U) = 0TI is the rth tensorial power 
of U; (3) 9tXU), r >  2, is the subspace of 31XU) spanned 
by the elements V, X V ?X • • • X V,, in which V, =  Vy 
for at least one pair of indices i, j  with i ¥= j. With these 
definitions, the factor space 31XU)/91XU) is called the rth 
exterior power of U and is denoted by U A  II A  • • -A U
or A  Tl, and the element V ,0  • • ■ • 0  V„ +  is de­
noted by V, A  V2 A  • • ■ A  V„.

'he rth The rth exterior power can also be defined, like the 
xterior rth tensorial power, by a universal mapping property. 
>ower of If 313 is a second vector space over 3, then a mul-
vector tilinear mapping x from U X U X  • ♦ • X U into 313 is

pace said to be skew symmetrie if, for every permutation
o of the subscripts, t(V,, V2, • • • , Vr) =  e.{d)x{y ̂  

• • • , V ^), in which s(o) = 1  if o is an even 
permutation, and e(cr) =  — 1 if o is an odd permutation. 
A necessary and sufficiënt condition that x be skew sym­
metrie is that t(V,, V2, • * * , V,) =  0  whenever Yj = Yj 
for at least one pair of indices i, j  with i ¥= j. A vector 
space 33,. over 3, together with a skew symmetrie mapping 
t from XTl into 35r, is called an rth exterior power of U 
if for every skew symmetrie multilinear mapping /?, from 
XTl into an arbitrary vector space 3 over 5, there exists a 
unique linear transformation (p from 33r into 3, such that 
(px =  p\ that is, the relevant diagram (see 141) is commuta­
tive. If t(V„ V2, • • * , Vr) is written as V, A  V2 A  • • • 
A  Vr, the definition implies that 33r is spanned by the 
elements of the form V, A  V2 A  • • • A  V,. and is 
unique in the sense that, if (33,., x) and (33',., x') are two 
rth exterior powers, then there is an isomorphism a of 33,. 
to 33'"„ such that ax —  r .  The existence of 33,. is proved by 
showing that 33, =  3l,(U)/i)T,(ll) has the universal property 
illustrated in the diagram.
The exterior algebra 33(11) of the vector space is con­

structed from the rth exterior powers by a process anal- 
ogous to that by which the tensor algebra is constructed

from the rth tensorial powers. Defining 33 XU) to be U, 
330(U) to be 3, the direct sum (see 142) of the 33,(U) can 
be formed. Each of the spaces 33,(U) is considered as a 
subspace of 33(11). A unique associative multiplication can 
be defined in 35(11) such equations (143) hold. Thus 33(11) 
becomes a linear associative algebra with unity element. 
It is called the exterior algebra of U. The product of 
any two elements X, Y of 33(11) can be written X A  Y 
without conflict with the previous use of the Symbol A.

If 9t(U) is the direct sum © ^  9ï,(fl), then 9t(U) is an

ideal in the tensor algebra 0U and 35(U) is isomorphic, as 
an algebra, to 0U/9t(U). Any elements X in A  Tl and Y in 
A  TI satisfy the commutation rule X A  Y == (—1)™Y A  X. 
In particular, for any vector V in U, V A  V =  0 or, 
more precisely, if x is the canonical projection of U 
into 33(11), then tV =  0. This property can be used to 
formulate a universal mapping definition of the exte­
rior algebra: U is taken to be a vector space over 3 . 
An associative algebra 33 over 3, with unity element, 
together with a linear transformation r, from U into 33, 
will be called an exterior algebra over U if ( 1) for all V 
in H, (tV) 2 =  0; and (2) for every associative algebra 31 
over 3 , with unity, and for every linear transformation o 
from Ii into 31 such that (oV) 2 — 0 for all V in II, there 
exists a unique algebra homomorphism (p from 33 into 31 
such that (px=a. It then follows that 33(H), as previously 
defined, has this universal property and that if (33, x) and 
(35', x') are two exterior algebras over U, then there is an 
isomorphism a from 33 to 33' such that ar =  t'.
The universal property for 35(11) implies, as in the case 

of the tensor algebra, that a linear transformation o from 
U into 313 induces a unique algebra homomorphism 33(cr) 
from 33(11) into 35(313) such that the relevant diagram (see 
144) is commutative, 33(7) =  I, and 33 (op) =  35(er)33(/?) and 
hence the mapping of U on 33(11) and o on 33(cr) is a func­
tor on the category of vector spaces over 3  to the category 
of associative algebras over 3 .

If U is finite-dimensional with basis (E), then a basis for 
the rth exterior power A  TI is the set of exterior Prod­
ucts (E,, A  • • • A  E,n) in which z, <  h < * ‘ * < /*. 
Thus every vector U in A  TI can be expressed in the 
form (145) in which scalars x /, • • • i„ are called the 
components of U with respect to the E-basis of U. If 
dim U =  n, then dim A  rV =  (/') if r < «. If r > n, then 
A  'V  = 0, because in that case 0TI is a subset of 9ï,(fl)- 
Thus, if 33 =  A  U is the exterior algebra of an 
«-dimensional space U, dim 33 is determined by (146). Fi­
nally, if U is an inner product space with inner product ( , )  
then an inner product can be defined in 33 (see 147). If (E) is 
an orthonormal basis of U, then (E,, A  • • • A  E,,), with 
/, <  z2 <  • • • <  z„ is an orthonormal basis of 33. (Ed.)

Lattice theory

Lattice theory is the branch of mathematics that deals in 
precise mathematical language with the relation of differ­
ent parts of the same whole to each other. The fundamen­
tal concept is that one part x  may include (or contain) 
another part y, a relation written symbolically as x >  y. A 
lattice, defined in more detail below, is a set of elements 
related by an inclusion relation such that, for any x and 
y in the set, there is a largest element, denoted x  A  y, 
that is contained in both x  and y  and a smallest element, 
denoted x V  y, that contains both x  and y.

In general, in lattice theory the concepts of order and 
structure are analyzed from a mathematical standpoint, 
much as group theory (described later) analyzes the con­
cept of symmetry. Thus, lattice theory considers families 
of subsets X, Y, • • • of a given set U under the Opera­
tion of intersection of sets, denoted I f l  Y, in much the 
same spirit that group theory considers families of sym­
metry transformations (symbolized by Greek letters alpha, 
beta, • • •) a, ß, • • • of a given configuration when 
combined by performing them in succession {i.e., taking 
their composite a o ß). As a generalization of set theory, 
it forms a fundamental part of higher algebra, geometry, 
and mathematical logic.
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DEFINITIONS AND EXAMPLES
Partial örderings. In detail, given a selected family S  

o f different parts o f the same whole, these parts can be 
represented symbolically by letters x, y, • • • , x  > y  sig- 
nifying that x  contains y. The resulting inclusion relation 

The is characterized by the reflexive law, which States that
reflexive x  > x  for all x; the transitive law, which States that if  x  >  y
law and y > z, then x  > z; and the antisymmetric law, which

States that if  x  > y  and y  > x, then x  = y. In general, any 
relation having the above properties is called a partial 
ordering; and a partially ordered set, usually called a poset 
for short, is just a set S  together with a partial ordering o f  
its elements.
The inclusion relation is basic for the study of the subsets 

of a set (class, or aggregate). The relation of implication 
in logic has the same formal properties. In logic, p~Dq 
signifies that the proposition (or statement) p implies the 
proposition q: that “if p, then q ” The reflexive law p D p  
of logic States that any proposition p implies itself; the 
transitive law, that if p  implies q and q implies r, then p 
implies r; the antisymmetric law, that if p implies q and q 
implies p, then p  and q are logically equivalent. Thus the 
propositions of any deductive System (e.g., lattice theory 
or group theory) form a poset when partially ordered by 
the implication relation.

Mathematics is concerned with many other familiär par­
tial örderings, such as the relation x < y of inequality 
between real numbers, and the relation a \ b o ï  divisi- 
bility (a  is said to divide b when b = na for some integer 
n) between positive integers. That is, if 9t denotes the set 
of all real numbers and inequality has its usual meaning, 
then [9t, <] is a partially ordered set or poset. Likewise, 
if P  denotes the set of all positive integers and a \ b 
means that b = na  for some positive integer n, then [P,
| ] is a poset.
Universal bounds. In a poset P, the identical inequali- 

ties relating an element x with an element 0 , for all x , and 
relating an element x with an element I, for all x (see Box, 
inequalities 148), can be satisfied by at most one element

(1) 0  ==£ x  for all x ,  x  ss ƒ for all x

0 and by at most one I, respectively. When they exist, 0 
is called the null element and I  the universal element of 
the poset, which is said to have universal bounds. In the 
poset of the subsets X, Y, • • • of a set U, for example, 
the empty set, represented by the symbol 0 , is the null 
element and U the universal element, because 0 C l C  U 
for any subset X  of U. In the poset [P, | ], 1 is the null 
element because 1 is a divisor of every positive integer n 
(in symbols, \ /n  for all n in P). The poset [P, | ] has no 
universal element.

Formal definition. A formal definition of a lattice can 
now be given. It is in general any abstract system L  of 
elements x, y, z, • • • having a reflexive, transitive, and 
antisymmetric relation that satisfies the following lattice 
condition. For any two elements x  and y  of L  there is a 
least element including both x  and y, denoted by x V  3/, 
and a greatest element included in both x  and y, denoted 
by X A  y. More precisely, it is required that x < x V j / ,  
that y  < x V  y, and that x < z  and y  < z  together im- 
ply x  V  y < z. Similarly, it is required that x  A  y < x, 
that x  A  y  < y, and that w < x  and w < y together imply 
w < X A  y. Such elements x V  y  and x  A  y are called the 
least upper bound (l.u.b.) and greatest lower bound (g.l.b.) 
of x and y, respectively; when they exist, they are unique.

The preceding examples of posets satisfy this lattice con­
dition. In the case of the subsets X, Y, . . . of an aggregate 
U, X  V Y is the set-union (or sum X  U F) of X  and Y, 
and X  A  Y the set of elements common to X  and Y  (their 
intersection X  (1 Y). In logic, p A  q is the statement “/? 
and q”; p V  q means “/? or q” (or both p and q); with real 
numbers, x  V  y  is simply the greater and x  A  y  the lesser 
of x  and y. ln the example of the positive integers, m V  n 
is the least common multiple of m and n and m A  n is 
the greatest common divisor of m and n.

Examples of lattices. Lattices of various kinds arise in 
all sorts of mathematical situations. Some of these have 
very few elements and can be conveniently described by 
diagrams: any graph with sloping lines defines a poset, the Posets 
elements of which are the nodes of the graph (the points at 
which two or more lines meet), and in which a > b  means 
that one can go from a to b along a sequence of line 
Segments that slope downward. Figures 5A-5D describe

A B C D

Figure 5: Diagrams of lattices and one non-lattice (see text).

lattices, of which Figure 5A represents the lattice of all 
subsets of a set of two elements and Figure 5B that of all 
subsets of a set of three elements. Figure 5C represents the 
lattice of all subgroups of the group G of all six symmetries 
of an equilateral triangle. The bottom element represents 
the (trivial) subgroup consisting of the group identity; the 
first three elements (nodes) above it the subgroups gen­
erated by the reflections in the three altitudes; the fourth 
the subgroup of rotations of the triangle into itself; and 
the top element Cj itself.
Figure 5D represents a poset that is not a lattice: the 

two elements immediately above the bottom element (the 
universal lower bound 0 ) do not have a least upper bound. 
All four posets of Figures 5A-5D have universal bounds: 
their bottom and top elements.

Figure 6  represents the partition lattice n4 of all partitions

of a set of four elements, in which by a partition of a 
set is meant a division of its elements into nonoverlap- 
ping subsets. In Figure 6 , the square nodes represent the 
three partitions of the set {a , b, c, d) into two subsets, 
each containing two elements, namely: (ab)(cd), (ac)(bd), 
and (ad)(bc). The circles on the same level represent the 
four partitions (123)(4), (124)(3), (134)(2), (234)(1) into 
two subsets, one containing three elements and the other 
containing one element; and so on.

Algebraic definitions. Lattices can also be defined in 
terms of the algebraic properties of the two operations A  
and V  just defined, without reference to the concept of 
order. In a general poset P, the l u b. x  V  y  of two elements 
x  and y  (when it exists) is called the join of x  and y, and 
the g.l.b. x  A  y  (when it exists) is called their meet. The 
relatively colourless words “join” and “meet” are intended 
to suggest “union” and “intersection” but to refer only to 
the underlying order abstractly. In any lattice, the join and 
meet operations are commutative and associative, so that 
x  V  y  =  y  V x, x  A  y  — y  A  x , x V ( ] / V z )  =  ( x V j ; ) V z ,  
and also x  A  (y A  z) =  ( x  A  y) A  z  for all x , y, z. They 
are idempotent, which means that x V x  =  x A x  =  x 
for all x ; and they satisfy the law of contraction: The law of
x A ( x V y )  =  x V  (x  A  y) =  x  for all x , y. con-

It is easy to verify the preceding laws in the examples traction 
described above; the essential fact is that they can also be 
deduced formally from the reflexive, transitive, and anti-



symmetrie laws, considered as postulates used to define 
the abstract concept of a poset.

Conversely, a lattice can be defined as an algebraic 
system, or algebra, having two commutative, associative, 
idempotent, and contractive operations. This system can 
be designated symbolically as [S, A, V], in which S  stands 
for the set consisting of all the elements of the lattice, and 
A, V for its two operations. The inclusion relation may 
be defined in terms of either lattice Operation, because 
x  < y  is equivalent either to x A y  =  x or to x  V y  =  y. In 
particular, O is characterized in any lattice by either of 
the laws O A x = O o r O V x  =  x, valid for all x; while /  
is characterized by x A I  = x  or by x V 1=1.

Thus, the lattice of Figure 5A is defined by means of the 
tables for combining elements with the operations A  and 
V (see 149). From either of these tables, it can be deduced
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' a 0 a b I V 0 a b I

0 0 0 0 0 0 0 a b I

1 CI 0 a 0 a a a a I I

b 0 0 b b b b I b I

I 0 a b I I I I I I

that 0 <  a, b < I, and that these are the only proper inclu­
sion relations.

More generally, L  — [S, A , V ] is assumed to be any 
algebraic system having two operations V , A  that are 
idempotent, commutative, associative, and satisfy the con- 
traction laws. x  < y  is defined in L  to mean that x  V y  = y  
(or equivalently, that x  A  y  — x ). Then the relational Sys­
tem [S, <] defined thereby is a lattice in the sense of the 
definition above, in which x  A  y  is the meet (g.l.b.) and 
x  V y  the join (l.u.b.) of x  and y. Hence the idempotent, 
commutative, associative, and contraction laws can also 
b e u sed  as postulates w ith  w h ich  to d efin e  th e  c o n cep t o f  
a lattice.

Other examples. There are many kinds of lattices. 
Thus, a wide class of lattices arises from the study of 
groups. The subgroups of any group G form a lattice, in 
which G itself and the identity element 1 act as universal 
bounds. Figure 7E shows the lattice of all subgroups of the 
octic group of symmetries of a square. A few other small

A B C .  D E

Figure 7: Lattices with special properties (see text).

lattices are depicted in Figures 7A-7D. Thus Figure 7A 
depicts a chain; i.e., a poset in which for all x , y, either 
x  < y  or y <x.  Figure 7C depicts the smallest lattice in 
which not all chains from 0 to I  have the same length.

D uality. The concepts of a poset and of a lattice have 
important duality properties. If y < x  is defined to mean 
that x > y  (by conversion), it is evident that the relation < 
is reflexive, transitive, and antisymmetric if and only if > 
is. Furthermore, if > is replaced by <, V  and A  are sim­
ply interchanged in the statement of the lattice condition 
without affecting the set of postulates as a whole. In other 
words, the concepts of a poset and of a lattice are self- 
dual under the duality between greater and less (container 
and the contained).

In the particular lattice [P, | ], for instance, the dualiza- 
tion effected by the preceding construction changes great­
est common divisors (g.c.d.) into least common multiples 
(l.c.m.), and vice versa. More generally, it turns the dia­
gram of any finite lattice upside-down.

Isotonicity. Lattices have many general properties. 
Thus, any lattice with a finite number of el­
ements x„ • 4 , x n has the universal bounds
x, A  • • * A  x n = 0 and Xj V  • • • V  x n =  /. More im­

portant is the following isotonicity principle, valid in any 
lattice. This principle is: If for any elements u, u*, v, and 
v*, in a lattice L, u> u* and v > v* then u V v < u* V v* 
and u A  v >  u* A  v*; the lattice operations preserve order.

Power set lattices. The power set lattice [P(U), C ], de­
fined by the inclusion relation on the power set P(U) of 
all subsets of a set U, has important special properties not 
shared by lattices in general. One of these is distributivity 
(see 150) that holds for any three subsets X, Y, Z  of U. In

(150) in(yuz)=(iny)U(inz) 
iu(ynz)=(iuF)n(Tuz)

(151)
lx  V (>> A z ) =  (x V y) A (x V z)

(152) x A x '  =  0 , x V x '  =  /

(153) (x A y)' = x ' \ / y ’, ( xVy) '  =  x ' A /

(154) (x A y) V (y A z) V (z A x)
— (r  \/ y) A (y V r) A (7 \/ v)

(155) x A y — x, x  V y =  y

other words, defining a distributive lattice as a lattice in 
which this property holds, as expressed with the operations 
A  and V  (see 151), for all x , y, z, [P(U), c ]  is always a 
distributive lattice.

Second, every power set lattice [P(U), C] has the uni­
versal bounds property: the empty set 0  and U itself are 
universal bounds (in the sense of ( 1 )).

Finally, in the lattice [P{U), C] each set X  has a com­
plement X ' , consisting of all elements of U that are not 
in X  Clearly, two specific properties hold with respect to 
the complement of a set and the operations A  and V; 
these are to be expressed in more general form (see 152) 
in what follows. A poset P may now be defined to be 
complemented when: (A) it has universal bounds 0 and /  
satisfying (1), and (B) any x  in P has a complement x ' in 
P such that two properties hold (see 152). Summarizing 
the above, then, it can be said that any power set lattice 
[P(U), C] is a complemented distributive lattice.

BOOLEAN ALGEBRA
Boolean polynom ials. Complemented distributive lat­

tices arise in many other contexts besides set theory. They 
were first studied systematically by the English logician 
George Boole around 1850, because of their applications 
to logic, and are called Boolean algebras.

One of the most important concepts of Boolean algebra 
is that of a Boolean polynomial, by which is meant any 
symbolic expression built up by repeated application of 
the two binary lattice operations A , V , and the unary 
Operation ', and the special Symbols 0 and I. The alge­
braic manipulations of Boolean polynomials are governed 
by the laws given below: the idempotent, commutative, 
associative, contractive, and distributive laws, plus the 
universal bounds and complementation laws (see 151 and 
152). From these many others can be deduced, among 
which de Morgan’s laws (see 153), the law ( x ' ) ' = x ,  and 
the curious identity involving three elements combined in 
pairs with the operations A  and V  (see 154) are especially 
noteworthy. Also, the inclusion relation x  < y is equiva­
lent to either x  A  /  =  0 or x ' V  y = I  as well as to a pair 
of inequalities that do not involve 0 and I  (see 155).
Extensive research into the foundations of Boolean alge­

bra häs shown that the list of laws given in the preceding 
Paragraph is highly redundant, and that various small sub­
sets taken from this list imply the others. For example, if 
[L, V , '] is an algebraic system that is assumed to have one 
binary Operation V  and one unary Operation ', then the 
following was proved by the U.S. mathematician Edward 
V. Huntington in 1933.
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Huntington’s theorem. In an algebraic system [L, 
V , '] define a A b = (a' V  b')'. Suppose a V  b — b V a, 
a V  (b v  c) = (a V  b) V  c, and (a A b) V (a A b') = a for 
all elements a, b, c in L, then [L, V , '] is a Boolean algebra.
Venn’s diagram. The study of the laws of Boolean al­

gebra, including Huntington’s theorem, was motivated by 
the desire to reduce all of logic and set theory to a purely 
symbolic calculus. This study is helped by using so-called 
Venn diagrams, of which two are shown in Figure 8 . In

A B
Figure 8: Venn diagrams (see text).

them, U has been taken to be a rectangle. Figure 8 A 
depicts two discs S  and T; they are to be imagined as typ­
ical subsets of U. Clearly the intersections S  n  T, S  n  T  \  
S' n  T  and S' n  T '  divide U into four nonoverlapping 
parts. If boundaries are neglected, the unions of these parts 
give precisely 24=  16 different Boolean combinations of 
the original sets S, T.

Likewise, John Venn, the British logician for whom the 
diagram was named, considered three discs R, S, and T  as 
typical subsets of U. The intersections of these discs and 
their complements divide U into 8  =  23 nonoverlapping 
regions, the unions of which give 28 =  256 =  223 =  162 dif­
ferent Boolean combinations of the original sets S, T.
Free Boolean algebra. These examples suggest the con- 

jecture that, in general, there are exactly 2 2" different 
Boolean polynomials in « Symbols x,, • • • , x n, such 
that any given polynomial can be reduced to one, and 
only one, of these by repeated applications of the basic 
laws listed above. The truth of this conjecture is part of 
the following basic theorem, essentially due (in another 
terminology) to Boole himself.
Boole’s theorem. A Boolean polynomial (x,, • • • , x n) 

can be reduced to one and only one join Vspk of meets 
pk =  z, A • • * A z n, in which each z, is x, or x ' i (there 
being 2n possibilities), depending on k, and S  is any subset 
of the 2n p k.

The preceding form, Vxpk, is called the disjunctive nor­
mal form of the polynomial and provides a systematic way 
of testing for the equi valence of two Boolean polynomials. 
Thus it solves the so-called word problem for Boolean 
algebra in an elementary way.
Isomorphism; direct product. Two general algebraic 

concepts, which are applicable to groups and rings (for ex­
ample) as well as to posets, lattices, and Boolean algebras, 
are those of isomorphism and direct product. They will 
now be defined in the general context of posets.
An isomorphism between two posets P and Q is, by defi­

nition, a pairing of the elements of P with the elements of 
Q (a so-called bijection ß : P ^  Q, the Symbol denoting 
bijection) such that x < y  in P if and only if ß  (x) < ß  (j/) 
in Q. If P is a lattice, then the preceding condition implies 
that Q is also a lattice and that ß (x  A  y) =  ß (x) A  ß (y) 
and ß  (x V y) =  ß  (x) V ß  (y). If P is a Boolean algebra, 
then so is Q, and in addition ß (x') =  \ß (x)]': isomor- 
phisms of posets carry complements into complements.

Again, the direct product P X Q  of two posets P and Q is 
the set of all ordered pairs (x, y) of elements, x from P and 
y  from Q, the inclusion relation (x, y) < (xl5 y x) in P X Q  
being defined to mean that x < x, in P and y < y x in Q. If 
P and Q are both lattices or both Boolean algebras, then 
the same is true of P X Q; moreover, the combination of 
pairs is achieved by the Operation A (see 156) in PXQ,  
and dually by the Operation V.

It is easy to show that the direct product of two 
posets is always a poset and that the formation of di­
rect products is a commutative and associative Operation 
on posets, relative to isomorphism: that P X  Q ^  Q X P  
and P X (Q X R) — (P X Q) X R. For instance, the bijec­
tion that pairs (x, (y, z)) with ((x, y), z) for any x in P, y 
in Q, and z in R is an isomorphism of P X ( Q X R )  with 
CP X Q ) X R .

It can therefore be written P X P =  P 2,

(156) (x, y ) A (*,, y,) =  (x A x v y K y , )

V 0 1 A 0 I a a '

0 0 1 0 0 0 0 1

1 1 1 1 0 1 1 0

(158) if x ^  a{ 
otherwise

(P X P) X P = P 3, • • • , with the understanding that 
P m x  p  n = pm+n for a n y  positive integers m, n; i.e., that 
the usual laws for powers hold.
Binary strings. The simplest nontrivial Boolean algebra 

has two elements, 0  and 1 , on which its three operations 
act as is prescribed by certain tables (see 157). Boolean 
algebra has been called the algebra of 0  and 1 , because ev­
ery Boolean algebra can be built up by combining copies 
of this simple Boolean algebra, which will be designated 
by the Symbol 2.
Thus, if the set U has n elements, then the power 

set lattice (Boolean algebra) P{U) is isomorphic with 
2" =  2 X • ♦ • X 2 (n factors). To establish the isomor­
phism P(U) = 2n, the elements of U must be arranged in 
some order, as a sequence p i9 p2, 9 * * , Pn- Each subset 
•/I of U is then associated with an «-tuple a = (ax, * • * , 
an) = ß(A)  of O’s and I’s, by setting aj— 1 when p} is 
in A and aj = 0 when it is not. Dropping commas and 
parentheses, this associates with each A a binary String 
axa2 - • • a„.
Logic networks. Boolean algebra is used for designing 

so-called logic networks for digital computers. Such a net- 
work typically has a finite number n of input leads, each 
of which goes into one of two States when pulsed, which 
can be designated as 0 and 1. The state of the set o f all 
n leads can therefore be described by a binary string of 
length n. The problem is to design a circuit that, when it 
is interposed between these input leads and a specified set 
of output leads, will put each of the latter in a specified 
state, 0 or 1, determined by the States of the input leads.

The problem is thus to implement electronically a given 
Boolean function f: 2n —* 2 from the set of all binary strings 
of length n to the set 2  =  (0 , 1 ); but these functions consti- 
tute precisely the free Boolean algebra with n generators, 
namely, the functions Sf. (x„ • ■ • , x „ ) ^ x ; that asso- 
ciate with each string its Zth member. Boole showed that 
every function f: 2n —► 2 can be represented as a Boolean 
polynomial in the 6l (in disjunctive normal form).

The problem of optimal logic network design is to find 
the Boolean polynomial that does this most economically. 
Roughly, this corresponds to finding the shortest Boolean 
polynomial that has a given disjunctive normal form. This 
problem still lacks a general solution.

DISTRIBUTIVE LATTICES
Switching circuits. The three basic Boolean operations 

A , V , ' (corresponding to “and,” “or,” and “not” in 
logic) can be realized electronically by three kinds of 
simple circuits, called AND-gates, OR-gates, and inverters, 
respectively. The first general purpose digital computers 
used, instead of electronic circuits, ordinary relay net­
works the connections of which could be open or closed. 
The Boolean operations of “and” and “or” are realized by 
putting relay networks in series and parallel, respectively. 
This raises the problem of constructing Boolean functions 
f: 2n —» 2 from A  and V  alone without using “not.”

Algebraically, this amounts to determining the most 
general distributive lattice—i.e., the lattice satisfying the 
distributive laws (see 151)—with n generators. This is also 
the set of all lattice polynomials in n Symbols öx, • • • , 
Sm two polynomials being considered equal when equality 
follows from the idempotent, commutative, associative, 
contractive, and distributive laws. This free distributive 
lattice had been considered by the German mathemati­
cian Richard Dedekind in 1900, and in 1912 the Norwe-

Basic
elements
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gian mathematician Thoralf Albert Skolem showed that 
it contained precisely those Boolean functions f: 2n-*2  
that were order-preserving in the following sense. The do­
main 2n of the function ƒ  may be considered as itself a 
Boolean algebra, by defining x < y  for two binary strings 
x =  (x,, • * • , x n) and y = (yx, • • • , yn) to mean that 
Xj < y, for all i =  1, 2, • • ■ , n. Then ƒ  preserves order 
(is isotone) when x < y  implies ƒ  (x) < ƒ  (y).

Finite distributive lattices. The most general finite dis­
tributive lattice may be constructed by a simple general- 
ization of Skolem’s theorem. Namely, L  is assumed to 
be any finite distributive lattice, and A is assumed to be 
the set of all properly join-irreducible elements of L; that 
is, the set of all elements a > 0 in L  with the property 
that x  A y  = a implies x  =  a or y  =  a. The elements of a 
may be imagined as listed in some order, fl,, • • • , an. 
Then each x in L  can be associated with the subset S  (x) 
of A, consisting of exactly those elements fl, in A such 
that X > fl,. This is clearly order-preserving: x > y  implies 
S  (x) D S  (y). Alternatively, each x in L  can be associated 
with the function A-+ 2 defined by assigning the value 
1 to £(fl,) when a, < x, and 0  otherwise (see 158); this 
function is isotone.
The fundamental theorem on finite distributive lattices 

asserts that the converse is also true: that every isotone 
function f: A^> 2 is associated in this way with some x 
in L.

Some examples. Figures 9A-9D exhibit the diagrams

Figure 9: Some distributive lattices (see text).

of four distributive lattices, illustrating the preceding state­
ments. The posets of join-irreducible elements, correspond­
ing to the black circles, have the diagrams respectively.

0
1 o  o

O , I O, /  \  , o o o ,
I O  o o  

o
In particular, Figure 9C exhibits similarly the free dis­

tributive lattice with two generators: the poset of all iso­
tone functions f: 2n —> 2 ; it should be noted that it has four 
properly join-irreducible elements, which form a poset 
having the diagram of 22, as stated in Skolem’s theorem.

O/  \
o  o

\  /
o

(159) If x  2* z ,  then x  A ( y  V z )  =  (x A y )  V z-

(160) If z ^  then z  V ( y  A x) =  ( z  V  y )  A x.

More generally, the normal subgroups of any group form 
a modular lattice, in which, moreover, the quotient-group 
M  V N  /  N  is isomorphic to M  /  M  A N. In 1937 the 
Norwegian-born U.S. mathematician Oystein Ore showed 
that most of the structural properties of groups can be 
derived from these properties alone.
Covering properties. In any poset P, the relation “fl 

covers bn is defined to mean that a >  b, but a >  x >  b for 
no X. Graphically, “a covers bn means that a is just above 
b in the diagram of P.

In 1900, Dedekind proved that a lattice of finite length 
was modular if and only if its covering relation has the 
following two dual properties:

1. If b and c both cover a, then b V c covers both b and c.
2. If ö covers both b and c, then b and c both cover b A 

c (It is understood here that b #  c.)
Projective geometries. If F  is any field (see below Fields) 

or division ring, and if V=  Vn+X(F) is the vector space 
(see above Lineuv und rnuliilineuv algebra) of all vectors 
x =  (x0, x,, • • • , xn) of length n +  1 with Coordinates x, 
in F, then the subspaces of V form a modular lattice under 
the relation of inclusion, which is called the «-dimensional 
projective geometry over F, and denoted PG (F; n). (See
GEOMETRY.)

In any projective geometry PG (F; «), the universal lower 
bound 0 is the trivial subspace consisting of the null vector 
0 == (0, 0, • • v , 0) alone. Geometrically, it is interpreted 
as the empty set, and the projective points are the elements 
that cover it. The (projective) lines are the elements that 
cover points, and every projective line contains at least 
three points.

Figure 10 exhibits the diagram of the lattice PG (Z2; 2),

It should also be noted that this distributive lattice has 
length three, which means that one can ascend from the 
universal lower bound 0  to the universal upper bound 
I  in four steps. This illustrates the fact that, in general, 
a distributive lattice of finite length n contains exactly n 
properly join-irreducible elements, a result that can also 
be verified (with n =  3) in the other examples of Figure 9.

MODULAR AND GEOMETRIC LATTICES
Modular lattices. Although distributive lattices (includ­

ing especially Boolean algebras) are very important, they 
are not typical. Most lattices are not distributive and can­
not be characterized so simply. The rest of this section 
will describe properties of nondistributive lattices.

The simplest nondistributive lattice is the five-element 
lattice of Figure 7B. Its elements satisfy the modular law 
(see 159). This is clearly implied by the distributive law 
x A (j/V  z) =  (x A y) V (x A z), because x A z =  z when 
x > z. It is also self-dual, in the sense of being equivalent 
to its dual (see above; see 160).

Modular lattices arise in many parts of algebra. Thus the 
subgroups of any Abelian group form a modular lattice.

the so-called Fano plane; it has seven points and seven The Fano 
lines, with exactly three points on each line. Its points are plane 
the strings of three binary digits, not all 0 : 0 0 1 , 0 1 0 , 0 1 1 ,
1 0 0 , 1 0 1 , 1 1 0 , 1 1 1 ; its lines are the sets of points x lx2x 3 

that satisfy an equation of the form fl,x, +  a2x 2 +  fl3x3 =  0  

(mod 2 ), in which axa2a2 is one of the strings just listed.
Geometrie lattices. In any poset with universal lower 

bound 0 , a point (or atom) is an element p  that covers 0 .
That is, it is necessary that p > 0 (meaning that p > 0 but 
that pi= 0), while / ? > x > 0  for no x. This definition is 
essentially the same as Euclid’s: “a point is that which has 
no parts.” A lattice of finite length is called a geometrie 
lattice when: ( 1) each of its elements is a join of points, 
and (2 ) it satisfies the covering condition (:) under covering 
properties above. The partition lattice n4 of Figure 6  and 
the Fano plane of Figure 10 are (finite) geometrie lattices.
More generally, any projective geometry is a (modular) 
geometrie lattice, and the lattice of all partitions of any 
finite set is a geometrie, which is not modular if the set 
contains more than three elements.

Again, if Q is any map, then the submaps formed from 
Ü by obliterating boundaries forms a geometrie lattice 
G (Q). The number of ways in which Q can be coloured
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in X colours so that no two adjacent regions have the 
same colour is called the chromatic polynomial of Q [and 
of G(Q)]. This can also be constructed from the Möbius 
function of G(Q), a function that can be defined on any 
poset and that has many applications to number theory 
and combinatorial questions.

OTHER LATTICE-ORDERED STRUCTURES
Relation algebras. Ordering relations play an important 

role in many algebraic structures having operations that, 
unlike the meet and join operations, cannot be defined 
purely in terms of order. One such dass of structures is 
defined by binary relations.

Structures By a binary relation on a set S  is meant a rule p that teils 
defined for any two elements x  and y  of S  whether x  and y are in
by binary the given relation or not. If they satisfy the relation, xpy is
relations written; if they do not satisfy the relation, xp'y  is written.

The set of all binary relations onS  forms a Boolean algebra 
under the operations p A  er, p V <7, and p' corresponding 
to the words “and,” “or,” and “not.” [Thus, x(p  A o)y 
means that xpy and xoy.] In this Boolean algebra, the or­
der relation p>  o defined by the statement that p A er— o 
(p and a is the same as er) is clearly tantamount to saying 
that er “implies” p (the statement that xpy “adds nothing” 
to the statement that xoy). In logic, this is written oDp.
The algebra of binary relations on a set S  involves also 

the Operation of composition. The composite pa = po o 
of p and er is defined by the statement:

x  (po)y means that, for some z  in S, xpz and zoy.
For functions of a real variable-—/.e., when S = R, the 

real field—the definition of composite is equivalent to the 
usual definition of r = po, by r(x) =  er (p(x)). As another 
illustration: if the relation p (on the set of all people) is 
defined by “xpy if and only if x  is a sibling (brother or 
sister) of y,n and o by “xery if and only if y  is a son of x ,” 
then x (po)y means that y  is a nephew of x.

The Operation of composition is associative: p ( ö t ) = {po)x 
for any three binary operations on the same set S. The 
equality relation e (x e y  means x  = y) is an identity for 
composition: ep = pe = p for all p. These facts are summa- 
rized in the statement that the algebra [S2, °] defined by 
the set S2 of all binary relations on S  is a monoid under 
composition.
Like A  and V , the Operation of composition is order- 

preserving (isotone): if p > /;, and er > ah then po > p{ox. 
Moreover, p (er V t) =  po V  px and (p V  er)t =  px V <tt, 
two laws that imply isotonicity. [It is, however, 
not in general true that p(o  A x) =  po A px or that 
(p A  o)x — px A  öt.] Lattices that are also monoids and 
in which the isotonicity relations hold are called lattice- 
ordered monoids; it has just been shown that the binary 
relations on any set S  form a lattice-ordered monoid.
Vector lattices. Many other kinds of lattice-ordered 

monoids arise in mathematics, such as the lattice of all 
ideals of any ring (under the operations of set inclusion

(161) ƒ  3= g means tha t/(x ) 3 = £(x) for all x.

(162) h = f + g  means that h (x )= f(x )  + g(x) for all x.

(163) ƒ +  (g  V h) =  (ƒ+  g) V (ƒ +  h)

x2 ,x 3), x ^ y = ( y v y.v y3)

 ̂VqJ +  c\ +  c | =  length of c

Ixu =  1 (xu) =  (VU(xU))
=  ( (vu)x)u= (v(ux))u= (v ■ \ ) u = v ( \u )  = vu =  1 

x =  1 x =  {xu)x — x(ux) =  X1

(166) C* +  ;y) +  z = * + ( ; y  +  z ) for  all x , y , z  
x +  y — y +  x  for all x , y

and ideal multiplication). One example is provided by the 
set of all continuous functions ƒ  of a real variable x, order 
being defined (see 161) and the monoid Operation being 
defined as ordinary addition (see 162). Here a previous 
equation assumes a simpler form (see 163) because addi­
tion is commutative.

Another example is provided by the set of all real vectors 
(see 164), the order relation meaning that x} > y} for all 
j  =  1 , 2, 3. In this the positive cone of all x >  0  = (0, 0, 
0 ) consists of the first octant: it is a trihedron with the 
positive quadrants of the coordinate planes as faces. For 
any fixed vector c, the set of all x > c is obtained by trans- 
lating the positive cone parallel to the vector c through a 
distance equal to its length (see 164).

These and other vector lattices are, by definition, (real) 
vector spaces that are also lattices, in which vector addi­
tion and order are related (see 163) and in which if X >  0 is 
any positive scalar and x >  0 any positive vector, Xx > O.
The preceding examples should give some idea of the 

enormous variety of lattices and lattice-ordered algebraic 
structures; they arise in every branch of mathematics.

(G.Bi.)

Groups

Groups, in mathematics, are Systems of elements with a 
composition satisfying certain laws (these are given be­
low). The elements may be operations; for example, the 
rotations of a sphere. The symmetries of a geometrical 
figure are best described as a group. The ornamental wall 
designs of the ancient Egyptians exhibit all possible com­
binations of symmetries. Euclid studied the properties of 
the regulär polygons and the five regulär solids. Not until 
the late 18th and 19th centuries, however, were groups 
recognized as mathematical Systems. The French mathe­
matician Joseph-Louis Lagrange was one of the first to 
consider them. Another French mathematician, Augustin- 
Louis Cauchy, began a study of permutation groups. In 
studying the solution of polynomial equations, a Norwe- 
gian mathematician, Niels Henrik Abel, showed that in 
general the equation of fifth degree cannot be solved by 
radicals. Then the French mathematician Évariste Galois, 
using groups systematically, showed that the solution of 
an equation by radicals is possible only if a group asso­
ciated with the equation has certain specific properties; 
these groups are now called solvable groups.
The group concept is now recognized as one of the 

most fundamental in all of mathematics and in many of 
its applications. The German mathematician Felix Klein 
considered geometry to be those properties of a space left 
unchanged by a certain specific group of transformations. 
In topology geometrie entities are considered equivalent if 
one can be transformed into another by an element of a 
continuous group.

DEFINITION * 1
A group, denoted G, is a nonempty set of elements with 
a composition defined for any ordered pair x, y  of its 
elements. If the composition is written as the product xy, 
then the following laws hold:

G l. T he A ssocia tive  Law: (xy)z = x(yz) for all x , y, z, o f  G.
G 2. Existence o f  an identity. There is an identity elem ent

1, such that l x  =  x l  =  x  for every x  o f  G.
G3. Existence o f  an inverse. For every x  o f  G there is an  

elem en t x -1 such that x ^ 'x ^ x x ^ ' =  1, in w hich 1 is 
the identity  elem ent.

These laws are redundant. Instead of G2 and G3 it is 
enough to assume the existence of an identity 1 such that 
lx  =  x for any x, and that for any x there is a left inverse 
u such that ux=  1. Then let o be the left inverse of u so 
that du — 1. The desired consequences follow (see 165).

If a group G satisfies the further law:
G 4. The C om m u tative Law. I f  yx  =  x y  for all x, y  o f  G, 

then G is called an A belian group.

The composition of a group may be written as addition, 
though this is not usually done except for Abelian groups. 
In this case the laws take the form:

G l.  A ssocia tive  Law (see 166).

Early work 
on groups
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G2. Existence of zero. There is a zero element 0 such that 
its composition with x yields x for every x of g.

G3. Existence of negative. For every x of G there is an 
element —x such that its composition with x yields 0 .

G4. Commutative Law (see 166).
Many of the important applications of groups come from 

the fact that groups arise naturally from one-to-one map- 
appings pings (sometimes called bijections). A mapping a of a set 

S  into a set T  may be considered a rule (or function) that 
associates with each element x of S  a unique element y 
of T  called the image of x. This mapping may be written 
y=(x)a.  Of particular importance is the case in which the 
set T  is the same as the set S. The product aß of two 
mappings a and ß  of a set S  into itself is defined by the 
rule (x)aß =  z if (x)a =  y  and (y)ß = z. This definition of 
product automatically satisfies the associative law. For if 
(x)a =  y, (y)ß =  z, (z)y =  w, then (x)(aß)y = (z)y = vr and 
(x)a(ßy) =  (y)ßy — w so that the two mappings (aß)y and 
a(jßy) are identical and so (aß)y =  a(ßy).
A mapping a is said to be a mapping of S  onto T  (rather 

than into 7) providing that for every y  of T  there is at 
least one x of S  such that y  =  (x)a. Such a mapping is also 
called a suijection. If the mapping a also has the property 
that there is exactly one x of S  such that y  = (x)a for y in 
T, then a is called a one-to-one mapping or a one-to-one 
correspondence, or a bijection.

The one-to-one mappings of a set S  onto itself form a 
group. The identity mapping 1 is naturally defined by the 
rule (x) 1 =  x for every x of S. And if a is a one-to-one

mapping of S  onto itself, then an inverse mapping ar1 

is defined by saying that if (x)a =  y  then (y)cr1 =  x. For 
because a is a one-to-one mapping, then given y  in  S  there 
is exactly one x in S  with (x)a =  y  so that y  determines x 
uniquely. Also (x)acr‘ =  x for every x and (y)orla =  y  for 
every y, from which it follows that acr1 =  1 , or'a =  1 .

A nonempty set H  of elements with a composition rule xy  
satisfying the associative law (xy)z =  x{yz) is called a semi- 
group. As has been shown above, the mappings of a set S  Semi- 
into itself form a semigroup. In case S  consists of the points groups 
of a plane, one mapping is to map all the points onto the 
points of a single line; for example, by mapping a point onto 
the foot of the perpendicular to the line through the point.
Such a mapping does not have an inverse because a point 
not on the line is not the image of any point. Semigroups 
are considerably more general than groups and, by the 
same token, have fewer properties common to all of them.
A group <7 is said to be finite or infinite if the number 

of distinct elements in it is respectively finite or infinite.
Many properties can be proved for finite groups but are 
false for infinite groups. The number of distinct elements 
in a group G is called the order of G.
When two groups can be considered as essentially the 

same group under certain conditions, these conditions re­
quire a precise definition as well as a name. The groups are 
said to be isomorphic. The formal definition is that: Two 
groups (7, and G2 are said to be isomorphic if there is a one- 
to-one correspondence a between the elements of <7, and Iso- 
the elements of G2, such that if (x,)a =  x2 and (yx)a = y2, morphic 
then (xly l)a =  x2y2, in which x,, y, are arbitrary elements groups 
of <7,, and x2, y2 are their images in G2. From this defini­
tion it is easy to see that the identities of the two groups 
correspond and that if elements correspond, then also their 
inverses correspond. In particular, any two groups of order 
2  are isomorphic because such a group consists of the iden­
tity and one further element the square of which must be 
the identity. A less obvious example of isomorphism is that 
between the multiplicative group of positive real numbers 
and the additive group of all real numbers, the logarithmic 
function log x has the property log (xy) =  log x 4- log y, 
and this gives the isomorphism of these two groups.

EXAMPLES OF GROUPS
A permutation of a set S  is a one-to-one mapping of the 
elements of S  onto themselves. If S  consists of the integers 
1 , 2 , • • • , n, a permutation a may be written in two 
rows with a, below the integer i (see 167) in which this is 
interpreted to mean that (/)a =  fl, for /=  1 , 2 , • • • , n.
As has been observed, the permutations of a set form a 
group. If S  is the set 1, 2, 3, there are 3! (=6 ) permuta­
tions (see 168). Here, for example, the product a2a4 = a5 
because for i = 1 , 2, 3 ((/)a2)a4 = (i)a5 (see 168).

Symmetries of a cube. A rotation taking a cube into 
itself is fully described by the permutation that this yields 
on the 8  vertices. Here a rotation of 90° about an axis 
through the midpoints of the top and bottom faces is given 
by a specific permutation (see 169). A rotation about the 
axis through the vertex 1 and the opposite vertex 7 is 
given by a specific permutation that holds the integer 7 
fixed (see 170). Combinations of a and ß  give a total of

24 rotations (including, of course, the identity rotation). 
Apart from these rotations that can be achieved by mo- 
tions in three-dimensional space, there is also a mirror 
image reflection about a plane through the midpoints of 
the edges 14, 23, 67, 58 expressed as a permutation of 
integers that inverts the order of the first four of eight 
integers and the last four, similarly (see 171). Combining 
this reflection with the 24 rotations gives the full group of 
48 symmetries of the cube.

Symmetries of the regulär octahedron. The midpoints 
of the faces of the cube may be taken as the vertices of the

(167)

(168)

(169)

(170)

(171)

(  1 , 2 , . . .a = ’ n )• V

Vl,  2 , 3 /
a 4=  1( 1 , 2 , 3 ’

\1 ,3 ,2 .

— O ’ 2 , 3 )\2, 3 1 / « 5 = 1 (1 ,2 ,3 '

/ l ,  2 , 3\  
“ 3 1 3 ,1 ,2 /

a 6= ! (1 ,2 ,3  
U ,  1,3

(172)

(173)

(174)

(175)

(176)

(177)

/1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 \
'2,3,4, 1,6, 7, 8, 5/

/1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 \
\1,4, 8, 5, 2, 3,7, 6/

_  / l ,  2, 3,4, 5, 6,7, 8\
'4,3,2, 1,8, 7, 6, 5/

" _  /1> 2, 3,4, 5, 6\
'1, 3, 4, 5, 2, 6/

ß y 2 , 3 , 4 ,5 ,6 s  
'5,1,4,6,  2, 3/

_  / l ,  2, 3,4, 5 ,6\
'1,4, 3, 2, 5, 6/

(x, y)a  =  (ax + by  +  e, cx +  dy+  f )

(x, y ) ß = ( a x  + by, cx+dy) ,  a d —bc ^ 0

(x, }’)y = ((cos 0)x +  (sin H)y, (—sin ff)x +  (cos 0)y)

ixy)(,zw) =  x(y(zyv)) = x((yz)w) = (x(yZ))w = ((xy)z)w

^ x i - - - xny i = x - i - - - x ^ x , '
XlXZ- ■ ^ „ X - 1 ■ • - x y X - ^ 0
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regulär octahedron. For this reason, it is intuitively clear 
that the symmetry group of the octahedron is isomorphic 
to that of the cube. The corresponding symmetries as they 
affect the vertices of the octahedron are described by three 
permutations (see 172),
Collineations of the Euclidean plane. If the points of the 

plane are given by Coordinates (x, y) in which x, y  are real 
numbers, the transformations that transform pairs into 
pairs of linear combinations (see 173) with coefficients a, 
b, c, d, e, in which ad — bc is not equal to zero, form a 
group consisting of the one-to-one mappings of the points 
onto themselves with the property of taking straight lines 
into straight lines, and this is called the collineation group. 
The subsystem of collineations ß fixing the origin (0, 0) 
is also a group (see 174). A subsystem of this consists of 
rotations y about the origin. The rotation y corresponding 
to an angle 6 is also expressible as a transformation on 
pairs, in which coefficients in the linear combinations af­
ter transformation depend on 0 (see 175).

ELEMENTARY GROUP STRUCTURE
In a group G the common value of (xy) z = x  (yz) can 
be written xyz. The same principle applies to four factors 
(see 176), and the common value of these products may 
be written xyzw. It is not difficult to prove that any 
bracketing of x,x2 • • • x„ without changing the order of 
the factors gives the same product. This fact is known 
as the generalized associative law. A consequence of it is 

The gen- that the inverse of a product is the corresponding product
eralized of inverses taken in reverse order (see 177). Similarly, if
associa- both the associative and commutative laws hold, a prod- 
tive law uct X]X2. . . x n has the same value as the product of any 

rearrangement of these factors.
A subset H  of the elements of a group G that is itself a 

group under the composition for G is called a subgroup. 
In many important cases the elements of a group that 
have certain properties form a subgroup. For example, 
the one-to-one mappings of the points of the Euclidean 
plane onto themselves form a group G. Those mappings 
that take straight lines into straight lines, the group of 
collineations, form a subgroup <7, of G. The group (7, 
in turn has a subgroup <72, called the orthogonal group, 
which consists of the one-to-one mappings that leave dis- 
tances unchanged.

If Aj, a2, • * • , ar are elements of a group G, then all 
expressions x,x2 • • • x n in which every value of x is 
one of the a, or an inverse a~x form a subgroup H  that 
is said to be generated by au a2, • * * , an and this is 
written H  =  a2, • • • , ar). If H  is generated by a
single element, H =  (#i), H  is called a cyclic group. The 
product of n factorsaxax • * • ax can be written axn and 
similarly ax • • • , ax~x =  ax~n. Then the elements of H  
are of the form axm with m any integer, positive or nega­
tive, and the product rule is ax'axs = axr+s. It may happen 
that all the powers of ax are different, in which case H  
is essentially the additive group of the exponents that are 
the integers. If two different powers ax and ax represent 
the same element, then ax ~s— 1. In this case /ƒ is finite 
and there is a positive integer n such that 1 , ax, ■ • • , 
a xn ~ 1 are different and axn— 1. In this case n is the order 
of H, and a{ =  axs if and only if r — s is some integral 
multiple of n.

SUBGROUPS
It is not difficult to show that a group G with no subgroup 
except itself and the identity subgroup must be a finite 
cyclic group the order of which is a prime number. This 
describes these groups completely. For a more general 
group the nature of its subgroups and their interrelations 
are important in describing the group and its structure.

If H  is assumed to be a subgroup of a group G and x 
some fixed element of G, the set of elements of the form 
hx with h belonging to H  is called a left coset of H  and 
is written Hx. Similarly, the set of elements xh is called 
a right coset and is written xH  It is easily seen that a 
left coset Hx  contains the same number of elements as 
the subgroup H  because the element hx of Hx  can be 
matched with the element h of H  Similarly a right coset 
xH  has the same number of elements as H. If hx and 
h2 are any elements of H, and if x x =  hxx  and x2 = xh2, 
then it is easily shown that Hx  and H x x are the same set 
of elements, and also xH  and x 2H  are the same set of 
elements. From this it readily follows that any two left 
(right) cosets of H  are identical or disjoint. If H\ =  H, the 
subgroup itself and Hx2, • • • , Hxn are all the distinct 
left cosets of H  in G, this fact is represented symbolically 
by G  =  H.+ H x 2 +  * * * +  Hxn. The plus sign has no 
arithmetical significance here and the expression means 
that G is the union of the disjoint cosets. For this reason 
some writers use a different notation. The number of 
distinct cosets of H  in G is called the index of H  in G 
and is written [G:H\. The inverses of the elements hx are 
the elements X~xh x so that the inverses of the elements 
in a left coset Hx  are precisely the elements of the right 
coset xrxH, because as h runs over all elements of H  so 
also does hrx. Thus even if H  is infinite there is a one- 
to-one correspondence between right and left cosets, and 
the index [G:H\ is the same for right cosets as it is for left 
cosets. If <7 is a finite group and the subgroup H  is taken 
to be the identity, then each coset consists of a single ele­
ment so that the index [G:l] is the order of G; that is, the 
number of elements in G. A simple but very important 
consequence of the fact that distinct cosets of a subgroup 
are disjoint and have the same number of elements is the The 
theorem of Lagrange. It States that the order of a finite theorem of 
group is the product of the order of a subgroup and the Lagrange 
index of the subgroup.
The theorem of Lagrange is not true for semigroups, 

illustrating the sharp differences in the theories of groups 
and semigroups. For a given semigroup S  of order n, it 
is possible to take one additional element u and define 
u2 = u, xu  = 'u x = u  for every x of S, to obtain a semi­
group of order n +  1 containing S.

From the theorem of Lagrange, the order of a subgroup 
H  of a finite group G divides the order of G. In particular, 
if the order of G is a prime number p, then G has no sub­
groups except itself and the identity. As observed above,
G must be a cyclic group. The converse of the theorem of 
Lagrange is false. If G is a finite group of order n and if 
m is a divisor of n, there may not be a subgroup of G of 
order m. As a simple example of this, there is a group of 
order 1 2  that does not have a subgroup of order 6 .
A partial converse to the theorem of Lagrange was proved 

by the Norwegian mathematician Ludwig Sylow in 1872.
In order to describe this theorem fully it is necessary to 
introducé the concept of conjugate subgroups. If H  is a 
subgroup of the group G and if x is a fixed element of <7, 
then the elements xrxhx in which h ranges over the ele­
ments of H  form a subgroup that is designated as xr lHx.
It is called the conjugate of H  by x. There are three main 
parts to the Sylow theorem. The first part asserts that if pr 
is the highest power of the prime p dividing the order of 
a finite group G, then there is a subgroup P of order pr, 
called a Sylow /»-subgroup, and that if Px is another Sylow 
/»-subgroup, then for some x of G, Px =  x rxPx. Second, 
the number of distinct groups of order//' in G is of the 
form 1 +  kp for some integers k  and is a divisor of the 
order of G. A third part of Sylow’s theorem says that if 
pr is the highest power of the prime p  dividing the order 
of G, then there are subgroups of order p, p2, • • • , p r x, 
and each subgroup of order p' is contained in at least one 
subgroup of order pl+x for / =  1, 2, • • • , r — 1 . These 
Sylow theorems give a great deal of valuable information 
on the existence of subgroups of prime power order and 
their interrelations. For example, if G is of order 1 2, then 
it has 1 or 4 subgroups of order 3 and has 1 or 3 sub­
groups of order 4. Also G has subgroups of order 2, each 
of which is contained in at least one subgroup of order 4.
These facts are not independent. It is not possible for a
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group G of order 12 to have 3 subgroups of order 4 and 
also 4 subgroups of order 3.

The mapping (h)a = x rxhx from the subgroup H  onto 
the subgroup x rxHx  is an isomorphism because products 
are preserved (see 178) and also inverses are preserved

(178) ( x '1h l x){x~lh2x) =  x~1h1 h2x

(179) ( x - ' h ^ - ^ x - ' h - ' x

(see 179). In other words, one of the consequences of the 
Sylow theorems is that any two Sylow p-subgroups are 
isomorphic.
Of particular importance are those subgroups H  of a 

group G that are conjugate only to themselves; that is, 
H  =  x r1 Hx  for every x of G. This is so important that it is 
given a special name. A subgroup H  of a group G is called 
a normal subgroup if for every x of G, H  = xrxHx. Other 
names have been used for this property. Normal subgroups 
have also been called invariant subgroups or self-conjugate 
subgroups. If the right coset xH  contains exactly the same 
elements as the left coset Hx , then from the equality of 
the sets xH  =  Hx  it follows that H  =  xr l(xH) = x rxHx. 
Conversely, if H = x~xHx, then also x H =  Hx. Thus H  is 
a normal subgroup of a group G if and only if every right 
coset xH  is also a left coset Hx.

h o m o m o r ph ism s; fa c to r  g r o u ps

It is often possible to map a group G onto a smaller 
group H, mapping several elements of G onto the same 
element of H, and to do this so that the product rules are 
preserved. Such a mapping is called a homomorphism. 
For example, the real numbers with zero excluded form 
a group M  under multiplication, and mapping every pos­
itive number onto + 1  and every negative number onto 
— 1 gives a homomorphism of M  onto the multiplicative 
group H  of the two numbers +1 and —1.

A formal definition is: A mapping ß of the elements of a 
group G onto the elements of a group H  is called a homo­
morphism if (xy)ß = (x)ß (y)ß for any x, y of G. It should 
be noted that in this definition, if it should happen that 
the mapping ß is one-to-one, then ß  is an isomorphism. 
Thus an isomorphism may be regarded as a special case 
of a homomorphism.

IIcqII
■QJ.

(180) U t 1Q ß  =  (t,)ß(t.2) ß = l * 1 = 1

l(/r 1)/S=((rl)y8 )-^ =  ( 1 )- ! =  1

(181) (x - ':x )ß=((x)ß)- ' ■ 1 ■( x ) ß = l

(182) (tx)ß = (t)ß(x)ß =  1 . (x)ß =  (x)ß

(183) G =  G 0 D G 1 D G 2 - • • G r _, 3  G r =  { 1 }

(184) w = b,v - \--------h bm with bv • ■ • , b m

(185)
KWj +  w2)a =  (Wj)« +  (w2)a
l(w’1vv2) a =  ( w ß a iw ja

(186) (xl, x 2)(yl , y 2) =  (xly v x■2 3'2)

(187) (*,, 1)(1, x2) G G , x G 2

(188) (x,,x.z, - - - , x  n)(yv y2,- • • >y«)
= ( x , y t, x 2y 2, ■ ■ ■ ,x,i y  n)

(189) (.xv x2, ■ ■ ■, x v ■ ■ -Xy,, y2. - ■ ■ , y , . - ■ ■)
= (.x,yv x2y2. - -  ■ , x , y (, ■■■)

It can be demonstrated that in a homomorphism ß  the 
image of the identity of G is the identity of H  and that 
the image of the inverse of an element is the inverse 
of the image.

In a homomorphism ß  of G onto H  the set of elements 
t whose image is the identity of H  plays a special role. In 
particular (see 180) these elements t form a subgroup T. 
Also for any x of G a simple calculation (see 181) shows 
that xr ltx is in T, and so xrxT x=  T  is a normal subgroup 
of G. T  is called the kernei of the homomorphism. As a 
result of a calculation (see 182) it is seen that elements in 
the same coset of T  in G have the same image in H, and 
conversely it is true that elements of G with the same im­
age in H  are in the same coset of T in  G. As T  is a normal 
subgroup of G, x T =  Tx. Consequently, considered as sets 
of elements in G, TxTy=  T (Tx)y=  TTxy = Txy, so that 
the product of two cosets of T  is a definite single coset. 
This property is not true of subgroups in general. If W  is 
a subgroup of G, then usually the set of elements WxWy 
make up a number of cosets of W.

If T  is a normal subgroup of G, and if 
G = T  +  Tx 2 + • • • +  Txn, the cosets Tx, may be taken 
as elements of a new system H. Here if x,xJ belongs to 
Txk, then it is true that Tx,TXj =  Txk, considered as sets 
of elements of G. This new system H 4s a group, and H  
is called the factor group of G with respect to T, and this 
is written H  = G/T. If the coset Tx, is the element hi of 
H, there is a homomorphism ß of G onto H  with T  as 
kernei, and (tx,)ß = h,. Thus, given a homomorphism ß  of 
G onto a group H, the kernei T  of the homomorphism 
is a normal subgroup of G, and conversely any normal 
subgroup T  of G is the kernei of the homomorphism of G 
onto the factor group G/T. In this way homomorphisms, 
normal subgroups, and factor groups go hand in hand.

As an example of a homomorphism, the group G of the 
48 symmetries of the cube may be considered. Coordinate 
axes x, y, z are taken joining the midpoints of opposite 
faces. Then every symmetry of the cube determines a per­
mutation of x, y, z and every one of the six permutations 
arises, giving a homomorphic image H  of order 6 . The 
kernei T  of the homomorphism of G onto H  is generaled 
by the reflections in the three coordinate planes. Here 
T  is of order 8  and in terms of Coordinates consists of 
transformations (x, y, z) —* (± x, ±  y, ±  z), in which all 8  

combinations of the ±  signs arise.
A simple group G is a group that has no proper normal 

subgroup (“proper” meaning “different from itself or the 
identity”). The finite cyclic groups of prime order have no 
proper subgroups and thus are simple groups. There are 
many other simple groups, the smallest being of order 60. 
There have been many investigations on simple groups; 
some of the results will be discussed later.

The notation G D  H  is used to denote that G contains H  
as a subgroup. A normal chain for a group G is a sequence 
(see 183) in which each Gt is a normal subgroup of 
If it is not possible to insert a group T  between , and 
G, so that T  is normal in <7, _ , for any / — 1, • * * , r, 
then the chain is said to be a maximal normal chain. In 
a maximal normal chain every factor group Gj-JGh i =  1 , 
2, • • • , r is a simple group. A celebrated theorem of 
Jordan-Hölder States that if a group G has two (or more) 
maximal normal chains, then the chains have the same 
number of terms, and the simple factor groups Gh */G* in 
a second chain are isomorphic in some order to the simple 
factor groups GHJGj of the first. This may be considered 
an analogue of the fundamental theorem of arithmetic, 
which asserts that the factorization of a positive integer 
as a product of primes is unique apart from the order 
of the factors.
A field is a system of elements with both the operations 

of addition and multiplication such that addition is an 
Abelian group and multiplication of elements (exclud- 
ing zero) is an Abelian group. Also the distributive law 
(x +  y)z =  xz. +  yz  holds. Of particular interest are fields 
of numbers, such as £, the field of all complex numbers. 
The rational numbers form a field usually designated as 
Q. The numbers a + by[2 in which a and b are rational, 
however, also form a field. If ƒ  (x) is a polynomial of 
degree n with coefficients from the rational field Q, then

The
Jordan-
Hölder
theorem
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f ( x )  has n roots «„ w2, • * • , un; that is, f(u,) = 0, / =  1 , 
2 , • • • , rc, which are numbers in the field (L
Then with ƒ (x) is associated a field A, in which 

K = Q (U \, ♦ • • , w„) consists of all numbers obtainable 
from Q and m„ w2, * * * , w« by adding, subtracting, 
multiplying, and dividing. It can be shown that there is 
one irrational number v and an exponent m such that 
vm =  ci\Vm~ 1 +  • • • +  am with au • • • , am rational and 
such that any number w of Khas  a unique form (see 184) 
with rational numbers as coefficients of powers of o. Then 
it is possible to associate with K, and by implication with 
ƒ  (x), a number of mappings w —> {w)a of K  onto itself such 
that sums map into sums and similarly for products (see
185) . These mappings form a group G the order of which 
turns out to be exactly the number m defined above. G 
is called the group of the field K  or respectively of the 
polynomial /(x ). Galois’s great contribution to group the­
ory and to the solution of equations consisted in relating 
this group G to the matter of the possibility of solving for 
the roots of ƒ  (x) by radicals. In a normal chain for G, 
G =  G0 >  G, >  • • • >  Gr — 1 if every factor group G,-_,/ 
G, is a group of some prime order, then ƒ  (x) may be solved 
by radicals, but not otherwise. For this reason such a group 
is called a solvable group. For an equation of fifth degree 
G will in general be of order 120 and will have a normal 
subgroup of order 60, a simple group. In this Situation Abel 
showed that the equation could not be solved by radicals.

DIRECT PRODUCTS; ABELIAN GROUPS * 186
If any two groups G, and G2 are considered, the ordered 
pairs (x1? x2) with x, from G, and x2 from G2 form a group 
according to the rule that defines products of pairs (see
186) . This group is called the direct product of G, and G2 

and is written G, X G2. It is easy to see that G, X G2 and 
G2 X G, are isomorphic. The ordered pairs (x,, 1) form 
a subgroup of G, X G2 isomorphic to G, and the ordered 
pairs (1, x2) a subgroup isomorphic to G2, so that in this 
natural way G, and G2 may be considered as subgroups 
of G, X G2, and because of a simple relation (see 187) the 
direct product is generated by G, and G2. In the same way, 
for any finite integer n, given n groups G,, G2, • * • , Gn 
the finite sequences (x,, x2, • • • , x„) with x, from G„ 
/ =  1 , 2 , • • • , n, and the product rule (see 188) form 
the direct product G, X G2 X • • • XG„ that contains the 
G, as subgroups and is generated by them. If there are 
infinitely many G/s, it is still possible to define a group by 
the rule that is suggested by the finite case (see 189) and 
the G, are subgroups of this group G, called the Cartesian 
product of the G,. G, however, is no longer generated by 
the Gj. The subgroup of G generated by the G, consists 
of those sequences (x„ x2, - • • , x„ • • ■) that are the 
identity in all but a finite number of places, and it is this 
subgroup that is called the direct product of the G;, If 
G, =  (a/) with 2'th power of a, equal to 1, / =  1, 2, • • • , 
then the direct product of the G, contains only elements of 
finite order, but the element a =  (a„ a2, * * * , ah • • •) 
is of infinite order in the Cartesian product.

It is easy to see that any relation that holds identically 
in all groups G„ G2, • • • also holds identically in their 
direct (or Cartesian) product. In particular, if each of G,, 
G2, * * * , G„ • • • is Abelian and satisfies the identity 
yx  =  xy, then it is also true that the direct (or Cartesian) 
product of the G, is also Abelian.

A fundamental theorem on Abelian groups asserts that 
a finitely generated Abelian group G =  <Xj, • • • , x„) 
is the direct product G =  C, X C2 X • • • X Cm of cyclic 
groups C, =  (c,) in which m < n. This representation is 
not unique, because, for example, the cyclic group of order 
6  is the direct product of cyclic groups of orders 2 and 3. 
If the cyclic groups C, are restricted to be either of infinite 
order or of finite prime power order pr, however, then the 
representation G =  C, X C2 X • • • X Cm is unique apart 
from the order of the factors. In particular, this result 
gives a precise description of all finite Abelian groups. 
This is not to say, however, that all questions of interest 
are settled with respect to finite Abelian groups.

The description of infinite Abelian groups is far from 
complete. Every subgroup of an Abelian group is normal, 
but even in an Abelian group the knowledge of a normal

subgroup and the factor group does not determine the 
group. As a very simple example of this, an Abelian group 
of order p2 (in which p is a prime) has a normal subgroup 
of order p and a factor group of order p, but the group 
may be either the cyclic group of order p2 or the direct 
product of two cyclic groups of order p. Infinite Abelian 
groups are usually written with the group Operation as 
addition and terms are changed accordingly, so that the 
term direct product is replaced by direct sum.
In an infinite Abelian group G the elements of finite or­

der form a subgroup T  that is called the torsion subgroup. 
Here the factor group G/T  contains no elements of finite 
order except the zero element, and such a group is said to 
be torsion free. In general it is not possible to express G 
as the direct sum of the torsion subgroup and a torsion- 
free subgroup, but most study has been devoted either to 
torsion groups or torsion-free groups.

An Abelian group D (in additive notatiön) is said to be 
di visible if for any y  of D and any integer n there is an x 
of D with y  =  nx. Up to isomorphism there are two basic 
kinds of divisible groups, first the additive group R+ of the 
rational numbers, and Z  (pm) the multiplicative group of 
pnth roots of 1 , in which p is a fixed prime and n ranges 
over all positive integers. A divisible group D is a direct 
Summand of any Abelian group G containing it, and D is 
in turn a direct sum of groups each of which is isomorphic 
to R+ or some Z (px).

A primary Abelian group P is a group in which every 
element has order some power of a fixed prime p. Every 
torsion group G is the direct sum of its primary subgroups, 
and this effectively reduces the study of torsion groups to 
the study of primary groups. Primary groups with at most 
a countable number of elements have been completely 
described in terms of certain numerical invariants, but 
this approach is inadequate for primary groups with more 
than a countable number of elements. Much less is known 
on the general theory of torsion-free groups.

AUTOMQRPHISMS OF GROUPS; SEMI-DIRECT PRODUCTS
An automorphism a of a group G is a one-to-one map­
ping of the elements of G onto themselves such that 
(g\gi)a =  (£,)a (g2)a for any gh g2 of G. This is to say that 
a is an isomorphism of G with itself. As with any set, the 
one-to-one mappings form a group, and because the prod­
uct of two automorphisms is again an automorphism, and 
the inverse of an automorphism is an automorphism, the 
automorphisms of G themselves form a group A(G). For 
a fixed element x  of G, the mapping g—> x ~ xgx for all g 
of G is an automorphism called an inner automorphism, 
which is designated as ax. It is easy to check that axav =  axv 
and that (av) -1 is the inner automorphism associated with 
x -1. Here ax = 1 if, and only if, xr'gx =  g or gx = xg  for 
every g of G. The elements with this property of commut- 
ing with every element of G themselves form a subgroup 
called the centre Z(G) of G. Clearly Z(G) is an Abelian 
group and is normal in G. The inner automorphisms 
form a group I(G) that is isomorphic to G/Z(G). /(G) is a 
normal subgroup of A(G), and the factor group A(G)/I{G) 
is called the group of outer automorphisms of G. If G is 
Abelian, then Z(G) =  G and /(G) =  1, so that all automor­
phisms of an Abelian group are outer automorphisms.
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If K  is a normal subgroup of a group G, then for any x  
belonging to G, x ~ lKx = K, and the mapping k - ^ y r {kx 
for k  in K  is an automorphism of K. It may happen that in 
G = K + x2K +  • • • +  x nK, it is possible to choose the 
coset representatives 1 , x2, • • • , x„ so that they form a 
subgroup H. In this case every element h of H  is associated 
with an automorphism k-^h~xkh of K, and it is convenient 
to use an exponential notation, writing h~lkh = kh. Then 
every element x  of G has a unique expression in the form 
x = hk with h from H  and k from K. An identity (see 
190) gives the product rule for G in terms of the product 
rule in H, the product rule in K, and the automorphisms 
of K  associated with elements of H. The only requirement 
on the automorphisms comes from the identity (see 191), 
which in exponential notation takes a familiär form. This 
means that the group H  is mapped homomorphically onto 
a group of automorphisms of K. If the automorphism 
k —> kh is always the identity automorphism; i.e., kh =  k in 
every case, then the multiplication rule takes a form (see 
192) so that G is the direct product H X  K. In general 
the product rule (see 193), a slight modification of those 
considered, and subject to the exponential condition given 
above, determines a group G known as the semi-direct 
product of K  by H, in which K  is a normal subgroup of 
G, and H  is isomorphic to the factor group G/K. This is 
a useful rule that gives the construction for many groups. 
An easy example is that in which the fourth power of h 
and the third power of k  are 1 (see 194) and h and h3 

correspond to the automorphism k ^ k r { while 1 and h2 
correspond to the automorphism k - * k .  Here G =  HK is 
of order 1 2  and is fully determined by three particular 
relations (see 195).

PERMUTATION GROUPS
If G is a permutation group on a set S =  {1, 2, • • *.,«}, 
then G is said to be transitive on S  if for every i and j  of S  
there is a permutation x  of G for which (z)x =  j. It is easy to 
see that if G is transitive, those permutations h that fix 1—
i.e., (1 )h=  1—form a subgroup H  and that G is analyzed 
as a sum of terms of the type Hx, (see 196), in which x, is a 
permutation such that (1 )x ; =  i. Thus, in a transitive group 
G on Symbols 1 ,2 , -  • • , n, each Symbol corresponds to 
a coset of a subgroup. Conversely, given a group G and a 
subgroup H, in which G =  H  +  Hx2 +  • • • -b Hxn, there 
is a mapping of the elements of H  onto permutations 
of 1, 2, * • • , n corresponding to the cosets. In general 
this mapping is a homomorphism and its kernei K  is the 
largest normal subgroup of G contained in H.

If H  is the identity subgroup, then each coset consists 
of a single element and for each element x  of G there is 
a permutation ax such that (y)ax = yx  for y belonging to 
G. The correspondence between x  and ax is easily seen 
to be an isomorphism so that every G is isomorphic to a 
permutation group of its own elements. Thus every group 
may be considered to be a permutation group.

Define the polynomial A(x,, • • • , x n) in terms of prod­
ucts (see 197), this being the product of all x, — x7- with i 
less than j. Every permutation of x,, • • • , xn replaces A 
by A or —A, and the permutation that interchanges x x and 
x2 and fixes the rest takes A into —A. Those permutations 
that take A into A form a group An, called the alternating 
group. The group of all n\ permutations on xH . . . ,  xn is 
called the symmetrie group S„. Here the group An consists 
of half the elements of S„ and is of order n\/2.

The permutations that leave an array invariant will form 
a group. The array of seven triples has the property that 
every pair of elements occurs in exactly one triple. It can 
be considered as the set of lines in a finite plane (see 198).

Four permutations leave the array invariant (see 199), 
and they are symbolized by x, y, z, and w.

Because the group G is transitive on 1 , • • • , 7, the 
subgroup H  is of index 7, [G:H] =  7. The subgroup H  
containing y  and z is transitive on 2, * • • , 7, and so 
the subgroup T  of H  that fixes 2 as well as 1 is of index 
6  in H, [H:T\ =  6 . T  is generated by z and w and is of 
order 4, [T:\]. Hence G is of order 168 as a computation 
shows (see 2 0 0 ).
Given any two distinct numbers i, j  and two other dis­

tinct numbers /*, j*, there is an element u of G such

that (i)u = i* and (j)u = j*. For this reason G is said to 
be doubly transitive. In general, a permutation group G 
is said to be k-ply transitive if given k distinct numbers 
ƒ,, /2, • • • , 4  and another set of k  distinct numbers 
/,*, i2*, • • • , i *, then there is an element u in G such 
that u post-multiplies each number of the first set to give 
another in the second (see 2 0 1 ).

The symmetrie group Sn is «-ply transitive and the al­
ternating group An is «-2-ply transitive. There are many 
triply transitive permutation groups, but apart from the

(197) A=(Xj — x2)(x1 —x3) • • • (xt - x n)(x2- x , )  • • • (xn_ , - x n)

(198)

'1 ,2 ,4
2 . 3 .5
3 . 4 . 6  

<4,5 ,7
5,6,  1 
6 , 7 , 2  

7 , 1,3

(199)

x =

V =

\ \ '  =

/ 1 ,2 , 3 ,4 ,  5 , 6 , 7 \  
\ 2 , 3 , 4 , 5 , 6 , 7 , 1 /

/ 1 ,2,  3 ,4 ,  5 , 6 , 7 \  
\ l , 3 , 5 , 7 , 2 , 4 , 6 /

/ l ,  2, 3 ,4 ,  5 , 6 , 7 \  
V l , 2 , 5 , 4 , 3 , 7 , 6 /  

/ 1 , 2 , 3 , 4 , 5 , 6 , 7  V 
Vl , 2 , 6 , 4 , 7 , 3 , 5 /

(2 0 0 ) [ G : 1 ] =  [G  :H] (H  :7’] [7 ’: l ]  =  7 - 6 - 4

(2 0 1 ) i

(2 0 2 )

(203)

( / , ) « — / * ,  • ■ ■ > _  **

f ( ( x ,  y)a), =  ax +  by 
l ( ( , v ,  v ) a ) 2 =  cx  +  dy

p . / W r / .  ■ ( ^ y ) ß ) i  =  /

l ( ( , t ,  y)a)2 =  - x ~ y ,  ((x,y)ß)., = x

(204) a ' ! =  1 , /32 =  1 , ßoeß =  O L 1

\ ( x ) a \  = a u x, + a l2x.2+- ■ ■ +  a,jXj+ . . ■ +  a , n X n

(205) <
((x)a)2 = a.2lx, +  a.Z2x.2+ ■ ■ ■ +  a . 2 j X j + - - ‘ +  a > n X n

( U  )a)i= a i, x l + a,,x., +  ■ ■ ■ +  aijXj+ ■ ■ ■’ +  a i n X n

Mx)a)n= a Klx, + anix2 +  - ■ ■ +  a n j x i  + • ' ‘ +  a n n X n

((x)ß), =  b n x i +  b l2x2 +  - ■ ’ + bljxJ+ ■ ■ ■ + b , n x „

(206) <
((x)ß).2 =  b.2ix i +  b22x2 +  ■ ■ ■ +  b2Jxj + ■ ■ 4 +  b t n x n

((x)ß)j =  bilx l + b j2x.2+ ■ ■ ■ +  b V x j + -  ' ■ + b i n X n

_((x)ß)„= bnlx, + bn2x.2 + ■ • ■ +  h nJ X ) + ■ 4 4 +  b « „ x n

((x)otß)} =  cu x,  +  C 1 2 X 2  +  • ■■ +  c v x j  +  - ■ ■ +  clnx n

(207) <

{{x)Oiß)2 =  C21 JC, +  C.2 2 X.2 +  • ■ ■ + C - 2 j X j + - 4 4 +  C 2 » X n

{{x)aß)i= c iix l +  ci2x2 + - ■ ■ +  C i j X j  +  • • ‘ +  C i n X n

((x)<xß)n =  C n l  X ,  +  C n 2 X 2  +  • '  4 +  c m x j  + ■ ■ ■  +  C n n X n

(208) c i j — ■ +  ai rPnj’ i , j=  1 , 2 , ■ ■ ■ ,n

(209) » a \ n i j =  1 , 2  , ■ ■ ■  n
Lßwj, cin2, • ’ ann~
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groups An and Sn, there are only four permutation groups 
known that are as much as quadruply transitive. These 
are known as the Mathieu groups after the French math­
ematician Émile-Léonard Mathieu who discovered them 
in 1860 and 1873. These groups are Mn, of order 7920 
quadruply transitive on 11 letters, M X1 of order 95040 
quintuply transitive on 12 letters, M 23 of order 10,200,960 
quadruply transitive on 23 letters, and M 24 of order 244,- 
922,040 quintuply transitive on 24 letters.

GROUP REPRESENTATION
It has been remarked earlier that transformations (x, 
y) —* (ax + by, cx T dy) in which ad — bc¥= 0 form a 
group. The transformation value (x, y)a is a pair of real 
numbers which may be called ((x, y)a), and ((x, y)a)2. This 
transformation may then be written in the form of two 
equations (see 202). As an example, take transformations 
a and ß  in which the corresponding equations are of the 
above type (see 203). The group G =  (a, ß} is a finite 
group of order 6  in which the basic properties are easily 
found (see 204).

Linear transformations of « variables that are one-to-one 
(and so have inverses) will form a group. If the Symbol 
x denotes a sequence (x,, • • • , x n) of numbers, then 
Xj is the yth term of x. A transformation a taking «-term 
sequences into «-term sequences can be formed in a fash- 
ion similar to the two-term use above. Then (x)a is again 
a sequence with terms ((x)a),, • • • , ((x)a)„. A linear 
transformation is a transformation a that can be defined 
by a linear system of equations (see 205). If another trans­
formation ß  is expressed the same way (see 206), then the 
product aß of these transformations is given by another set 
of « linear equations (see 207) in which in every case the 
coëfficiënt ctj is given by the rule that identifies a typical 
coëfficiënt in the equations of the product transformation 
with sums of products of coefficients in the equations 
expressing a and ß  (see 208).
Clearly these transformations are determined by the ar­

ray of coefficients. The square array that results (see 209) 
is called a matrix, and a product rule is defined, such 
that ordinary matrix multiplication (see 2 1 0 ) applies in 
every instance (see 211). The matrices, six in number, 
with elements composed of — 1 , 0 , and 1 (see 2 1 2 ) and 
containing the identity matrix, as well as two matrices 
of specific structure, correspond to the group of order 
6 , G =  (a, /?) mentioned above, and themselves form an 
isomorphic group.
A matrix representation, or, more briefly, representation, 

of a group G is a homomorphism of G onto a subgroup of 
the group of matrices of dimension « that have inverses. 
The elements in the matrices may be complex numbers 
or may be from any field.
As an example of matrix representation, the symmetries 

of a cube given above should be considered. The vertices 
may be given Coordinates composed of 1 and —1 (see 213) 
so that the cube is symmetrie about the origin. The sym­
metries a, ß , y take the form of matrices of nine elements 
each (see 214), composed of the numbers —1,0, 1.

The determinant of a matrix A, written det A, is a func­
tion of the entries of A that can be defined recursively in 
terms of the dimension « of A. If « =  1 and A =  [au\, then 
det A =  au. For « greater than one, the det A has an ex- 
pansion in det A Xj (see 215), in which for y =  1, 2, • • • , 
«, A Xj is the matrix of dimension « — 1 obtained from A by 
deleting the first row and yth column. Thus for « =  2, det 
A = aua22 — aX2a2X. Thus the determinant of a matrix the 
entries of which are in a field F  is an element of that field. 
The most useful property of determinants is the fact that 
det (AB) =  det A • det B. The identity transformation 1, 
with (x)l = x  for all x, corresponds to the identity matrix 
I, and if I  — [ebJ, then ex, — e22 • • • =  enn =  1 and eu = 0 
if i ¥= j. In this det (ƒ) =  1, and a matrix A has an inverse 
if and only if det A ¥* 0.

A useful Operation on a matrix is called the transpose. 
If A = [cijj[, the transpose A T is defined as AT=[bij], in 
which bjj =  a/r

Matrices may also be added if when A and B are ex­
pressed in terms of their elements (see 216) the sum 
A +  B =  C is defined by addition of corresponding ele­

ments (see 217). If u is an element of the field F, the scalar 
product uA is defined as the matrix [ua^]. Matrix addition 
is associative and commutative; matrix multiplication is 
associative but not commutative ((AB)C = A(BQ, but not 
BA = AB). Multiplication is left and right distributive over 
addition (see 218).

A representation M  of a group G is given by matrices 
M(x) for x in G such that the matrix corresponding to 1 
is the identity and the matrix corresponding to a product 
of elements in the group is a product of corresponding 
matrices (see 219). If R  is any fixed matrix with an inverse 
R~l, then R ' lM(x)R also gives a representation that is 
considered equivalent to the representation given by M(x). 
If it happens that for every x of G M(x) is of the form 
of four blocks, upper left being M,(x), lower left being 
M x2(x), and lower right being M 2(x) (see 220), with M x(x) 
of dimension r, M 2(x) of dimension 5 , and the block [0] 
in the upper right corner consisting entirely of zeros, it is 
said that M  is reducible, and if also M n(x) is identically 
zero it is said that M  is the sum of M x and M 2. If no 
representation equivalent to M  is reducible, then M  is said 
to be irreducible.

For representations of all finite groups over the com­
plex numbers and certain classes of infinite groups, it 
is true that, up to equivalence, there are only a finite 
number of irreducible representations and every represen-

( 2 1 0 )
]a b  = c = [.

(2 1 1 ) K = Ö„ V  
U y =  i , 2 . -

r i - H
( 2 1 2 )

1 L o , i J
) rn i i

r

i>J = 1 , 2 , • • • , n 
i , j =  1,2, • , n

i2 2j
, n

—  [ - o ,7 ]

(213)

(214)

(215)

(216)

(217)

(218)

(219)

(220) 

(221)

AB .

1 = ( - 1 , 1 , - D  
2  =  (—1 , —1 , —1 ) 
3 =  ( 1 , - 1 , —1) 
4 =  ( 1 , 1 , - 1 )

5 =  (—1,1,1)
6  =  ( - 1 , - 1 , 1 )
7 =  (1, -1,1)
8  =  ( 1 , 1 , 1 )

-0 ,  1,0- 0 , -1 ,  0 - - i , o , o -

- 1 ,0 ,0 ß = 0, 0, -1 y= 0, 1,0

- 0, 0,1- -1, 0, 0 - -0 ,  0, 1.

det^ =  «,,det^4n —a12dety412+ - • • +
+  (—l)J + 1ßy det/4y +
+ • • • +  ( - l ) n + ’a ,„d et^ ln

4 = [ f l „ ] ,  B = [ b v], / ,7= 1 ,2 ,  • • • , / !

Ci ] ~ ai j+ bij> i , j=  ! , • • • , «

A + B = B + A
(A +  B)  +  (7=^4+ (B +  C)
A(B + C ) = A B + A C  
(A + B)C  = A C  + B C

M (l) =  /  and M(xxXz) =  M(xx)M(Xi) 

{AB)T= B TAT and det(^^> =  det/1

M x{x) 0

M yl(x) M 2 ( x ) .



tation is equivalent to the sum of a number of irreducible 
representations.

If M(x) = A = [a,y], then the quantity axx+ a22 + • • • 
+  ann is called the tracé of A, written tr A, and it is known 
that A and R * X * 224 225AR  have the same trace. If M(x) = A, then 
tr A is called the character of x and may be denoted as 
X (x ). Here a representation M o f a  group G is associated 
with a character %(x) . ' If M  is the sum of M x and M2, 
then obviously %(x) =  ^,(x) +  Xi(x ) for the corresponding 
tracés. From this it follows that, over the complex num­
bers, the representations of all finite groups (and certain 
infinite groups) are completely determined by the char- 
acters of the irreducible representations. The nature of 
these characters and the relations on them have been the 
subject of much investigation, and they have been a very 
valuable technical tooi in the study of groups. Some of 
these relations are not obviously related to the groups 
themselves and appear to be a sort of “numerology” or 
“astrology” of groups.

THE CLASSICAL GROUPS; CONTINUOUS GROUPS
The set of all matrices of dimension n over a field F the 
determinant of which is not zero forms a group called 
the general linear group of dimension n and is designated 
as GLn( F ). Because determinants satisfy det (AB) =  det 
A • det B, it follows that all matrices of determinant unity, 
det A =  1, form a subgroup of GLn(F ) known as the spe­
cial linear group of dimension n and designated SLn(F). 
The transpose Operation on matrices has the property that 
it permutes the order of multiplication when applied to a 
product and leaves the determinant of a matrix unchanged 
(see 221). From this it follows easily that matrices X  with 
the property XJX = 1 ,1  being the identity matrix, form 
a group, and this is called the orthogonal group On(F). 
The orthogonal group is also the group of linear transfor­
mations that leave Xj2 +  x22 +  • • • +  x„2 invariant. For 
matrices of even dimension n = 21, the particular matrix 
composed of four blocks, O’s being on the diagonal, and 
ƒ, and its negative being in the other two blocks (see 2 2 2 ),
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(223) XjXj +  x^ H --------\-xnx n

(224) F, W - W W ,  W - ^ W ,  W-'xAyxyW

(225) R 1(bv - - - , b r)=  1 , . . .

(226) /? ,(a,, • • •, ar), ■ ■ ■, R n(av ■ ■ ■ , a r)

(227) N ( r )  =  r  +  r ( r -  1 )/2 + r(r — 1 )(r — 2)/6

is of importance in which ƒ, is the /-dimensional identity 
matrix and 0 stands for a block consisting entirely of zeros. 
A has the property A r = —A. Those matrices X  such that 
X IAX = A form a group known as the symplectic group, 
designated as Spn( F ) with n = 2t.

If the field F  is the field (E of complex numbers, the 
mapping a + b i—* a — bi is an automorphism of order 2  

and can be written x —> x*. Here if x is a complex number 
a -f bi, then x* is the conjugate a — bi. In general, if a field 
F  has an automorphism x —» x* of order 2, those matrices
X  such that YIX  = I  form a group, in which Y  is obtained 
from X  by replacing every entry x;/ by its conjugate x*,7. 
This group is called the unitary group Un(F). The unitary 
group is a generalization of the orthogonal group and may 
be considered as the group of linear transformations leav­
ing a sum of products of n complex numbers times their 
conjugates invariant (see 223).

The general linear group, the special linear group, the 
orthogonal, symplectic, and unitary groups are known as 
the classical groups.

Only a little will be said here of continuous groups 
because they are discussed in the article g e o m et r y : Topo-

logical groups and Differential topology. In some groups 
G it is possible to define a distance between elements of 
the group. For example, if G consists of the rotations of 
the surface of a sphere, and if x  and y  are two of these 
rotations, the distance between x and y, d(x,  y) can be 
defined as the maximum distance between (p)x and (p)y 
as p ranges over all points of the sphere. In such a case a 
neighbourhood of a group element x  is defined as the set 
of all elements y  such that cl (x, y) < e for some fixed e. 
Neighbourhoods may also be defined in other ways. The 
group G is said to be continuous if the product Operation 
xy  in G is continuous either in terms of the distance de­
fined or in terms of the neighbourhoods. In some instances 
continuous groups may be given in terms of continuous 
parameters (variables that distinguish the elements of the 
group). For example, the group of orthogonal matrices (an 
orthogonal matrix is a matrix in which the columns are 
orthogonal vectors; see above Linear and multilinear alge­
bra) over the real field that have determinant one can be 
parameterized in terms of a number of angles of rotation, 
and it is a continuous group in terms of these parameters. 
Continuous groups expressed in terms of parameters are 
known as Lie groups, after Sophus Lie, who studied them 
at great length.

FREE GROUPS', THE WORD PROBLEM;
THE BURNSIDE PROBLEM
If ax, a2, • • • , ar are elements of a group G, then 
H = ( a x, a2, ‘ • * flr) is said to be the subgroup gen­
erated by • • • ar and consists of all finite words, 
products of the elements x,x2, • * * x„ in which every 
Xj is some a, or a~[ , and also the identity 1 that may 
be considered the empty word. If x/x / + 1  is of the form 
a&~x or ay la„ then the same group element is given by 
x,x2 • • • xj— ixj+ 2 " * ' x t- If no XjXj+\ is of the form 
aß~{ or a r laif the word x,x2 • • • x, is said to be reduced. 
By deleting consecutive inverses every word is equal to a 
reduced word, including 1 as a reduced word. It can be 
shown that the order in which these deletions are carried 
out does not matter and that in this way every word is 
equal to a unique reduced word. It can be proved that given 
generators <2 ,, a2, • • • , ar, there is a unique group in 
which all the distinct reduced words are distinct elements. 
This group is called the free group Fr-generated by ax, 
a2, • • • , an and this is written Fr= (ax, a2, • • • , 0 ,.).

It is not difficult to show that if G is any group generated 
by r elements G =  ( bx, b2, . . . ,  6 r), then G is a homomor- 
phic image of Fr = ( « , , . . . ,  <ar) under a homomorphism 
ß  with (ax)ß = bx, . . . ,  (ar)ß = b r The kernei K  of this 
homomorphism consists of those words in the a's that 
become the identity in G when the a's are replaced by b's. 
K  is, of course, a normal subgroup of Fr and, of course, 
any normal subgroup of Fr is the kernei of an appropriate 
homomorphism. Thus every group G is a factor group of 
a free group F. It is a remarkable fact that every subgroup 
of a free group is also a free group on an appropriate set 
of generators.
Free groups give a precise basis for describing defining 

relations on groups. To say that a group G of order 12 
is defined by relations h4 = 1 , k3 =  1 , and hrlkh = k~x, is 
equivalent to taking the free group F2 = (x, y)  and the 
least normal subgroup K o f  F  containing x4, y3 and xr'yxy, 
and defining G as F2/K, mapping (x)ß =  h, (y)ß= k. Here, 
as W  ranges over all words of F, terms of the type W lUW, 
in which U is one of the three listed elements of K  (see
224) , are elements of K.
The word problem in groups involves the case in which G 

is generated by a finite number of elements bx, b2, • • • , 
br and that these satisfy a finite number of relations (see
225) and no other relations not consequences of these. Is it 
possible to decide whether or not two different words Wx 
and W2 represent the same element of G, or equivalently 
whether or not W = WXW2~' is the identity? In terms of 
free groups this is the question of deciding whether or not 
in the free group F =  Fx(aXi • • • , ar) a word W  is con­
tained in the least normal subgroup K  of F, that contains 
the finite number of functions (see 226) that were used to 
express the relations.
The word problem is in fact unsolvable. No method can

Lie groups
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exist that will in general solve all word problems. This 
was proved in 1955 by the Soviet mathematician Pyotr 
Sergeyevich Novikov. In 1959 the U.S. mathematician 
William W. Boone exhibited a particular set of relations 
R u • • • , R n for which the word problem is unsolvable. 
This unsolvability has been a major difficulty in various 
natural problems of group theory.

In 1902 the British mathematician William Burnside 
raised the following question. If a group G is generated 
by r  elements, G = ( bx, • • • , br), and if for a fixed n, 
x n *?= 1 for every element of G, is G necessarily finite? If 
Fr— (au • * * , ary is the free group with r generators 
and if K = Kn is the subgroup of F  generated by xn for 
every x of F, then K  is necessarily a normal subgroup 
of F, and B(n, r) = Fr/K n is a group with r generators 
and x n = 1 for every element of B(n, r). Any group such 
as G is necessarily a homomorphic image of B(n, r), and 
so for given « and r the question is whether or not the 
group B(n, r) is finite. If r is 1, then B(n, r) = B(n, 1) 
is the cyclic group of order n. Burnside showed that for 
n = 2, 5(2, r) is of order 2r and is the direct product of 
r groups of order 2. He also showed that for n = 3 the 
groups are finite, and that for « =  4, r=  2, 5(4, 2) is of 
order at most 2 l2 =  4096. In 1933 the mathematicians F. 
Levi and B.L. van der Waerden found the exact order and 
structure of the groups 5(3, r). The order of 5 (3, r) is 3N(r\  
in which the exponent of 3 is a specific algebraic function 
of r (see 227).

In 1940 I.N. Sanov, a mathematician, showed that the 
groups 5(4, r) are finite. It has been shown that Burn­
side was right about 5(4, 2) and that its order is exactly 
212 =  4096, but for r =  3 or greater the order is not known. 
A mathematician, C. Wright, in 1962 found more reason- 
able bounds on the order and structure of 5(4, r) than 
Sanov had found, but precise information was still lacking 
in the 1970s.

In 1958 it was shown by the U.S. mathematician Marshall 
Hall, Jr., that the groups 5(6, r) are finite; and from results 
of the mathematicians P. Hall and G. Higman, it follows 
that the order and structure of 5(6, r) are fully known. 
5(6, r) is of order 2A3B in which A =  1 +  (r — 1)3/V(r) and 
with s =  1 +  (r — 1 )2r, 5  =  N{s), in which the exponent of 
3 is as above (see 227).
In 1968 it was shown by the mathematicians Novikov 

and Adjan that B(n, r) is infinite if r is at least 2 and n is 
odd and at least 4381.

SIMPLE GROUPS
A simple group is a group that has no normal subgroup 
except itself and the identity subgroup. The Jordan-Höl­
der theorem shows that these are the building blocks for 
all groups. Many important questions about groups in gen­
eral can easily be reduced to problems on simple groups.
The nature of the simple groups remains a challenging 

and difficult matter. In one case the answer was found 
by the French mathematician Élie-Joseph Cartan in 1894. 
For groups that are continuous in terms of real or com­
plex parameters, the Lie groups, a complete list has been 
found. The classical groups will in general have a centre 
Z, consisting of those scalar multiples of the identity that 
are in the group, and in the case of the orthogonal group 
there may be a normal subgroup with an Abelian factor 
group. Such a normal subgroup up to certain identifica- 
tion with its centre (that is, modulo its centre) will be in 
general a simple group. There are four infinite families, 
A, corresponding to the special linear group of dimen­
sion t T 1 modulo its centre, B, and D, coming from 
orthogonal groups respectively of dimensions 2t +  1 and 
2t, and C, coming from another group of dimension 2t, 
called symplectic.

There are also five exceptional groups, G2, 5 4, E6, 5 7, 
and 5 8, which can be expressed with respectively 14, 52, 
78, 133, and 248 parameters. The unitary groups are not 
technically a part of this list because complex conjugation 
is part of their definition.

F or fin ite  s im p le  g ro u p s th e  S ituation  is m u ch  m ore co m -  
p lica ted  an d  is cu rren tly  th e  sub ject o f  in ten se  research  
effort. T o  d escr ib e  th e  S ituation  it is first necessary  to  de- 
scribe fin ite  fields. L et p be a p r im e  n u m b er. It is said  that

integers r and s are congruent modulo p  if the difference 
r — s is a multiple of p, and this is written r =  s (mod p). It 
is also said that r and s are in the same residue dass modulo 
p, and that either r or 5  is a representative of the residue 
dass. Hence 0, 1, 2, * • • , p — 1 are representatives of all 
p residue classes. If r =  s (mod p) and t = u  (mod /?), then 
r + t =  s + u (mod p) and rt =  su (mod p). The p residue 
classes form a field, written GF (p). If q = pr is a power 
of the prime p, there is always a unique field with q ele­
ments, GF (q), the elements of which are polynomials of a 
single element with coefficients from GF (p). Thus GF (4) 
has elements 0 , 1 , u, u +  1 , in which 0 , 1 are the residue 
classes modulo 2. In GF (4), four basic relations hold (see 
228, 229) and other relations are consequences of these.

(228, fC F(4), 1 +  1 =  0, u + u =  0
229) lu2= u -r - l ,  w ( w + l ) = l

M u  24 32 5 . 11 
M V2 26 • 23 • 5 • 11

(230) Mathieu groups: M 22 27 • 32 • 5 • 7 • 11
M 23 27 -3 2 . 5 . 7 .  1 1  - 23 
M 24 2 1 0 . 33 ■ 5 • 7 • 11 • 23

(231)

2:{ • 3 • 5 • 7 • 11- 19 Janko 
27 * 33 * 52 • 7 Hall-Janko 
29 • 32 • 53 • 7 • 11 Higman-Sims 

* 2 13 • 37 • 52 • 7 • 11- 13 Suzuki 
2 7 . 3 6 . 5 3 . 7  . 1 1  McLaughlin 

27 *35 .5  - 17* 19 Higman-McKay-Janko 
2 10 • 33 • 52 • 73 • 17 Held

221 • 39 • 54 • 72 • 11 • 13 -23 Conway.1 
2 18 • 36 • 53 ♦ 7 * 11*23 Conway .2 
210 • 37 • 53 • 7 • 11*23 Conway .3 

^ i 7 ^ 9 ^ 2 ^ .  11 • 13 Fischer F22 

2 18 * 3 13 * 52 • 7 • 11 • 13 • 17 • 23 Fischer F23 

22 2 . 3 i 6 . 5 2 . 7 3  . 1 1 . 1 3 - 1 7 - 2 3 - 2 9  Fischer F24

(233) p 8 * 37 * 56 * 7 * 1 1 * 31 * 37 * 67 Lyons-Sims
I2 14 * 33 * 53 -7 * 13 * 29 Rudvalis-Conway-Wales

The mathematician Claude Chevalley showed in 1955 
that all of the Lie groups have finite analogues if the field 
of real or complex numbers is replaced by any finite field, 
and that with a very few exceptions, corresponding to 
fields with 2 or 3 elements, the analogues of the simple Lie 
groups are simple. This is also true for the unitary groups.
Somewhat like the unitary/ group, there are several families 
known as twisted Lie groups corresponding to subgroups 
of the Lie types fixed by a certain automorphism. For 
instance, if q = 2 2 w + 1 is at least 8 , there are simple groups 
of order (q2 +  1 ) q2(q — 1 ), first discovered by the mathe­
matician ML Suzuki in 1960 in another way. The finite 
simple groups include the cyclic groups of prime order 
and the alternating groups An in which n is 5 or greater.

The most striking development in the study of finite 
simple groups was the proof in 1963 by the mathemati­
cians Walter Feit and John Thompson that, apart from 
the groups of prime order, every finite simple group has 
even order. Since that time Thompson has determined all 
minimal simple groups.
Apart from the families of finite simple groups, there are 

now known 20 finite simple groups, called sporadic simple Sporadic 
groups, that do not belong to the known families. It is not simple 
clear whether they belong to families not yet discovered groups 
or whether they are truly exceptional, and it is not clear 
whether further finite simple groups exist.
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The designations of the known 20 sporadic groups and 
their orders in factored form are the Mathieu groups (see 
230), the groups, respectively, of Janko, Hall-Janko, Hig- 
man-Sims, Suzuki, McLaughlin, Higman-McKay-Janko, 
and Held (see 231), and the groups identified, respectively, 
as Conway .1, Conway .2, Conway .3, Fischer F22, Fischer 
F23, and Fischer F24 (see 232).

A 19th group predicted by Lyons was constructed by 
Sims. The 20th, predicted by Rudvalis, was constructed 
by Conway and Wales (see 233).

(Ma.H.)

Fields

Broadly speaking, a field is an algebraic system consisting 
of elements that are commonly called numbers, in which 
the four familiär operations of addition, subtraction, mul­
tiplication, and division are universally defined (except for 
division by zero) and have all their usual properties. Much 
of the general theory of vectors and matrices (see above 
Linear and multilinear algebra and m a t r ix  t h e o r y ) can 
be developed over an arbitrary field. In particular, this is 
true of the general theory of simultaneous linear equations 
and of their solution by a method known as Gaussian 
elimination (see below). The study of various special fields 
also explains which geometrie constructions, such as angle 
bisection and angle trisection, can be made with ruler 
and compass and which cannot. Moreover, finite fields of 
2n elements have been used to construct the best known 
error-correcting codes.

Although many particular fields—including especially 
the rational, real, and complex fields, finite fields and

(234)

(235)

(236)

(237)

(238)

m _^mr _  mn' ± nm' m m' mm' 
n n ’ nn’ ’ n n' nn '
m . m' m n '

[ n n f nm'

— +  0  =  — 0  =  0  for all —
n n n n

1.414214- • • ,3.14159-  • • , 2.718281828459 • • •

1= 0 .714285714285714285 • • •

f l . 4 1 4 2 =  14,142/10,000 or 
13.14159 =  314,159/100,000

(239)

14.142 3 14,159_ 455,579 
10,000 + 100,000 100,000
14.142 314,159 4,442,836,578
i0,000 ’ 100,000“  1,000,000,000

(240) (x +  iy) ±  (x' +  iy'). = ' ( x ± x ’) + i(y ±  y ’)

(241) (x +  iy)(xf +  /ƒ )  =  (xxf - y / )  +  i(xyf +  yx')

( 2 _ u + iv __(u + iv)(a — ib) __ua + vb J v a  — ub\
Z a + ib (a + ib)(a — ib) a2 + b2 l\ a 2 + b2/

algebraic number fields—were intensively studied in the 
17th, 18th, and early 19th centuries, the idea of investi- 

Field gating all possible fields seems not to have been conceived
riassifi- until 1910, when the mathematician Steinitz proposed a 
:ation systematic scheme for classifying them.

THREE FAMILIÄR FIELDS
To illustrate the meaning of the first statement of this sec- 
tion, the three most familiär fields are discussed, namely, 
the rational field, the real field, and the complex field.
The rational field. The most familiär field of all is the

rational field, commonly denoted Q. Its members are the 
positive rational numbers m/n (in which m and n are pos­
itive integers), the negative rational numbers —m/n, and 
0. Positive rational numbers are added, subtracted, multi- 
plied, and divided by the rules familiär in the manipula- 
tion of fractions (see 234). The behaviour of 0 is somewhat 
exceptional in that, when added to a rational it yields the 
same rational and when multiplied by a rational it yields 
0 (see 235). The rules for adding, subtracting, multiplying, 
and dividing negative rational numbers (with each other 
and with positive rational numbers and zero) are very like 
those for positive rational numbers listed above.

Because m/n =  km/kn  for any positive integer k, the same 
rational number can be represented as a quotiënt of inte­
gers in many ways. Of these, only one is in lowest terms; 
that is, has numerator and denominator without common 
factors (relatively prime) and a positive denominator.
The real field. Much more sophisticated than the ra­

tional field is the real field, commonly designated by 
9t. Positive real numbers are most easily visualized as 
unlimited decimals (see 236). There are also negative 
real numbers such as —1.4142 • • • and zero, designated 
0 =  0.0000000 • • •. Among real numbers, rational num­
bers can be recognized by the characteristic property that 
their (unlimited) decimal representation is repeating: from 
some point on, it consists simply of indefinite repetitions 
ofithe same block. Thus 1/24 =  0.041666666- • • (block 
length one), and 5h  has a similar representation with block 
length 6  (see 237). The fact that every rational number is 
also a real number (with equivalent addition, multiplica­
tion, subtraction, and division rules) can be summarized 
in the Statement that Q is a subfield of the rational field— 
or in the simple formula Q G R.

Actually, the rules for adding, subtracting, multiplying, 
and dividing real numbers are quite sophisticated; they can 
best be understood in terms of the idea of approximation. 
Thus, when > / 2  =  1.4142 • • • is written, what is meant is 
that 14,142/10,000 < y[2 < 14,143/10,000. But now it is 
easy to add or multiply any two decimal fractions (see 
238) by applying the rules of addition and multiplication 
of rationals (see 239). Subtraction is equaliy easy, although 
long division is considerably harder (see a r ith m etic ).

To pass from the addition and multiplication of decimal 
fractions (finite decimals) to that of real numbers (unlim­
ited decimals) is best thought of as a process of successive 
approximation: arbitrarily close decimal fraction approx- 
imations to any two real numbers can be added or mul­
tiplied together. Thus an arbitrary close approximation to 
their sum or product can be obtained.

Real numbers also have a very important and basic 
geometrical representation as Coordinates of points on a 
straight line. After choosing an origin O and assigning to

- 2 - 1 0  1 2 3 4
— | i i i i i i i i i | i m i i i i i l- - - - 1- - - - - 1- - - - - 1- - - - - |— > -

O P Q R
it the coordinate 0 (zero), any other point P can be chosen 
and the coordinate 1 =  1 . 0 0 0 0 0 0  • • • can be assigned to 
it. By laying off in the same direction equal segments 
PQ =  OP, etc., infinite sequences of points P, Q, R, • • • 
(or Px, P2i P3, * • •) are obtained having positive integral 
Coordinates. The Coordinates —1, —2, — 3, • ♦ • can then 
be assigned to a similar sequence of equaliy spaced points 
going in the opposite direction. Each segment can also be 
divided into 1 0  equal parts, assigning (for example) to the 
new points between P and Q the (decimal) Coordinates 
1.1, 1.2, 1.3, * - - , 1.9. By repeated decimal subdivision, 
in this way points corresponding to all decimal fractions 
can be obtained and thus arbitrarily close (decimal) ap- 
proximations to any real point produced. This gives a 
simple and natural geometrical interpretation of the dec­
imal (fraction) approximations to arbitrary real numbers.
The complex field. Much more sophisticated even than 

the real field is the complex field. Indeed, it is doubtful 
whether this field would ever have been thought of if 
man had not been curious about polynomial equations, 
such as z2 =  — 1 (or, equivalently, z2 +  1 =0). It is easy 
to show that no real number z can satisfy this equation,

The geo­
metrical 
representa­
tion of real 
numbers
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because the square of any two positive or negative real 
numbers is necessarily positive (see below Ordered fields), 
while 0* 1 2 =  0. To remedy this deficiency of the real field %  
mathematicians invented a new number / =  V—T, defined 
by the properties of the equation P = — 1.

In order to get a field containing (that is, to be 
able to carry out addition, subtraction, multiplication, and 
division subject to the usual rules), all complex numbers 
of the form x  + yi = x + i y  = x  + y f ~ \  were considered 
more generally. It was decided to add and subtract these 
by the rules of adding and subtracting separately the 
terms not involving i and the terms involving i (see 240). 
Multiplication followed the rule that the first part of the 
product was a difference of products not involving i, while 
the second part included i as a factor and a sum of prod­
ucts, the two parts being added to form a new number in 
the field (see 241). Finally, division (except by zero) was 
always possible. Specifically, setting c — a + ib, z = x +  iy, 
and w = u +  iv, the solution of the equation cz =  w can 
always be evaluated by setting z equal to a complex 
number, both summands of which have fractional repre­
sentation with a1 + b2 in the denominators (see 242) for 
c #  0 , a2 + b2> 0 ; hence this quotiënt always exists as a 
complex number of the prescribed form.

It is quite straightforward to show that the preceding 
definitions of addition, multiplication, subtraction, and 
division of complex numbers are the only ones that are 
compatible with the usual laws of algebra (see below Pos­
tulates for a field) and the basic equation P = — 1 given 
initially above. It can be proved that, conversely, the above 
operations do obey all the usual algebraic laws; therefore, 
it is legitimate to speak of the number system just con­
structed as the complex field (£.
Just as a real number x can be thought of as the coordi­

nate of a point on an infinite straight line, so each complex 
number z = x-\- iy can be thought of as representing a 
point (x, y) in a plane, the complex plane. The addition 
and subtraction of two complex numbers z =  x +  iy and 
z' = x* + iy  as defined above corresponds to ordinary vec­
tor addition and subtraction.

(243)

(244)

(245)

(246)

(247)

(248)

(249)

(250)

(251)

(252)

(253)

(254)

Z =  r [c o s  0 +  i  sin 0]

z z !  =  rr' [c o s(0  +  0') +  i sin(0  +  0 ')]

\zz’\=]z\ • k'l, arg(zz')=  argz + argz'

\ z n \ = \ z \ n and argzn =  fl argz

(b = 0 + b =  [(-a) + a] + b = ( - a ) + [ a  + b]
1 = ( - ö ) - f  [ f l + c ] = [ ( - ö )  +  ö]  +  c = 0 + c = c

(—1)1 H- (—1)(—1) =  (—1) [ 1 + ( —l)] =  (—1)0 =  0

( - 1 ) 1  +  1 • 1 =  [(—1 ) +  1 ] 1 = 0 1  =  0

(-*)(-}>)= [(—1 )jc] [ ( — 1 )y] =  ( - l ) ( - l ) ( x y ) - x y

ax +  by = e , cx +  dy ==ƒ

{ed— bf)  0 a f— ce)
* ( a d - b c Y  ^  (a d — bc)

a i \ x \ +  a i2x 2 H---------1- a i n x n  =  k v  i =  1 , 2 ,  • • • , n

a b
c d

— (

a b c
d e /
8 h k

a d — bc

ƒ aek + i 
^ { - b d h -

aek +  dhc +  bfg |  
ceg — fh a  J

What is more remarkable, the multiplication of two com­
plex numbers also has a simple geometrie interpretation, 
which is most simply explained in terms of polar Coordi­
nates. Namely, the vector from the origin <9 =  0 +  z’0 to 
z =  x +  iy has length r — | z | =  Vx2 +  y1 and makes a 
certain angle 0 with the positive x-axis, called the argu­
ment of z. By trigonometry, therefore, x = r  cos 0 and 
y  =  r sin 6, and so z has a representation in terms of r 
and 6 (see 243). If also z' has such a representation, then 
the multiplication rule (see 241) implies that the product 
of z and z' is the product of the corresponding r and /  
and a complex number whose argument is the sum of 
corresponding 0 and 0' (see 244). In other words, to mul- 
tiply two complex numbers, multiply their absolute values 
and add their arguments. These rules can be written in 
Symbols (see 245). As a corollary, it may be stated that 
for any positive integer n, the absolute value of the nth 
power of z is the nth power of the absolute value of z, 
and the argument of the nth power of z is n times the 
argument of z (see 246). From this, in turn, it follows 
that any nonzero complex number c = a + ib has exactly 
n distinct nth roots cl/n, all having the same magnitude
| c | l/n — (a2 + b2)l/n and having equaliy spaced argu­

ments 0j = (arg c)/n + 2nj/n, j  = 0, 1,. . . , n — 1. These 
nth roots are thus the vertices of a regulär polygon of n 
sides, with its centre at the origin.

ELEMENTARY THEORY OF FIELDS
Postulates for a field. The three number Systems Q, 

9t, and (£ defined above have in common a great many 
properties. In particular, they all admit two binary opera­
tions of addition and multiplication, which satisfy the five 
postulates following:

F l . a + b = b + a and ab = ba for all values o f  a, b.
F2. a +  (b +  c) =  (a +  b) +  c and a(bc) = (ab)c, for all 

values o f  a, b, c.
F3. There exist distinguished elem ents 0, 1 such that 

a +  0 =  0 +  a and a\ — la =  a for all values o f  a.
F4. G iven  a, there exist elem ents — a and ( if  a +  0) a~l such  

that a + (—d) = 0 and aarx =  1.
F5. a{b +  c) = ab +  ac and (a +  b)c =  ac+ bc, for all values 

o f  a, b, c.

Postulate Fl asserts that addition and multiplication 
are commutative; F2 asserts that they are associative; 
F3 asserts that any field has identities for addition and 
multiplication. Postulate F4 asserts that addition and mul­
tiplication (except by zero) are invertible operations; the 
last postulate, F5, is called the distributive law. Fields may 
now be formally defined.
A field is an algebraic System the members of which, 

commonly called numbers, can be combined by two uni- 
versally defined binary operations (addition and multipli­
cation) that satisfy postulates F1-F5 above.
With a little manipulation, it can be shown that (in 

the presence of F5), F1-F4 can also be summarized in 
two Statements:

1. The numbers of any field form a commutative group 
(see above Groups) under addition.

2. The nonzero numbers of any field form another com­
mutative group under multiplication. This gives a second 
algebraic characterization of fields.

Many familiär rules of algebra follow directly from 
postulates F1-F5, which are already redundant. For ex­
ample, a +  b = a +  c implies successively several equal- 
ities (see 247), which imply the following cancellation 
law:

In any field, a +  b =  a +  c implies b = c.
A similar argument proves a second cancellation law:

In any field, ab = ac implies b = c if a ¥= 0.
Next, it can be proved that the additive identity 0 is also 
a zero for multiplication, in the sense that a0 = 0  for 
all values of a. Indeed, a + 0 = a = al = a{ 1 + 0 )  =  
a 1 +  a0 = a +  a0, from which it follows that 0  =  a0 
by the cancellation law. Again, from 1 +  (—1) =  0 there 
follows a +  (—a) =  0  =  0 ^ =  1 +  ( — 1 )a =  1 a + ( — 1 )a 
— a +  (— \)a, from which by cancellation is derived —a — 
(—1 )a. Finally, two calculations (see 248 and 249) imply 
(—1 )(—1 ) = 1 * 1  =  1 and a general rule of multiplication 
of negatives (see 250).

Formal 
definition 
of a field
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Gaussian elimination. The rules derived above from 
postulates F l-F5 lie fairly near the surface and would 
probably be assumed as postulates if they did not follow 
anyway. A collection of much deeper results concerning 
simultaneous linear equations is now considered. The 
study of these leads in turn to the theory of vectors and 
matrices with components, or entries, in any field F.
The simplest nontrivial case in point concerns two si­

multaneous linear equations in two unknowns (see 251), 
the coefficients and constants in which a, b, c, d, e, f  
are known numbers; the problem is to determine the un­
knowns x, y. The answer is given, if the coefficients satisfy 
ad ¥= bc, by the formulas that, except for a factor common 
to both x  and y, expresses x  in terms of the difference 
ed — bf  and y  in the terms a f— ce (see 252). This answer 
is easily checked and most easily found by (i) multiplying 
the first equation by d, the second equation by b, subtract­
ing the results to eliminate y, and then solving for x; and 
after this (ii) multiplying the second equation by a, the 
first by c, subtracting the results to eliminate x , and then 
solving for y.

The above procedure is called Gaussian elimination, and 
it can be generalized to the case of n simultaneous linear 
equations (see 253) in n unknowns x f j  = 1 , 2 , . . . , « ) .  The 
results can also be presented in the compact notation of 
determinants (see 254). See m a t r ix  t h eo r y  for details. 
The main point to be made here is that the entire theory 
can be developed over an arbitrary field F. In particular, 
this is true of the properties of the rank and linear depen­
dence of vectors and matrices.

SOME GENERAL CONCEPTS
Commutative rings; integral domains. First of all, it 

should be realized that, if the part of postulate F4 that 
asserts the existence of a~* l is omitted, a much wider class 
of algebraic Systems is formally defined as follows:
A commutative ring is an algebraic system having two 

binary operations (addition and multiplication) that satisfy 
postulates F l, F2, F3, F5, and F4':

F4'. Every element a has an additive inverse i—a) such 
that a + (—a) = 0 .

A commutative ring is an integral domain when postulate 
F4" is satisfied:

F4". If ab = 0, then either a = 0 or b = 0.
The most familiär integral domain consists of the integers

0 , ± 1 , ± 2 , .  . . under ordinary addition and multiplication; 
it is commonly designated Z. From the domain Z can 
be constructed a very important class of modular number 
Systems Zn, one for each positive integer « >  1, as follows.

The members of Z n are the integers 0, 1, . . . , n — 1, 
which should be thought of as remainders after division 
by n. To add two members (numbers) of Zn, their ordi­
nary sum is taken and then its remainder after division 
by n (the remainder modulo n) is the answer. Likewise, 
to multiply two members of Z n, their ordinary product is 
taken and again the remainder modulo n is the answer. 
Thus, in Z,„ one has 7 +  9 =  5, 7 X 9  =  8 , 5 + 1 0  =4,  
5X10 =  6 , and so on.
The proof that every Z n is a commutative ring is omitted;

1. e., that F1-F3, F4', and F5 hold in Z n for every integer 
n>  1. When n is a prime number p, multiplication is 
also invertible and the preceding construction gives a field 
(e.g., Z n is a field). The modular fields Zp are the simplest 
finite fields; others will be constructed later.

When n = rs (1 <  r, s <ri) is composite, however, it is 
possible to have rs =  0 in Z n even though r A 0 and 5  +  0. 
Hence Z" is not even an integral domain, but only a 
commutative ring unless n is a prime.
Fields of quotients. There are many integral domains 

besides Z, however, that are not fields. For example, if J  
is any integral domain (e.g., if J =  Z  or if J  is a field F), 
then the domain J  [x] of all polynomials over J  in the 
indeterminate x  can be formed. Each such polynomial ei­
ther reduces to 0 or has a canonical form (see 255). (Here 
and below, the convenient Symbol e is used for “belonging 
to” or “is a member of.”) The nonnegative integer m, the 
highest power of x , is called the degree of the polyno­
mial a (x). Given a (x ) and a second polynomial, the sum

(255)

(256)

(257)

(258)

(259)

(260) 

(261)

a(x) = a0 + axx + -----b «mxm
amyi0 ,  all cij e j *  

b(x) =  b0 -j- b tx  +  • • • +  b nx n

a(x) + b(x) =  (a0 + b„) +  (a, +  b t)x +

+  ..+  f V c'"’ m > n
w nx n, n >  m

ü(x ) b(x) =  a()b() +  (aub, +  atb0)x H------- b

+ ( 2  « A - i )
j = 0

ixfc+ -  • - + ambnxm + r

means a d = b c
b d
a £ _ a d ± b c  
b ± d ~  bd
a c a c  , a c ad  A
V T T i  b + d - V c  , , c * °

([/-+(«)] +  I> ' +  («)] =  (/-+/-') +  («)
1  [r +  («)] • [r' + («)] =  rr' +  («)

0{r ±  F) = 6(r) ±  ß(F) and 6(rr') = 6(r) 6(F)

m l  ±  n l  = (m ±  n)l  and (m \)(n \)  = (mn)\

can be formed [see 256; the case m — n terminates with 
(am +  bn)xm], and the product (see 257), which is always 
a nonzero polynomial of degree m + n for a (x) nonzero 
of degree m and b (x) nonzero of degree n. The domain 
J[x] satisfies postulates F1-F3, F4', and F5 and therefore 
is always an integral domain.

From any integral domain J, for example, from the do­
main Z[x] of all polynomials with integral coefficients or 
the domain R[x] of all polynomials with real coefficients, 
a field of quotients Q (J) can be constructed the elements 
of which are the formal quotients a/b (a, b e  J  with b ¥= 0), 
by adopting definitions of equality, sums, differences, and 
products (see 258). This construction yields from the inte­
gral domain Z of all integers the rational field Q =  Q (Z), 
and from the domain R[x] of real polynomials the field 
R(x) =  Q (F[x]) of all real rational functions.

Ideals and quotient-rings. It is possible to greatly gen- 
eralize the construction of the modular fields Zp and 
commutative rings Z„ from the familiär integral domain 
Z of all integers. The key idea of this generalization is 
contained in the following basic concepts.

In a commutative ring R, an ideal is a nonvoid subset H  
such that h, h' e H  imply h ±  h' e H, and h e H  and re  R  
imply rh = hr e H. A residue class, or additive coset, of 
the ideal H  is a set H  +  x consisting of all sums h +  x of 
a fixed element x e R  with variable h of H.

The ideals of the integral domain Z consist of the trivial 
ideals Z and (0) =  (0), the subset of zero, and the proper 
ideals (n) of the set of all multiples kn (k e Z) of a fixed 
integer n > 1. The residue classes r +  (ri) of any proper 
ideal (n) are the sets of integers x having a fixed remainder 
r under division by n, so that x  =  qn +  r for an integer q.

Z n can be regarded as the set of all these residue classes, 
added and multiplied by specific rules (see 259). When 
constructed in this way, Z n is called the quotient-ring 
Z/(n) of Z by the ideal («).
Morphisms of rings. The preceding basic construction 

can also be interpreted in terms of another basic concept, 
that of morphism. If R  and 5  are any two (commutative) 
rings, a morphism of rings from R to S  is a function 
0: R - *  S, which assigns to each r e  R a value s = 6(r) 
in S, such that 0 (1) =  1 and morphisms of sums, differ­
ences, and products are sums, differences, and products
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Epimor­
phism

o f  m o r p h ism s o f  co rre sp o n d in g  e lem en ts  (see  26 0 ). Such  
a m o rp h ism  is ca lled  an  ep im o rp h ism  w h en  it is on to , in  
th e  sen se  th a t every  s e  5  is  th e  im a g e  s =  6 (r) o f  so m e  
r e  R ; i f  it is  a lso  o n e - o n e ,  in  th e  sen se th at r¥= r' in  R  
im p lie s  6 (r) #  0 ( f )  in  S, th e  (ep i)m o rp h ism  is ca lled  an  
iso m o rp h ism . M o rp h ism s o f  rings are related  to  id ea ls an d  
q u o tiën t rin gs b y  th e  fo llo w in g  b asic  results:

Theorem: I f  6 : R —» S  is any m orphism  o f  rings, then the set 
^ ( O )  o f  all elem ents r e  R  such that 0(r) = 0 in S  is an ideal 
Jd o f  R. I f  6 is an epim orphism , then 5  is isom orphic to the 
quotient-ring R/Je. C onversely, given any ideal J  o f  a ring R, 
there exists an epim orphism  6 : R —» R/J  under which J  is the 
ideal o f  all r e  R such that 6 (r) =  0 in *S.

Subrings and subfields. H ere  is co n sid ered  th e  case in  
w h ich  R  is  a n y  c o m m u ta t iv e  ring w ith  1 as its u n ity  
e lem en t, as p o stu la ted  in  F 3 . T h is  e lem en t is u n iq u e  
b eca u se  i f  1' is a n y  o th er  e le m e n t  h av in g  th e  property  
p o stu la ted  in  F 3 , th e n  1' =  1 1 ' =  IT  =  1 .S  is  a set S  = 0 , 
± 1 ,  ± (1  +  1), • • • o b ta in ed  from  1 b y  repeated  ad d i­
tio n  an d  su b tra ctio n . T h ese  e le m e n ts  are n o t n ecessarily  
d istin c t (for  ex a m p le , in  Z n ). F or an y  p o sitiv e  integer n, 
n\  (or  ju s t  n) is  u sed  to  d esig n a te  th e  su m  1 +  • • • +  1 
(w ith  n su m m a n d s), a n d  (—n)\ d esign ates th e  su m  
(—1 ) +  • • • +  (—1) (aga in  «  su m m a n d s). A  final co n d i­
tio n  is th a t 0  • 1 = 0 .  U s in g  m a th em a tica l in d u c tio n  it is 
th en  q u ite  ea sy  to  p ro v e  fro m  th e  p ostu la tes F l - F 3 ,  F 4', 
an d  F 5 for a c o m m u ta tiv e  r in g  that, for all m, n ^ Z  (see  
2 6 1 ), th e  fu n c t io n  p : n ^ n  1 is a m o rp h ism  o f  rings from  
Z  to  R. T h e  set [n 1) o f  a ll n a tu ra l m u ltip les  n\  o f  1 in  R  
is th u s c lo sed  u n d er  th e  b a sic  ring op era tion s o f  ad d ition , 
su b traction , a n d  m u lt ip lic a tio n , an d  it in c lu d es  th e  u n ity  
1 o f  R. A  su b rin g  o f  a ring R  can  b e d efin ed  to  be an y  
su b set o f  R  w ith  th e se  p rop erties, an d  th e  p rim e subring  
can  b e d e fin ed  to  b e  th e  su b rin g  (« 1 }  ju st con stru cted ;  
th is p r im e  su b rin g  is e v id e n t ly  co n ta in e d  in  every other  
subring: it is th e  least su b rin g  o f  R.
Characteristic of a ring. U s in g  th e  results ab o u t ideals  

an d  q u o tien t-r in g s  in  Z  sta ted  earlier, o n e  can  p rove q u ite  
easily  th at th e  p r im e  su b rin g  o f  an y  ring is iso m o rp h ic  to  
Z  or to  Z n for  so m e  u n iq u e  in teg er  n >  1. (T h e case n =  1 
g ives th e  d egen era te  ring c o n s is tin g  o f  0  a lo n e , in  w h ich  0  
acts as u n ity , so  th a t 1 =  0; th is  is u su a lly  ex c lu d ed  from  
co n sid er a tio n .)  T h is  in teger  n is ca lled  th e  characteristic  
o f  th e  ring; it is  th e  least p o sit iv e  in teger n su ch  that 
x  +  • • ■ +  x  =  0  w h en ev er  th e  n u m b er o f  su m m a n d s  
is a m u ltip le  o f  n. R in g s th e  p rim e subring o f  w h ich  is 
iso m o rp h ic  to  Z  are sa id  to  b e  o f  ch aracteristic zero  (or, 
m o re  lo g ica lly  , o f  ch aracter istic  in fin ity , d en o ted  °o). R ings  
o f  ch aracteristic  tw o  are q u ite  specia l; in  th em , y  =  — y  (be­
cau se  y  +  y  =  0 ), h en ce  x  — y  = x  +  (—y) = x  + y, so  that 
ad d itio n  is th e  sa m e as su b traction .

It is easy  to  sh o w  th at th e  characteristic  o f  an y  field F  
is a  p r im e p  or in fin ity . In  th e  form er case, th e  prim e  
su b rin g Z p is a lread y  a field  (i.e., c lo sed  u n d er d iv ision ). In  
the la tter case  th e  p r im e  su b rin g  Z  can  be (u n iq u ely ) ex ­
ten d ed  to  its field  o f  q u o tie n ts  Q, w h ich  is th u s em b ed d ed  
iso m o rp h ica lly  in  F a s  its p r im e  subfield; i.e., as a subfield  
o f  F  co n ta in e d  in  every  o th er  subfield . T o  sum m arize:  
every  field  F  c o n ta in s  as its  sm a lle s t p rim e subfield  a cop y  
o f  Z p for so m e  p r im e  p  ( its ch aracteristic), or o f  Q i f  o f  
characteristic

FIELD EXTENSIONS

Simple algebraic extensions. T h e p reced in g  con cep ts  
m a k e  p o ss ib le  a far-reach ing  g en era liza tio n  o f  the m eth od  
u sed  to  ex ten d  th e  real fie ld  5t to  th e co m p lex  field  
(E =  9t[/]. N a m e ly , i f  F  is a ssu m e d  to  be an y  field, and  
i f  it is  a ssu m e d  th a t p (x) is  a n y  m o n ic  p o ly n o m ia l— i.e., 
a p o ly n o m ia l w ith  lea d in g  co ë ffic iën t 1 (see 2 6 2 )— that 
is irred u cib le  in  th e  sen se  th a t it ca n n o t be factored  in to  
p o ly n o m ia ls  o f  lo w er  d egree w ith  coeffic ien ts in  F, then  
th e  m u ltip le s  o f  p (x) form  a n  id eal (p(x)) in  th e  integral 
d o m a in  F  [x] o f  a ll p o ly n o m ia ls  w ith  coeffic ien ts in  F. F i­
n a lly , th e  q u o tien t-r in g  F  [x\/(p (x)) the e lem en ts  o f  w h ich  
are th e  resid ue c la sses o f  th is  id ea l is a field.

A n y  field  co n stru cted  in  th is  w ay  is ca lled  a sim p le  alge­
braic ex ten s io n  o f  F. E ach  res id u e  class (ad d itive  coset) o f  
th e  id ea l (p (x ))  c o n ta in s  ex a c tly  o n e  p o ly n o m ia l o f  degree  
less th an  n, m u c h  as ea ch  res id u e  class (p) +  n o f  (p) in Z

(262) p(x) =  xn + b lx ” 1+ ■ ■ - + bn

(263) Kx) =  r() + r1x  + •• ■ + rn_ 1x n- 1

(264) s(x) =  s0 + s ix-f ■■■ + s n_ 1x " - r

(265) Kx) +  s(x) =  (r0 + s(1) + (r, +  s,)x +
+ ■ ■ ■ + (rn_ 1 + sn_,)xn~1

(266) a + b x + c x 2= a + b \ / 2  + cvX , x = \ / 2

(267) J(a + b x +  cx2)(a' +  b 'x +  c 'x2) — (aa' +  2 bc' +
1+ 2 b'c) + (ab' + ba' + 2 cc')x + (ac' + bb ’ + ca')x2

(268)

X, X2, x 3, x4 =  x + 1, x 5 =  x2 +  x, x6= x 3 +  x2
x 7= x 3 +  x + l ,  x8 =  x 2+ l

X9 =  x3 +  x, X10 =  X2 +  X +  1

X11 =  X3 +  X2 +  X, X12 =  X3 +  X2 +  X +  1

X13 =  x3 +  X2 +  1

X14 =  x3 + 1 ,  x 15 =  x° =  1

(269) G F(16): x, x2, x4, x7, x8, i 11, x13, x14

(270) F(x) =  /?(x)/g(x) with q(x)  +  0

contains exactly one of the remainders 0, 1, • • • , p  — 1 
commonly used to represent elements of Z /(p )  =  Z p. Simi­
larly, the polynomial r (x) (see 263) belonging to any given 
coset (p (x)) +  ƒ  (x) can be computed from any member of 
the coset—e.g., from /(x )—as its remainder after polyno­
mial long division by p  (x).

Hence the polynomials of degree less than n, such as r (x) 
(see 263) and (x) (see 264), can be used to represent the 
elements of F  [x]/(p  (x)) symbolically. They can be added 
like ordinary polynomials (see 265). To multiply them, 
their ordinary product is formed (257), then the remain­
der under division by n is taken. Thus, if p  (x) =  x3 — 2, 
the elements of ß [21/3] =  Q[x]/(x3 — 2) can be taken as all 
expressions of the form that results (see 266) by replacing 
X3 by 2 wherever it occurs; the product (see 267) is ob­
tained in which 21/3 could be written for x  and 22/3 could 
be written in place of x2, throughout.

Finite fields. The preceding construction gives all finite 
fields: any finite field of characteristic p  is a simple alge­
braic extension of its prime subfield Z p. In more detail, 
any such field contains p n elements for some positive 
integer n and is Z p[x]/(p  (x)) for some irreducible monic 
polynomial of degree n. Moreover, all fields of the same 
finite order p n are isomorphic; because they were first con­
structed by Galois, it is therefore reasonable to speak of 
the Galois field GF(pn) of any given prime-power order p n.

As an example, GF(16) =  Z2[x]/(x4 +  x +  1) consists of 0 
and the 15 different powers of x (see 268). Under multipli­
cation, the nonzero elements of GF( 16) thus form a cyclic 
group, consisting of the powers of x, or any of the other 
primitive roots of 1 (see 269) the exponents of which are 
relatively prime to 15.

The preceding example is typical: in any finite field 
GF(pn), the p" — 1 nonzero elements are all powers of 
some one primitive (pn — 1 )th root of unity, which can be 
taken to be x.

Transcendenta! extensions. Fields have many exten­
sions besides the simple algebraic extensions discussed 
above. For example, if F  is assumed to be any field, 
and F  [x] is assumed to be the integral domain of all 
polynomials p  (x) in the symbol (indeterminate) x with 
coefficients in F, then because F  [x] is an integral domain, 
the formal quotients of polynomials (rational forms; see 
270) constitute a field F  (x) under the definitions (see 
258) given earlier for constructing the field of quotients 
of the domain F  [x]. An extension E  of F  that can be



constructed from F  in this way using a suitable element 
x of E  is called a simple transcendental extension of F. 
When F  is infinite, one can interpret the expressions R  (x) 
(see 270) as rational functions from F  to F, defined except 
for a finite set of values x, of F  in which q (x,) =  0.
By repeating the preceding construction, multiple tran­

scendental extensions of F  can be obtained. Thus, for 
any positive integer n , the field F(x,, • • • , x„) can be 
constructed of all rational expressions (or forms) in the 
n indeterrninates x,, • • • , x n as the field of (formal) 
quotients of polynomials in x b * • • , x„ with coeffi­
cients in F: the field of quotients of the polynomial ring 
F i x i, ; • * , x n].

Multiple algebraic extensions can be constructed sim­
ilarly. Before considering the general nature of such 
multiple algebraic extensions, a special case of multiple 
quadratic extensions of the rational field Q  that has appli­
cations to geometry must be considered.

Pythagorean numbers. A real or complex number is 
called Pythagorean when it can be expressed in terms of 
rational numbers through a finite number of rational oper­
ations and square root extractions; i.e., when it belongs to 
a multiple quadratic extension of Q. Because the mapping 
z —> z* that carries each complex number x +  iy  into its 
conjugate z* — x — iy  is an automorphism of the complex 
field d ,  and x =  (z +  z*)/2 and y  =  (z  — z*)/2, the real and 
imaginary parts of any Pythagorean number are them­
selves Pythagorean. Conversely, z2 =  c =  a +  ib is equiva­
lent to two simultaneous quadratic equations (see 271). 
Therefore a complex number z =  x +  iy  is Pythagorean if,
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jx 2 +  y2 =  b2 and 2 x y = b
\ x ± y = [ V t f V b 2± b Y

(272) x2 + y2 + A x  + B y = C ,  4 C > A 2 + B 2

(273) C =  7?[vZ T ] = ~ R W
x2 + 1

(274) p(z) =  c# +  c,z +  c,z2 +  • • • +  cnz", eM# 0

(275) p(z) =  cn(z — ZjXz — z.2) ■ ■ ■ (z — zn), all zk £  C

(276) ( z - z k) (z - z £ )  = z2- ( z k + zp z  + zk z%

'x  = 0 0 1 0 je« =  1100

oJl’h

x2 =  0100 X7 =  i o n X12 =  1111
.r‘=  1000 x8 =010.1 x 13 =  1101
v4 =  0011 x9 = 1 0 1 0 x14-  1001
v3 =  0110 x10 =  0111 x15=  0001

and only if, x and y  (its real and complex parts) are both 
Pythagorean.
The subfield of all Pythagorean numbers has an interest­

ing relation to ruler-and-compass constructions in plane 
geometry. In the complex z-plane, a point is called Py­
thagorean when its coordinate is a Pythagorean number. 
A straight line that passes through two Pythagorean points 
is called a Pythagorean line; the angle between two Py­
thagorean lines, a Pythagorean angle; and a circle that has 
a Pythagorean centre and a Pythagorean radius, a Pythag­
orean circle.

It can be proved very easily that a straight line is Pythag­
orean if and only if its Standard equation (y  =- cix +  b or 
x =  c) has (real) Pythagorean coefficients. For, any line 
having such an equation passes through the Pythagorean 
points (0, b) and (1, a +  b), while if v, =  ax, +  b for two 
Pythagorean points (xls y x) and (x2, y2), then a  =  (y2 — y x)/ 
(x2 — X,) and b =  y 2 — a x 2 must be Pythagorean numbers.

A circle is Pythagorean if and only if its equation, 
written in the customary way as a sum of squares and 
a linear component (see 272), has coefficients that are 
(real) Pythagorean numbers. The circle through any three

P yth agorean  p o in ts  z „  z 2, z 3 is P yth agorean ; th is can  b e  
d em o n stra ted  by se tt in g  x  =  x, an d  y  — y, (i =  1, 2, 3) (see  
2 7 2 ) an d  so lv in g  for th e  u n k n o w n s  A, B, C.

L ik ew ise , it is easy  to  sh o w  th a t tw o  P yth agorean  lin es  
or circles can  o n ly  in tersect in  P yth agorean  p o in ts . T o  
sh o w  this, it su ffices to  so lv e  for th e  C oordinates (x„ y): 
o f  the p o in ts o f  in te rsec tio n  in  term s o f  th e  (P yth agorean )  
coeffic ien ts o f  th e  eq u a tio n s .

F rom  the p reced in g , it fo llo w s  th a t th e  set o f  all P yth ag­
orean  p o in ts, lin es, an d  c irc les is p rec ise ly  the set o f  all 
p o in ts , straight lin e s , an d  c irc les th a t can  b e con stru cted  
from  a g iven  lin e  se g m en t [draw n b etw een  (0 , 0 ) an d  (1 , 
0)], u sin g  a ruler a n d  co m p a ss .

F in a lly , th e  set o f  all P y th agorean  an g les m u st be d eter­
m in ed . U s in g  G a lo is  th eo ry  (see  b e lo w ), it can  be sh o w n  
th at V/n is a P y th agorean  n u m b er  i f  an d  o n ly  i f  n is 
th e  p rod u ct o f  a p o w er  o f  tw o  an d  a P yth agorean  p rim e  
Pi, su ch  that Pi is o n e  p lu s a certa in  p o w er  o f  tw o . T h e  
first few  P yth agorean  p rim es are 2 =  2 ° + 1 ,  3 =  2' + 1 ,  
5 =  2 2 T 1, 17 =  2 4 +  1, an d  2 5 7  =  2 8 +  1. It can  b e sh o w n  
that th ey  are all o f  th e  form  2 2ot 4- 1, in  w h ich  x = 2 " .  
C orresp on d in g ly , 9 0 ° , 7 2 ° , 6 0 ° , an d  4 5 °  are P yth agorean  
angles, b u t 2 0 °  is n o t.

Fundamental Theorem o f  Algebra. N o w  th e  m o st  re- 
m ark able  p roperty  o f  th e  c o m p le x  field  d  is reach ed , 
w h ich  can  a lso  b e  ch aracter ized  as the s im p le  algebraic  
ex ten sio n  (see  2 7 3 )  o f  th e  real field  9t. T h is  property  w ill 
be stated  n o w  as a  th e o rem , o m itt in g  its p r o o f (w h ich  
is n o t a lgebraic, b u t d ep en d s b a sica lly  o n  co n sid era tio n s  
from  analysis). T h is  th e o rem  is ca lled  th e  F u n d a m en ta l 
T h eo rem  o f  A lgebra.

F or any p o ly n o m ia l o f  d egree  n >  0  (see  2 7 4 ), w ith  c o m ­
p lex  coeffic ien ts ck e  d,  th ere  ex is ts  a  c o m p le x  n u m b er  
z, e  d  su ch  th at p  (z ,) =  0 .

A  coro llary  is th a t  th e  p o ly n o m ia l p  (z ) (see  2 7 4 )  can  
a lw ays be (u n iq u e ly )  factored  in to  lin ear  factors (see  2 7 5 ).

A s a further co ro lla ry , th e  o n ly  p o ly n o m ia ls  th a t are 
irred u cib le  o v er  d  are lin ea r  p o ly n o m ia ls , from  w h ich  it 
fo llo w s that d  h as n o  p rop er a lgeb ra ic  ex ten sio n s.

W h en  th e  co e ff ic ie n ts  o f  p  (z ) (see  2 7 4 )  are real, its 
co m p lex  roo ts zk o ccu r  in  co n ju g a te  pairs, g iv in g  real 
quad ratic  factors (see  2 7 6 )  w ith  n eg a tiv e  d iscr im in a n t  
4 x a2 — 4 (x /v2 +  y k2) <  0 . It fo llo w s  th a t an y  real p o ly n o m ia l  
can  be factored  in to  real lin ea r  a n d  q u ad ratic  factors.

APPLICATIONS TO CODING
Binary codes. F in ite  fie ld s GF(2") o f  ch aracteristic  tw o  

are w id ely  u sed  in  th e  d esig n  o f  c o d e s  for d e tec tin g  an d
correctin g  errors in  th e  tra n sm iss io n  o f  d ig ita l in fo r m a ­
tio n  (see  INFORMATION PROCESSING AND INFORMATION
Systems an d  combinatorics). S u ch  in fo r m a tio n  is c o m ­
m o n ly  tra n sm itted  as a se q u e n c e  o f  sign a ls o f  tw o  k inds;
for exam p le , d o ts  a n d  d ash es , or  t im e d  p u lses an d  n o n -
pu lses. T h ese  can  b e in terp reted  as strings o f  0 ’s an d  1 ’s;
th e  e lem en ts  o f  GF(2n) can  a lso  b e rep resen ted  very co m -
pactly  as strings o f  b in ary  d ig its , or  b its, 0  an d  1. T h u s,
in  GF(\6), th e  x k, th e  rem ain d ers o f  w h ich  after d iv is io n  
b y x4 +  x +  1 w ere listed  a b o v e  (see  2 6 8 ) as p o ly n o m ia ls ,
can  b e expressed  in  th e  m o re  c o m p a c t  form  o f  q u ad ru ples  
o f  b inary d ig its (see  2 7 7 ). T h u s , i f  a  m essa g e  co n sis tin g  o f  
seq u en ces o f  b in ary  d ig its is b ro k en  d o w n  in to  Segm ents 
(w ord s) o f  len gth  four , each  w ord  can  b e in terp reted  as an  
e lem en t o f  GF( 16).

B ecau se the tr a n sm iss io n  o f  m essa g es co n sis tin g  o f  su ch
four-b it (or lon ger) w ord s is n o t  in fa llib ie , it is c o m m o n  
p ractice to  add ch eck  d ig its to  a g iv en  m essage, so  the  
actual (b inary) c o d e  w ord  sen t is lo n g er  th an  th e  m essage  
w ord  co n ta in in g  th e  actu a l in fo r m a tio n  to  b e tran sm itted . 
O n e speaks o f  an  (m, n)-co d e  (m < n) i f  th e  b in ary  co d e  
w ord s tran sm itted  a ll h a v e  th e  sa m e  len g th  n, greater than  
th e  length  m  o f  th e  m essa g e  w ord s.

T h e s im p lest c o d e  co n sis ts  o f  o n e  c h e c k  d ig it, u su a lly  
taken  to  be 1 i f  th e  n u m b er  o f  d ig its  1 in  th e  actual
m essage is od d  a n d  0  i f  it is ev en . T h u s , for th e  four- 
bit m essage w ord s listed  a b o v e , th e  c o d e  w ord s w o u ld  
be: 0 0 1 0 1 , 0 1 0 0 1 , 1 0 0 0 1 , 0 0 1 1 0 , 0 1 1 0 0 , 1 1 0 0 0 , 10111 , 
0 1 0 1 0 , 1 0 1 0 0 ,0 1 1 1 1 ,  11 1 0 1 , 1 1 1 1 0 , 11 0 1 1 , 1 0 0 1 0 , and  
0 0 0 1 1 . T h e set o f  a ll co d e  w ord s c learly  c o n sis ts  o f  ju st  
th o se  strings o f  five  0 ’s an d  1 ’s th a t h a v e  an  ev en  n u m b er

Simple
codes
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of l ’s. Note that the set of code words contains with any 
two code words their sum (all digits being added mod 2); 
thus 00101 +  10001 =  10100 (x +  x3 =  x9).
The preceding code is error-detecting: if there is only one 

error made in transmitting a given code word, this error 
can be detected because the received word will have an odd 
number of I’s. More elaborate codes are error-correcting. 
A simple error-correcting code would consist in repeating 
each message word three Times, so that x8 =  0101 would 
be transmitted as 010101010101. If at most one error is 
made in transmitting each digit of the given message, then 
the correct message can be decoded by assigning to each 
near code word the message that gives each digit correctly 
two or more times. Thus, OU 100010100 would still be 
correctly deciphered as the message 0101, even though it 
has three errors of transmittal.

Note that in the preceding triple repetition code, the 
set of all code words is also closed under addition. This 
is characteristic of the group codes commonly used in 
practice.

Optimal binary codes. The triple repetition (4, 12)-code 
just described will correct all single errors, but not all dou­
ble errors. A much better code for correcting 4-bit messages 
can be constructed using GF(8) =  Z2[x]/(x3 +  x +  1), as fol­
lows. Given a 4-bit message a0axa2a3, form the product (see 
278) of the corresponding binary message polynomial a (x)

(278) a(x)g{x) =  (a0 +  a, x +  a2x 2 +  ö3x3)(1 +  x +  x3)

(279) a(x)g(x) =  b(x) =  b0 + b, x  + b2 x2 -j------- b è 6x6

(280) a(x)g(x) =  (a0 + a, x +  • • • +  a6x s)( 1+ x  + x2 + x4 + xs)

(281) g(x)=  1 + x  +  x2 +  x4 +  x8
=  (1 +  x3 +  x4)(l +  x +  x2 +  x3 +  x4)

(282) a(x)g(x) = b0 + brx +  b2x2 +  • • • +  bux u

with the fixed encoding polynomial g(x) =  1 +  x  +  x3, 
and transmit the 7-digit code word bQbxb2 • • • b6 corre­
sponding to the product in Z2[x] (see 279). Because the 
roots of x3 +  x  +  1 =  0 are primitive 7th roots of unity in 
GF(8), all code words differ in at least three digits. 

Advantages Indeed, the (4, 7)-code just constructed is a perfect code 
of the in the sense that each 7-digit word not a code word can
(4, 7)-code be corrected to precisely one code word by changing one 

digit. Because it transmits as much information as the 
triple repetition (4, 12)-code in less than 60 percent as 
much time and has roughly the same error-correcting ca- 
pabilities, it is clearly superior.
Similarly, one can use the field GE ( 16) to construct a (7, 

15) binary code that will correct two errors with certainty 
and is far superior to the (5, 15) triple repetition code. 
Namely, given a 7-bit message word a0ax • • • a6, the 
product formed (see 280) is of the corresponding binary 
message polynomial a (x) with the fixed encoding polyno­
mial g(x) (see 281). The product polynomial with typical 
coëfficiënt bk (see 282) is transmitted as the 15-digit code 
word b()bxb2 • • • b]4. Because the roots of both of the 
factors of g(x) above are primitive 15th roots of unity 
in GF( 16), it can be shown that it takes five changes to 
convert one code word into another, and that each 15- 
digit word differs in two or fewer letters from at most one 
nearest code word. That is, the preceding code corrects all 
double errors. Moreover, it is not far from optimal.

GALOIS THEORY
Algebraic number fields. If E  is any extension of a field 

F—that is, if F  is any subfield of the field E—then E  can 
be considered as a vector space over F, which is the field 
of scalars. A number x £ E  is then said to be algebraic over 
F when it generates with F  a finite-dimensional subspace 
of E. This is the case if, and only if, the powers 1 =  x°, 
x, x2, • • • of x are linearly dependent over F, so that x 
satisfies a polynomial equation with coefficients in F.

In particular, a real or complex number z is called alge­
braic when it is algebraic over the rational field Q, which 
is, of course, the prime subfield of d  (and 91). That is, z is 
algebraic precisely when it satisfies a polynomial equation 
with rational coefficients, hence an irreducible polynomial 
equation p(z) = 0, so that the extension of Q by z is the 
simple algebraic extension Q [z]/{p (z)). (Actually, every 
finite-dimensional extension of Q or any Zp is just such a 
simple algebraic extension.)

When E  itself is a finite-dimensional vector space over 
F, its dimensionality (over F )  is called its degree as an 
extension of F, and this degree is written symbolically as 
[E :F]. In such cases, every element of E  is algebraic 
over F, and E  may properly be called an algebraic ex- 
tension of F.

More generally, if E  is any extension of a field F, the 
set of all numbers x & F  that are algebraic over F  is a 
subfield. Thus, the set of all algebraic (complex) numbers 
is a subfield A of d, which is algebraically complete (or 
closed) in the sense that any polynomial p(z) of degree 
n>  0  with coefficients in A has a root Zj in A. This is a 
proper subfield of (£, because it fails to contain e, n, and 
other transcendental numbers (a transcendental number 
is a number that is not the root of a polynomial with 
integral coefficients).

Still more generally, if E  is any field and p(x) any 
polynomial with coefficients in F, then x will be a root 
of p (x ) = 0  in the simple algebraic extension F [x]/(p (x)).
By repeated extensions, using transfinite induction if nec­
essary, an algebraically complete algebraic extension of F  
can always be constructed, in which an analogue of the 
Fundamental Theorem of Algebra holds.
Splitting fields. If F  is assumed to be any field, and p (/) 

any polynomial with coefficients in F, a Splitting field of 
p (t) over F  is defined as an extension F  of F  over which 
p (t) can be factored into linear factors. To construct a least 
such Splitting field, the following procedure is followed.

First, if it is supposed that p (t) is factored into factors 
irreducible over F, it is easy to show that such a factoriza­
tion exists. If the irreducible factors are all linear—that is, 
of degree one—there is nothing to prove (F =  F).

Otherwise, p (t) will have an irreducible factor (t) of 
degree n >  1, in which case the simple algebraic extension 
F, =  F  [x]/(pj (x)) is formed. In F,, the polynomial pr 
which was written as pj (t) to avoid confusion between t 
and the indeterminate x  in F,, will have the root x  and 
hence the linear factor (t — x ) . Hence pj (t), and so p (t), 
can be factored into more factors over F,.

Repeating this construction at most n times, an exten­
sion will be obtained, E = Ek of F  over which p (/) can 
be factored into linear factors. Because E  is generated by 
F  and roots x,, • • • , xk of p(t) = 0, it is evident that 
E  is a minimal Splitting field (it is called the root field of 
f ( t)  over F). To prove this rigorously, however, requires a 
more careful study of isomorphisms and their extensions.
Galois theory of fields. This study, and many other 

aspects of the deeper algebraic theory of fields (including 
that of the algebraic solvability of polynomial equations), 
involves so-called Galois theory, which in turn depends 
on the concept of a group (see above Groups).

For Galois theory, the concept of a normal field exten- Normal 
sion is indispensable. An extension E  of a field F  is called field 
a normal over F  when E  is a Splitting field for every poly- extension 
nomial p (x ) that is irreducible over F  and has one root in 
F  Equivalently, the condition is that, if p (x ) has one root 
in E  and is irreducible over F, then all its roots are in F.
Thus the complex field d  is a normal extension of the real 
field 91, and the field Q[( 1 +  i)/xf2] obtained by adjoining 
the fourth root co = ( 1 +  z)/V 2 of — 1 to the rational field 
Q is a normal extension of Q (it is the root field of x4 +  1 
over Q, whose other roots are co3, co5, co1).
If it be assumed that E  is a normal extension of a field F, 

then the Galois group of E  over F  is defined as the group 
of those automorphisms y of the field F  that leave every 
element of F  invariant; i.e., satisfy y (x) =  x for all x e F.

It is known that if x, and x2 are any two roots in F  of 
a polynomial p (x) that is irreducible over F, then there 
exists an automorphism in the Galois group of F  over F  
that carries x, into x2. Thus, i and — i are the two roots
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of x2 +  1 — 0 in the normal extension & of 9t; the auto­
morphism y: z-^-z* of & carries / into — Likewise, there 
exist automorphisms of Q[( 1 +  7)/V2] over Q that carry 
co =  (1 +  i)/y[2 into co\ co5, and co* 1.

A complex number can be shown to be Pythagorean if 
and only if the smallest normal extension of Q that con­
tains it has a Galois group (over Q) the order of which is 
a power of two. (The order of any algebraic system is the 
Cardinal number of its elements.) It follows from this and 
Lagrange’s theorem in group theory that no Pythagorean 
number can satisfy an irreducible equation the degree of 
which is not a power of two. On the other hand, using 
analytic geometry, it can be shown that angle trisection is 
equivalent to solving a cubic equation that is in general 
irreducible, as in the case of trisecting an angle of 120° 
to get an angle of 40°. It follows in general that an angle 
cannot be trisected by a finite construction with ruler and 
compass; in particular, an angle of 120° or 60° cannot be 
so trisected.

One can show that the Galois group of any binomial 
x n — a  is solvable in a sense defined above in the section 
Groups. More generally, this is true of any normal field 
extension obtained by successive adjunctions of roots a x/ 
n of constants a  already constructed. It follows that if a 
polynomial equation p(x) = 0 over a field F  can be solved 
by radicals, in the sense that its roots can be expressed in 
terms of the elements of F  using only rational operations 
and root extractions, then the Galois group of the root 
field of p (x) over F  is solvable. The converse is also true: 
if p (x) is a polynomial the root field of which has a solv­
able group, then the roots of p(x) = 0 can be expressed in 
terms of its coefficients using only rational operations and 
root extractions.

On the other hand, the Galois group of an irreducible 
polynomial equation of degree n over Q is, in general, 
the symmetrie group of all permutations of its n roots 
x h • • ■ , x n. Moreover, this symmetrie group is solvable 
if and only if n < 5 (the proof of this is quite technical). 
It follows that any quadratic, cubic, or quartic equation 
is solvable by radicals, but that quintic and higher degree 
polynomial equations in general are not.

ORDERED FIELDS
Positivity. To define the real field, to establish the 

deeper properties of the real and complex fields, and in 
particular to construct the real field from the rational field, 
more than the four rational operations of addition, mul­
tiplication, subtraction, and division must be considered. 
For example, these operations fail to distinguish y/2 from 
— y/2: the Galois group of £  over Q interchanges ±  y[ï.

The simplest and most natural concept with which to 
construct 91 from Q and to establish its deeper properties 
(along with those of (£) is the order concept or, equiva- 
lently, that of positivity. These concepts are now defined. 
A field F  is said to be ordered when it contains a set P of 
positive elements having three properties stating that the 
sum and product of any two elements in P belong to P 
and that for every x, exactly one of the following is true: 
x  =  0, x is in P or —x is in P (see 283).

In an ordered field, x >  y  is defined to mean that 
(x — y) e p. Then r e p  is equivalent to x >  0, and the 
properties of P can be used to prove the transitive prop­
erty of the order relation, its preservation when elements 
satisfying it are replaced by their sums or products with 
appropriate field elements, and the threefold alternative of 
order between any two elements (see 284). Conversely, in 
any field F  having an order relation satisfying these prop­
erties (see 284), the set P of all elements x such that x > 0 
satisfies the definition of an ordered field (see 283), while 
u >  v if, and only if, (u — v) e P; indeed, these results hold 
more generally in integral domains.

It is a familiär fact that Q and 91 are ordered fields with 
the usual order. Indeed, in % P can be defined as the set 
of all nonzero a such that Ja  exists in %  giving a purely 
algebraic characterization of the order relation. As a result, 
there are no nontrivial field automorphisms of 91.

On the other hand, there is no way to make the complex 
field £  or any field such as Zp of finite characteristic into 
an ordered field. This is because, if x is any nonzero

(x G Pand y £ P  imply x +  y  E P 
x  G Pand y G Pimply xy £  P 
x = 0 ,x  G P, o r - x  £  P

(284)

If x > -y and y > z, then x >  z.
If a G F and x > y, then + x > a + y.

< If a > 0 and x > y, then ax > ay.
Given x and y, precisely one of the following 
alternatives holds:
x̂==-y, x > y, or y > x

(285) x\ +  x | +  • • • +  x l  =  0 implies x, =  x2 =  • • • =  xw =  0

(286) n summands. 

n 3 = 8 +  • • • +  8 >  M

(287) lim —= 0
n oo Yl

(288) f ( x )  =  x r(a() + a lx  + ■ ■ ■ +  anx n+ ■ ■ ■)

(289) [x r(a0 + a , x +  a2 x2 H------) ] •
• [xs(bn + b 1x + ’b2x 2-\------)]
= x r+s[a0b(, + (alb0+ a 0b l)x +

+  (a.,b0 + atb t + a0b2)x2 +  • • • ]

element of an ordered field, then by the second property 
of the definition of an ordered field (see 283) x2 =  (—x)2 
must be positive; hence any sum of squares must be posi­
tive. It follows that if a field can be made into an ordered 
field, then it must satisfy the implication that each of n 
elements are 0 if the sum of their squares is 0 (see 285). 
Fields having this property are called formally real; it has 
been shown that a field cannot be ordered unless it is 
formally real.

Using the concept of a formally real field, the mathemati­
cian Artin solved in 1926 a famous problem of Hilbert, 
showing that a real polynomial p ( x u • • • , x„) assumes 
positive values for all real x,, • • • , x„ if, and only if, it 
is a sum of squares of polynomials.
Archimedean fields. As will be shown, there is a vast 

variety of ordered fields. The familiar ordered fields Q and 
91 have a property that sets them apart from many others, 
the Archimedean property, as follows.

The definition is that an ordered field (or integral domain 
or even additive group) is called Archimedean when, given 
S>  0 (no matter how small) and M >  0 (no matter how 
large), there exists a positive integer.« such that its product 
with ö, defined in terms of the addition of n summands, 
is greater than M  (see 286).
In fields, but not necessarily in integral domains, the pre­

ceding condition is equivalent to either of the following:
(i) The set {n} o f  all p ositive integers has no upper bound.

(ii) The set -{1/«} o f  all reciprocals o f  positive integers has 
greatest lower bound 0.

[Explanation: Condition (i) implies the Archimedean prop­
erty (see 286), because it allows the choice of n > M/S; by 
an upper bound of a set S  is meant as usual a number X 
such that X > x for all x e S.\
Condition (ii) can also be written in the form of a van- 

ishing limit of reciprocals of n as n approaches 00 (see 
287), which means simply that, given e > 0, n can be 
found such that n<  1 /e; in other words, that there is no 
e > 0 such that 1 /« < 0 for all positive integers n. Because 
0 is obviously a lower bound to (1 /«}, this is equivalent to 
saying that it is the greatest lower bound.

An interesting non-Archimedean field is provided by the 
set consisting of 0 and all extended formal power series, 
whether convergent or not, expressed with a factor x' 
common to all terms and a first coëfficiënt a0 (see 288), 
in which r can be any integer, the coefficients ck belong

The
Archi­
medean
property
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to a specified ordered field F, and a0¥=0. The extended 
formal power series ƒ  (see 288) is called positive if, and 
only if, a0 >  0, while the sum and product of two such 
series are defined by the usual formal rules (see 289). It is 
then straightforward to show that the above construction 
gives a non-Archimedean ordered field. In this ordered 
field, the set of all ordinary power series—i.e., extended 
formal power series (288) with r > 0—is a subring, hence 
a non-Archimedean ordered domain.

It is evident that any subfield S  of an ordered field F  is 
itself an ordered field (positivity having the same mean­
ing), and that S  is an Archimedean ordered field if F is.
Limits and convergence. In any ordered set, whether a 

field or not, one can speak of limits and convergence. 
Namely (see 287), if x,, x2, x3, • • • is any infinite se­
quence of elements of an ordered set C, it may be said 
that the sequence {x„} converges to the limit a (see 290) if, 
and only if, for every s >  0 there exists an n so large that 
a — e < x m < a +  e, whenever m is greater than n.

(290) lim xn = a or simply x n —> a
n —»oo

f{.3, .33, .333, .3333, .33333, - - -} -> i
(291) i {.7, .67, .667, .6667, .66667, • ••}-►§ 

l {3 ,1,3.14,3.141,3.1415,3.14159, • •

(292) {xt « x 2^  x3«  • • • « x „ = -  • •}

(293) { x j  = {y } means that lim (x -  yn) = 0
n —»00

(294)
|0 | =  0, |x| >  0 if x  0

l« +  * l «  \a\ + \b\
\ab \= \a \ ■ \b\

l(M )l= l« l

(295) \z | =  V x 2 +  y2, z = x  + iy

(296) q =  (rjs)pv

(297)

<bp(0) =  0, 4>p{if) > 0  if q yt 0
4>p(a + b ) s ;  4>p{d) +  <f>p(b) 

\t>IJ(ab)=4>IJ(a) <f>p(b)
<j)p(a + b) «  Max{<^p(a), <f>p(b)}

Mono­
tone
sequences

Cauchy
complete-
ness

The most familiär examples of convergent sequences are 
provided by the successive lower and upper «-place dec­
imal approximants to a given number. Thus, 'A may be 
expressed as a limit öf decimal fractions composed succes- 
sively of greater numbers of the digit 3 (see 291) and so on.
The preceding examples are monotone; i.e., increasing 

or decreasing. Limits of monotone sequences have an es­
pecially simple characterization. Thus, if a “less than or 
equals” relation holds between any pair of elements with 
adjacent subscripts in a sequence (see 292)—that is, if the 
sequence is any increasing (or non-decreasing) sequence 
of numbers from an ordered field F—then x n—*a  if, and 
only if, a is the least upper bound (l.u.b.) of the set of {x„}. 
By this it is meant that: a > x n for all n, and b > x n for 
all n implies b > a. The fact that an increasing sequence 
{x,J converges to a is often written xn t a. Likewise, one 
writes x n i a to signify that the sequence (x„) is decreasing 
(or non-increasing), with greatest lower bound (g.l.b.) a.
Completeness. Now the deepest property of the real 

field 9t is reached: the property of completeness, which 
distinguishes it from all other ordered fields. Actually, 
there are two kinds of completeness, which will be dis­
cussed in turn.

First, there is sequential, or Cauchy, completeness. If {x„} 
is any convergent sequence in an ordered field with limit

a, then the doubly infinite set of differences {xm — x n) has 
the property of being a Cauchy sequence in the following 
sense.
A sequence {x,J of numbers of an ordered field F  is 

defined to be a Cauchy sequence when, given e >  0, there 
exists N  so large that m, n>  N  imply —e < x m — x n <e.

In the real field %  the converse is also true: any Cauchy 
sequence has a limit to which it converges. This property 
defines sequential completeness.

An ordered field (or group) F  is complete in the sense of 
Cauchy when every Cauchy sequence converges to some 
limit.

The real field is complete in the sense of Cauchy. For, 
choosing e =  10-r (r =  1, 2, 3, • • • ), from any Cauchy 
sequence {x„} can be obtained a subsequence {x„(r)} of dec­
imal fractions, such that x n(r) differs from all later terms at 
most in the rth decimal place.
The real field 9t can be constructed from the rational 

field Q as follows, using the property of Cauchy complete­
ness. The elements of the field 9t can be constructed as 
the limits of Cauchy sequences of rational numbers with 
the identification of two such sequences (see 293) meaning 
that the limit of the difference of corresponding terms is 0.

Second, there is a more powerful, but less constructive, 
characterization of completeness, which may be expressed 
as follows.

An ordered field (or other set) F  is defined to be com­
plete in the sense of Dedekind when every bounded set of 
its elements has a least upper and a greatest lower bound.
It is easy to show that any ordered field that is complete 

in the sense of Dedekind is Archimedean, and complete in 
the sense of Cauchy. Conversely, an ordered field F  that is 
Archimedean and complete in the sense of Cauchy is nec­
essarily complete in the sense of Dedekind. What is even 
more important, however, the following results are true.

Theorem: An ordered field is Archim edean i f  and only i f  it is
isom orphic with a subgroup o f  the real field. An ordered field
is isom orphic to the real field if  and only i f  it is com plete in
the sense o f  Dedekind.

The deepest questions of all are now reached: those of the 
existence and uniqueness (up to isomorphism) of complete 
ordered fields. As will be seen, the notion of an absolute 
value or valuation plays a central role in discussions of 
these questions.

VALUATIONS
Underlying ideas. The reader may be familiär with the 

distinction between the sign ±  and the magnitude of a real 
number. More generally, in an ordered field, the absolute 
value | x  | of any number x  can be defined as having the 
value x  if x  is positive or zero and the value —x  otherwise. 
From this definition such Standard relations as those that 
relate to the absolute value of 0 and of sums, products, 
and absolute values (see 294) can be easily derived.

Even though the complex field cannot be made into 
an ordered field, the definition of the square root of the 
sum of squares of components of a complex number (see 
295) defines an absolute value function sharing the formal 
properties (294). The notion of absolute value with this 
definition (295) is indispensable in complex analysis, the 
theory of functions of a complex variable.

There are many analogues and generalizations of the pre­
ceding absolute-value function. An interesting analogue is 
defined, on the rational field Q, for any prime number 
p, by the following Observation. Each rational number 
q =  m/n (m, n in lowest terms) is uniquely expressible in 
the form of a ratio of r and -s times a power of p (see 296), 
in which r and s are relatively prime to each other and to 
p, and ■$>().

Given the decomposition (see 296), the number 
(pp{q) — p~v is called the p-adic valuation of q.
This valuation is counterintuitive (contrary to one’s intu­

itive feeling): for example, q>2( 1024) is very small, whereas 
(p2{ 1/1024) is a million times as large. Nevertheless, it 
shares (see 297) the first three formal properties of the 
more familiar absolute value function (see 295). Only the 
fourth property fails. By way of compensation, the p-adic 
valuation of q has a sharper property (see 297) than that 
of the second property of absolute value, which one can

Dedekind
complete­
ness
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strengthen to an inequality involving the maximum of 
two /7-adic valuations rather than the sum.

There are many other important generalizations of the 
absolute value concepts to Systems other than fields: the 
absolute value (x2 +  y2 +  z2 T- f ) ]/2 of a real quaternion 
q = t + xi + yi + zk; the norm N(a +  by[2) — a2 — 2b2 of a 
number c =  a +  b ^ l  in Q (V2); the norm of an element 
of a Banach space; and so on.
Completing fields. The way will now be described by 

which any valuation having the first three properties of 
the /7-adic valuation (see 297) or their equivalents, the first 
three properties of absolute value (see 294), can be used 
to complete a given field. The field extension construction 
to be described gives the real field 9t from the rational 
field Q; the complex field (E from the field Q(V— l) of all 
rational complex numbers r +  s j — 1 (r, Q); and a new
family of /7-adic number fields from the /7-adic valuations 
of Q. It involves the notion of a Cauchy sequence, which 
is generalized in the following definition:

Let F  be any field with a real valuation (p satisfying the 
first three properties of the /7-adic valuation (see 297). A 
sequence (x„} =  [x{, x>, x 3, • • • } of elements x„ of F  is 
called a Cauchy sequence (for the valuation <p) when, given 
£ >  0, there is an integer N  such that the value of (p at 
the difference of two elements with subscripts sufficiently 
large is less than £ (see 298).

(298) <t>(xm — x n) <  e if m ,n >  N

(299) j K )  +  {.v„} = {x„+ y„}  
!{*„} •{>■„} =  U nyn}

(300) timx <t>(xn- y n) = 0

(301)

/ o r v o \

x = p"(a0 +  «,/? +  a,p- +  a . y  +  • • •) 

_____ .  277, ;„;„27rU ----  1 / 311«  , LI -- Jl
n n

(303)

(304) x" = ( z - y ) ( z - u y )  ■ ■ ■ (z — un~ 'y )

(305) /'■«.V,. ••• ..!„ )  -0. . v - ! . • • • . / •

The sum and product of two Cauchy sequences can be 
defined by obvious formulas (see 299). Under these defi­
nitions the Cauchy sequences form a commutative ring Fv 
(a subring of F'w), which is, however, not even an integral 
domain, let alone a field. To make it into a field, the 
following equivalence relation must be introduced. (In the 
language of the theory of commutative rings [see below 
Rings], a maximal ideal M  of F v must be constructed; the 
quotient-ring FJM. will then be a field.)

Two Cauchy sequences as defined are concurrent when 
the limit of the valuation (p for differences of correspond­
ing terms in the two sequences is 0 (see 300).

In the construction of the real field 9t from the (ordered) 
rational field Q, typical Cauchy sequences consist of deci­
mal (or binary) approximations to a given unlimited dec­
imal number; two such Cauchy sequences are concurrent 
when they ultimately agree to any preassigned number of 
decimal (or binary) digits, leaving aside decimal numbers 
such as 0.999999 • • • =1.000000* • • themselves. In 
this case, the field constructed is not only complete in the 
sense of Cauchy, it is also an Archimedean ordered field 
that is complete in the sense of Dedekind. The positive 
numbers of Fv are the Cauchy sequences {xn} the terms 
of which are ultimately all positive, and that are not null 
sequences (do not converge to zero, are not concurrent to 
{0,0,0, ........ }).

To recapitulate, the real field 9t is not only Archimedean 
and complete in the sense of Cauchy; it is also complete 
in the sense of Dedekind. Conversely, it can be shown

that any field that is complete in the sense of Dedekind 
is Archimedean and complete in the sense of Cauchy. 
Moreover, in it, one can reconstruct all numbers as lim­
its of decimal fractions in the usual way and derive the 
usual laws for adding and multiplying the resulting infi­
nite decimals.
This sequence of arguments shows that any ordered field 

that is complete in the sense of Dedekind is isomorphic 
to the real field: up to isomorphism, there is one and 
only one such field. On the other, the field 9t[[x]] of all 
extended formal power series with real coefficients is a 
non-Archimedean ordered field (see 288), which is com­
plete in the sense of Cauchy.

Finally, it may be remarked that for (p = (pp, the previ­
ous field extension by Cauchy sequences (modulo null 
sequences) gives the so-called /7-adic numbers of Hensel. 
These constitute for each prime p a /7-adic field, the 
nonzero elements of which can be thought of as extended 
formal series in the Symbol p  with integral coefficients 
ah first coëfficiënt with subscript 0, and with a factor 
common to each term of the form pp (see 301), in which 
a is an arbitrary integer, every ak is one of the integers 
0 ,1 ,*  * * , p — 1, and a0 ¥= 0. Though the /7-adic fields 
have characteristic zero, they are not to be thought of as 
ordered fields, still less as Archimedean ordered fields.

(G .Bi.)

Rings

The notion of a ring has been mentioned at the beginning 
of this article and used in the preceding section Fields.
It is a set of elements that can be added, subtracted, and 
multiplied and in which these three operations obey (more 
or less) the usual rules. A more formal definition will be 
given later. In particular, if R  is a set of real or complex 
numbers such that the sum, the difference, and the prod­
uct of any two elements of R  is in R, then R  is a ring for 
the usual operations. It is not required that the division by 
a nonzero element of a ring be always possible; thus the 
divisibility problem for elements of a ring is important, as 
it is for the ordinary integers.

The rings introduced by the German arithmeticians of 
the 19th Century for studying problems involving divisibil­
ity and factorization were, in fact, mostly sets of complex 
numbers (more precisely of algebraic integers) as above.
The main impetus came from the intensive study of Fer­
mat’s equation x n +  yn =  z", stated without proof by the Fermat’s 
French mathematician Pierre de Fermat to have no solu- equation 
tion (x, y, z) in integers greater than 1 for exponents n 
greater than 2.

It has been proved that Fermat’s statement is true for 
many exponents n, but the general case is still open. The 
most fmitful approach to the problem introducés a com­
plex «th root of unity (see 302) and the numbers which 
are polynomials in such an n\h root, coefficients at (see 
303) being ordinary integers; these numbers form a ring 
R. Fermat’s equation can be written (see 304) in a way 
that is related with the problem of decomposing xn in the 
ring R. If the analogue of the unique decomposition of 
an integer into prime factors is true in R, then Fermat’s 
statement can be proved. This method (or a variant) works 
for some values of n (e.g., n — 3, 5, 14), but the German 
mathematicians Peter Gustav Lejeune Dirichlet and Ernst 
Eduard Kummer noticed that the analogue of the unique 
decomposition is not true in general. As a remedy, Kum­
mer and Richard Dedekind, introduced the notion of an 
ideal, which proved to be of fundamental importance for 
ring theory.

At the end of the 19th Century another impetus came 
from algebraic geometry. Roughly speaking, this branch 
of mathematics studies the «-tuples (x,, • • • , x n) of 
complex numbers that satisfy a given finite system of 
polynomial equations (see 305); these rc-tuples form what 
is called an algebraic set, and the polynomial functions on 
such an algebraic set H  form a ring, its coordinate ring, 
for addition and multiplication in a modified sense, called 
value-wise addition and multiplication. An important pa­
per of Dedekind and Weber, published in 1882, showed 
that when this algebraic set H  is a curve—i.e., has dimen-
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sion one—the coordinate ring of H  has many properties 
in common with the rings of algebraic integers studied by 
the arithmeticians, a striking parallelism between geometry 
and arithmetic, which has been intensively generalized and 
fruitfully studied since. In 1893 the German mathemati­
cian David Hilbert introduced powerful ideal theoretical 
methods in the study of general polynomial rings and co­
ordinate rings, proving the important finite basis theorem 
and the “zeroes theorem.” In this theory the Substitute 
for prime decomposition is the primary decomposition of 
ideals, discovered and studied in 1905 by E. Lasker in 
Germany and around 1915 by F.S. Macaulay in England. 
The study of general commutative rings was inaugurated 
by the German mathematician Emmy Noether around 
1925, with a special emphasis on the rings that are now 
called Noetherian. In the second half of the 20th Century 
the mathematician A. Grothendieck has introduced a far- 
reaching generalization of both commutative ring theory 
and algebraic geometry.

Non- Noncommutative rings also exist, the first examples of
commuta- them coming from elementary geometry. The study of 
tive rings rotations in ordinary 3-space led the Irish mathematician 

Sir William Rowan Hamilton to discover in 1843 the ring 
of quaternions, a noncommutative division ring in which 
every nonzero element has an inverse. At the same time, 
motivated by the study of linear spaces, the German math­
ematician Hermann Günther Grassmann introduced what 
is now called the exterior algebras. The English mathe­
matician Arthur Cayley introduced matrices around 1850 
for describing linear transformations, and the fact that 
the square matrices form a ring was pointed out by the 
mathematicians B. and C.S. Peirce in 1870. In the second 
part of the 19th Century these rings were studied under 
the name hypercomplex Systems. Around 1930, the tools 
of the commutative and of the noncommutative theories 
were unified, giving to the latter one its proper degree of 
power and generality. Rings of linear transformations in 
infinite-dimensional spaces and related rings were stud­
ied by the Hungarian-born U.S. mathematician John von 
Neumann and his followers.

DEFINITION AND EXAMPLES
Definition. A ring R  is defined to be a set endowed with 

two binary operations satisfying the axioms that are listed 
below. The first Operation, called addition, associates to 
every pair x, y of elements of R a well-defined element 
of R, denoted by x  +  y; this addition satisfies the axioms 
of associativity, commutativity, the existence of a zero 
element, and the axiom assuring that for every element 
there is an opposite (or negative) element:

Al. x + (y + z) = (x + y) + z for all x, y, z in R 
(associativity).

A2. x + y = y + x  for all x, y in R (commutativity).
A3. There exists an element 0 of R such that 

0 + x = x + 0 = x for every x in R (zero element).
A4. For every x in R, there exists an element 

(denoted by —x) such that x + (—x) = (—x) + x = 0 
(opposite).

In other words, R  is a commutative group for the addition.
The second Operation, called multiplication, associates to 

every pair x, y of elements of R a well-defined element of 
R, denoted by xy  or x • y; this multiplication satisfies the 
associativity axiom and two distributive axioms:

(M) x(yz) — (xy)z for all x, z in R.
(D) x(v + z) = xy + xz, (y + z)x = yx + zx for all x, y, z 

in R.
It is easily proved that x • 0 =  0 • x =  0 for every x in 

R. If R contains an element e such that ex = xe = x  for 
every x, R  is called unitary; the element e (necessarily 
unique) is called the unit element of R and is usually 
denoted by 1. Most rings encountered in mathematics are 
unitary. A ring R  such that xy  =  yx for all x, y in R is 
called commutative.

Examples of rings. The set Z of ordinary positive and 
negative integers (0, 1, 2 , • • • , — 1, —2, • • *) is a 
unitary commutative ring for the usual addition and mul­
tiplication; its zero element is 0, its unit element is 1, so 
that the general notation for rings coincides with the usual 
notation for integers.

(306) 0 +  0 == 0, 0 + 1 = 1 + 0 = 1

(307) O- 0 - 0 - 1 = 1 0 == 0, i -

addition multiplication
0 1 a b 1 a b

(308) 1 0 b a a b 1<
0 1 aa b 1 b

b a 1 0

0 1 e ƒ 1 e f

(309)
1 0 f e e e 0

<
e ƒ 0 1 f 0 ƒ
f e 1 0

0 1 2 3 1 2 3
1 2 3 0 2 0 2

(310)
2 3 0 1 3 2 1
3 0 1 2

A n o th er  ex a m p le  is th e  se t o f  tw o  e lem en ts , “e v e n ” an d  
“o d d .” T h is  set is m a d e  in to  a r in g  F2 b y  u sin g  th e  fo llo w ­
in g  natural d e fin it io n s  o f  a d d itio n  an d  m u ltip lica tio n :

A. even  +  even  =  even , even  +  odd =  odd +  even  =  odd, 
odd +  odd =  even.

B. even  • even  =  even  • odd =  odd • even  =  even , odd ■ odd  
=  odd.

H ere “e v e n ” is th e  zero  e le m e n t  an d  “o d d ” th e  u n it e le ­
m en t. In th e  general n o ta t io n  for rings, i f  th e  d ig its 0 , 1 
rep lace th e  e le m e n ts  “e v e n ” a n d  “o d d ,” th e  e lem en ts  o f  F2 
satisfy  o th er  fo rm u la s (see  3 0 6 , 3 0 7 )  in stead  o f  (A ) an d  (B).

T h ey  h a v e  a fam iliär  fo rm , ex cep t th e  stränge form u la  
1 +  1 =  0 . H ere, it  sh o u ld  b e  rem em b ered  th at th e  Sym ­
b o ls  0 , 1 u sed  here d o  n o t  sta n d  for th e  usu al n u m b ers. 
T h e  risks in v o lv e d  w ith  su ch  u n u su a l fo rm u la s seem  m u ch  
sm aller  th an  th e  b en efit  o f  c o m p u tin g  w ith  th e  sy m b o ls  0 , 
1 a ccord in g  to  d eep ly  in gra in ed  hab its.

N o w  three ex a m p le s  o f  rin gs w ith  four e le m e n ts  are c o n ­
sidered . T h e  e le m e n ts  o f  th e  first o n e  are ca lled  0 , 1, a, b. 
A d d itio n  an d  m u ltip lica tio n  are g iv en  b y  tables: th e  va lu e  
o f  th e  su m  x +  y  is o b ta in ed  b y lo o k in g , in  th e  a d d itio n  
table , at th e  e lem en t th e  row  o f  w h ich  b eg in s w ith  an  x  
an d  th e  c o lu m n  o f  w h ich  b eg in s  w ith  a y; sim ilarly  for  
m u ltip lica tio n , ex cep t th a t p ro d u cts  o f  th e  form  0  • x  or  
y  • 0  are n o t g iven , b eca u se  th e ir  v a lu es are 0  (see 308). 
F or ex a m p le , \ + a-= b,.b  + a =  \ , b  • b = a.

T h e e le m e n ts  o f  th e  se co n d  ring are ca lled  0 , 1, e, f, w ith  
th e  tab les a lso  used  to  d e fin e  a d d itio n  an d  m u ltip lica tio n  
(see  309 ). F or th e  e le m e n ts  o f  th e  third  o n e , the sy m b o ls  
0 , 1, 2, 3 are u sed , an d  ta b le s are a lso  u sed  (see  310).

It is easy  to  verify  th at th e  a x io m s  for rings ho ld . T h ese  
three rings are c o m m u ta tiv e  a n d  u n itary . T h e  a d d itio n s  
in  tw o  o f  th e  ex a m p les  (3 0 8  an d  3 0 9 ) are th e  sam e, p ro­
v id ed  a corresp on d s to  e a n d  b to  ƒ  T h e ir  m u ltip lica tio n s , 
h ow ever , are d istin c t b eca u se  in th e  first (3 0 8 ) th e  p rod u ct  
o f  an y  tw o  n o n zero  e le m e n ts  is  d istin c t from  0, w h ereas  
in  th e  se co n d  (3 0 9 ), e f— 0; su ch  e le m e n ts  are ca lled  zero  
div isors. F u rth erm ore, in th e  first, every  n o n zero  e lem en t  
has an inverse; for e x a m p le , a and  b are in verses o f  o n e  
a n o th er  b eca u se  ab =  ba = 1. M ore  gen era lly , a u n itary  
ring R  in  w h ich  every  e le m e n t  x #  0  has an  in verse— i.e., 
an e lem en t x' su ch  th at xx' =  x ' x  =  1 — is ca lled  a d iv isio n  
ring; i f  R  is c o m m u ta tiv e , it is ca lled  a field.

T h e  a d d itio n s  in  tw o  o f  th e  ex a m p le s  (3 0 9  an d  3 1 0 ) are 
n o t th e  sam e, b eca u se  x +  x  =  0  for every  x in o n e  e x ­
a m p le  (3 0 9 ), w h ereas 3 +  3 =  2 #  0  in th e  o th er ex a m p le  
(3 1 0 ). A lso  a n ew  featu re o ccu rs in  o n e  o f  th e  m u ltip lica ­
t io n s  (310): th e  p ro d u ct 2 • 2 , w h ich  can  b e w ritten  as 2 2 
w ith  th e  u su al co n v e n tio n  for ex p o n en ts , is eq u al to  zero . 
A n  e le m e n t  x o f  a ring R  su ch  th a t so m e  p o w er x" o f  x is
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equal to 0 is called a nilpotent element of R. So 2 is nilpo­
tent (see 310). The rings in the first two examples (308 
and 309), however, have no nilpotent elements except 0.

The fourth example involves polynomials and power se­
ries with coefficients ak in R, a commutative unitary ring. 
A letter X  and formal finite sums of coefficients times 
integer powers of X  are considered. These formal sums, 
called polynomials over R, are to be added coefficientwise 
(see 311) and multiplied in such a way that exponents of 
products of powers are added (see 312).

(ü0 +  a l X - \ -  • • • +  a nX n) -f ( b 0 +  b A X -f- • • • +  b nX n) 

- — K  "b K)  +  b\)X  +  • • • +  (an +  br)Xn

fK  +  axX  + • • • +  af}X n ( b 0 + b iX + - - -  + bJC*)
(312) j = c 0+ c ,A '+ -  • ■ + cp + qX v  + “

\~(-,j = a 0bj + a tbj _ t + - ■ ■ + aJ_,b, + aJb0

( 3 1 3 )  a 0 -\- ß n X n  +  a n + \ ^ n + 1 3 “ ' ‘ ‘

(314) If xx" = x"x = 1, then x' =  x' ■ 1 = x'(xx")
= (x 'x )x " = l-x "  = x".

(315)
Because (2 +  V 3)2 =  7 +  4 V3",

< it follows that a2 =  7, b0 = 4 and 
72 — 3.42 =  49 — 48 =  !.

(316) f ( x  +  y ) = f ( x ) + f ( y ) ,  f ( x y ) = f ( x ) f ( y )  
for all x, y in R

A polynomial over R  may be viewed as the infinite se­
quence (a0, fl,, • • • , an, 0, 0, • • •) of its coefficients, 
only a finite number of terms at being unequal to 0, 
These sequences are to be added termwise and multiplied 
according to the given rule. Then the letter X  corresponds 
to the sequence (0, 1, 0, 0, • • •■).

If the restriction that only a finite number of terms of the 
sequences be unequal to 0 is removed, the formal power 
series over R is obtained (see 313).

Either the polynomials or power series over R form a 
commutative unitary ring for the above defined addition 
and multiplication; it is denoted by R[X\ for polynomials, 
i? [[,¥]] for power series. By iterating the process, the poly­
nomial and power series rings in several variables over 
R are obtained. The former kind of ring is important in 
algebraic geometry, and the latter in analysis.

Multiplicative groups. If one forgets about multiplica­
tion in a ring R, its additive group, a commutative one, is 
obtained. This group is not much more interesting than a 
general commutative group; for example, the problem of 
which commutative groups are additive groups of rings is 
rather trivial.

Much more interesting is the multiplicative group of a 
unitary ring R. An element x of R for which there is an el­
ement x' of R  such that xx' =  x /x  = 1 is called invertible; 
such an x' is necessarily unique, as a simple calculation 
shows (see 314). It is called the inverse of x and denoted 
by xr1. If x and y are invertible, so is xy  because it admits 
y~lxr l as an inverse. Thus the invertible elements of R 
form a group for the multiplication, called the multiplica­
tive group of R, and sometimes denoted by R*.
The multiplicative group of the ring Z of integers is {+1, 

— 1}. In the example of the set with elements “even” and 
“odd,” and the second and third of the four-element rings 
above (see 307, 309, and 310), it is reduced to 1. For the 
first four-element ring above (see 308) it is the 3-elements 
group (1, a, b} = { 1, a, a2), with ö3= 1 . If R has no 
zero divisors, the invertible polynomials over R  are the 
invertible constants—i.e., 1-term polynomials a0—so that 

=  R*. The invertible power series a0 +-axX  +  • • • 
is the power series with an invertible constant term a0. 
In the ring of numbers a + b j 3 (a, b e Z ) ,  the invertible

e le m e n ts  are th e  p o w ers (2  +  >/3)" ( n e  Z)  o f  2 +  >/3, a n d  
th e ir  n ega tives (n o t ic e  th a t (2  +  J3)  (2  — V 3) =  4  — 3 =  1); 
w ritin g  (2 +  V 3)" =  a„ +  bny/3(an, bn e Z, n > 0 ) th e  p airs  
(an, bn) p rov id e all th e  S o lu tio n s in  p o s it iv e  in tegers o f  th e  
e q u a tio n  x 2 — 3y2 =  1. A n  e x a m p le  is  ea s ily  co n stru cted  
(see  315 ).
Homomorphisms. M o d ern  m a th e m a tic s  has sh o w n  th e  

im p o r ta n ce  n o t o n ly  o f  se ts e n d o w e d  w ith  so m e  stru c­
tures, su ch  as grou p s, rings, a n d  m etr ic  sp aces, b u t a lso  
o f  in terestin g  cla sses o f  m a p p in g s fro m  o n e  o f  th ese  sets  
in to  an o th er  o n e  o f  th e  sa m e  ty p e . T o  b e  in terestin g , su ch  
a m a p p in g  m u st b e, in  so m e  sen se , co m p a tib le  w ith  th e  
g iv en  structures. In  algebra, it h as to  preserve th e  o p era ­
tion s . F or ex a m p le , in terestin g  m a p p in g s o f  a ring R  in to  
a ring R'  are th e  h o m o m o r p h ism s;  th a t is, the m a p p in g s  
f: R - * R '  su ch  th at su m s a n d  p ro d u c ts  are preserved  (see
31 6 ). It fo llo w s th a t ƒ  (0 ) =  0 , ƒ  (—x )  =  —ƒ  (x). If  R  an d  R' 
are un itary , it is u su a lly  a lso  req u ired  th a t a h o m o m o r ­
p h ism  ƒ  carry th e  u n it  e le m e n t  o f  R  to  th e  u n it e lem en t  
o f  R' (i.e., ƒ (  1) =  1). F o r  ex a m p le , for ev ery  in teger x e  Z, 
ƒ  (x) m a y  b e ca lled  th e  rem a in d er  o f  d iv is io n  o f  x  b y 4 . It 
is o n e  o f  the in tegers 0 , 1 , 2 ,  3; e.g., ƒ ( 7 )  =  3, ƒ ( 1 8 )  =  2, 
ƒ ( - 3 ) =  1, ƒ ( —12) =  0 . N o w  i f  R  is th e  set {0, 1, 2 , 3} 
en d o w ed  w ith  th e  r ing stru ctu re d e fin e d  in  th e  th ird  e x ­
a m p le  o f  a fo u r -e lem en t ring (see  3 1 0 ). it is  easily  ch eck ed  
th at ƒ  is a h o m o m o r p h ism  o f  Z  in to  R.

Sim ilarly , for x e  Z, g (x )  =  ev en , i f  x  is even , an d  
g(x) =  od d , i f  x  is  o d d , m a y  b e d efin ed ; th en  g  is a h o ­
m o m o rp h ism  o f  Z  in to  th e  tw o -e le m e n ts  ring describ ed  in  
th e  seco n d  ex a m p le  g iv en  earlier (see  3 0 7 ).

F or a ring h o m o m o r p h ism  f: R —> R \  th e  im age  f ( R )—  
i.e., th e  set o f  all f ( x )  w ith  x  ran g in g  o v er  R — is a subring  
o f  R'; it is a  su b set o f  R ' stab le  u n d er  su m s, d ifferences, an d  
p rod u cts. T h e  kern ei o f  ƒ  ker ƒ  is th e  set o f  all e lem en ts  
x o f  R  su ch  that f  (x) =  0 . G iv e n  tw o  e le m e n ts  y, z  o f  R, 
ƒ  (y) = f ( z) if, a n d o n ly  if, (y — z) e  ker ƒ  T h e  k ernei I  o f  
ƒ  satisfies the co n d itio n s: (K . 1) I f  x , y  e  / ,  th en  (x  +  y) e  ƒ, 
an d  —x e l ;  i.e., I  is a  su b grou p  o f  th e  a d d itive  grou p  o f  
R. (K .2 ) F or an y  x  e  ƒ a n d  a n y  a e  R, a x e  /  an d  x a e  I.

A subset /  o f  a ring R  th at satisfies conditions (K l)  and  
(K .2 ) is ca lled  a tw o -s id ed  id ea l o f  R; su ch  a su b set is 
ca lled  sim p ly  id ea l w h en  R is  c o m m u ta tiv e .

C on verse ly , an y  tw o -s id ed  id ea l I  o f  a  ring R  is th e  
k ern ei o f  so m e  h o m o m o r p h ism  o f  R. N a m e ly , th e  b inary  
rela tion  (x — y )e  I  b etw een  e le m e n ts  o f  R is  an  eq u iv a ­
len ce  rela tion . G iv en  tw o  e le m e n ts  a a n d  b o f  R, th e  
eq u iv a len ce  c lasses o f  a +  b a n d  ab d e p e n d  o n ly  o n  th e  
eq u iv a len ce  classes o f  a an d  b. T h u s  th e  se t o f  eq u iv a len ce  
c lasses d en o ted  b y R /I  is  en d o w e d  w ith  a n  ad d itio n  an d  a  
m u ltip lica tio n . It is a  s im p le  m a tter  to  ch eck  that R /I  is  a  
ring; it is ca lled  th e  factor  ring o f  R b y  I. T h e  m ap p in g , 
w h ich  assoc ia tes to  every  x e  R  its eq u iv a le n c e  class, is  a 
h o m o m o rp h ism  R —» R /I  o f  R  in to  R/I, an d  its k ernei is 
I. M an y  p roperties o f  R, su ch  as c o m m u ta tiv ity  an d  u n it  
e lem en t, are tra n sm itted  to  R /I  F or ex a m p le , i f  n >  1 is 
an in teger, th e  set Zn  o f  m u ltip le s  o f  n in  th e  ring Z  o f  
in tegers is an id ea l o f  Z . T h e  factor  r in g  Z /Z n  has n e le ­
m en ts , n am ely , th e  eq u iv a le n c e  c la sses o f  0 , 1, 2, • • • , 
n — 1. T h e  in vertib le  e le m e n ts  o f  Z /n Z  are the classes o f  
th e  in tegers p rim e to  n. T h u s  Z /n Z  is  a  field  if, an d  o n ly  
if, n is  a p rim e n u m b er.

A n o th er  ex a m p le  in v o lv e s  a  set X  a n d  a co m m u ta tiv e  
ring K, su ch  as th e  fie ld  o f  real or c o m p le x  n u m b ers, th e  
m a p p in g s o f  X  in to  K, ca lled  fu n c tio n s , fo rm in g  a c o m m u ­
ta tiv e  ring for v a lu e -w ise  a d d itio n  a n d  m u ltip lica tio n  (in  
w h ich  ad d itio n  an d  m u lt ip lic a tio n  o f  fu n c t io n s  are d efined  
b y  ad d itio n  an d  m u lt ip lic a tio n  o f  co rre sp o n d in g  fu n ctio n  
valu es). A  subring R o f  th is  r ing ca n  b e  con sid ered , su ch  
as th e  subring o f  c o n t in u o u s , or  a n a ly tic , or p o ly n o m ia l  
fu n ctio n s, i f  it m a k es sen se . I f  X '  is  a  su b set o f  X, th e  
e lem en ts  g e  R su ch  th a t g(X) =  0  for every  x e X  form  
an  id ea l /  o f  R. T h e  factor  r ing R /I  m a y  b e v iew ed  as a 
ring o f  fu n ctio n s o n  X',  n a m e ly , th e  restr ic tion s to  X'  o f  
th e  fu n ctio n s y e R.

ALGEBRAS
T h e  h yp erco m p lex  System s a llu d ed  to  earlier w ill n o w  be  
d efined . C o n sid era tio n  is g iv en  to  a fie ld  K  (su ch  as the  
fields o f  real n u m b ers 9t or c o m p le x  n u m b ers £ ) ,  an  in te -
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{(£,> • • • - O  +  (Vt> ■ • • >v„)=(fx + •»?!>•••>£„ + v n) 
(317) =
(318) e, =  (1 ,0 ,0 , • , 0), e2 =  (0 ,1 ,0 , • • •, 0)

«„= (0 , o, • • • ,0 , 1)

(319) a (xy )= (a x )y= x(a y), x, y E K n, a E K

(320) (£,*, + ■•■ + fn eJ (V,e, +  • • • +  V„e„) =  2  l:iVj(<Yj>
l,j

n

(321) fff- - -  X  W * ’ y m ^ K
k = 1

n 2 E

(322) 2  Jijp^pkrit 2  'Yipm/yjkp
n =1 P=1

r ^ = ¥ 2 = V i = f 2
(323) { ^ 2  _  +  ße2, a, ß  E K

(324) p  = a + ß f

(325) (X +  au) ( * . - mO =  A2 +  ̂ 2

P = f  = k2 =  — 1, y =  A, j i = —k
jk =  i, kj = —i, k i= j , ik = - j

(327) (a + ßi + y j+ 8 k )(a  — ßi — y j - 8 k )
=  a 2 +  02 +  72 +  ö2

(328) <9 e ,
- f) 0’ e0Qn g .g ’ e c

(329) ^ii OLv l • • • « in

«21 a 22 • • • « 2 n

<

a n l a n2 a n n

ger zz > 0, and the set Kn of all zz-tuples of elements of /E 
These zz-tuples can be added together and multiplied by 
elements of K, according to the rules that are expressed in 
terms of addition and multiplication of components (see
3 1 7 )  .
The zz-tuples form a commutative group for this addition 

and, furthermore, a vector space over K  (see Linear alge­
bra). The zz-tuples are called a basis that are written with 
all components 0 except for a single component 1 (see
318) . They are expressed as ex, e2, • • • , en.
Every element x =  (£,, • • • , £„) of Kn can be written in 

a unique way as x =  +  • • • +  £nen ({, e K). Thus, if
a multiplication distributive with respect to addition and 
satisfying a specific condition of associativity (see 319) is 
to be defined on Kn, it is sufficiënt to define the n2 prod­
ucts efij (1 < i, j  < n), because then products of zz-tuples 
are expressed in terms of products of the basis elements 
(see 320). Because et€j is an element of Kn, it may be 
written in a unique way as a linear combination of basis 
elements (see 321).
These formulas (321) are called a multiplication table and 

the elements yijk the structural constants. Endowed with 
its addition and with the multiplication defined above (see 
320 and 321), Kn is called an algebra, or a hypercomplex 
system over K. Here this algebra will be denoted by A; as 
a mathematical object A is distinct from Kn because one 
of the many possible multiplications in Kn is given in A. 
All the ring axioms are true in A, except possibly the asso­
ciativity of multiplication. For this associativity to be true,

it is necessary and sufficiënt that it be true for the basis 
elements et\ that is, that e^ejei) =  {e,e-)ek for all indices i, 
j, k. This equality can be translated in terms of structural 
constants (see 322) by means of the multiplication table 
(321) for all i, j, k, m. If this property (322) holds, A is a 
ring and is often called an associative algebra over K. It is 
commutative if, and only if, yijk =  yjik for all indices i, j, k.

It is possible to define various structures of algebras on 
any vector space, finite- or infinite-dimensional over K, 
instead of Kn. Some examples are now given.
Quadratic algebras. Here n = 2 and ex is required to be 

the unit element of A. Then the multiplication table takes 
the form of four equations between two elements (see 323).

If one writes ex = 1 and e2= f  the habits about the use 
of the symbol 1 make it unnecessary to write the three 
first equations, and one writes only that the second power 
of ƒ  is linear in ƒ  (see 324).

Commutativity and associativity of the multiplication are 
readily checked on 1 and ƒ  Thus A is an associative and 
associative algebra, called a quadratic algebra over K.

If for K  the field 9t of real numbers is taken and a = — 1, 
ß = 0, then ƒ 2 =  —1. Here ƒ  is customarily denoted by i, so 
that z2 — — 1. The algebra A then happens to be a field, and 
this is the field £  of complex numbers. The invertibility of 
any nonzero z =  (X +  jui) e (E comes from the formula for 
the product of z and its conjugate (see 325); in fact, since 
the real numbers X and ja are not both zero, X2 +  ß 2 is 
greater than 0, hence z is invertible in (E. More generally, 
the quadratic algebra defined over a field K  by ƒ 2 =  a +  ß f  
(a, ß  e K) is a field if, and only if, the equation x 2 =  a +  ßx 
has no root x  in K.

Quaternions. Here n ■— 4, and 1, i, j, k are the basis el­
ements, the first one being the unit element. The essential 
part is given in a multiplication table (see 326).

It is an easy, but tedious, exercise to check that this 
multiplication is associative; it is not commutative in gen­
eral. The corresponding algebra H  is called the algebra 
of quaternions over K. A simple computation (see 327) 
proves that if in K  a sum of four squares is never 0 unless 
all its terms vanish, the algebra H  is a division ring. This 
condition is the case if K  =  9t and H  is then the division 
ring of quaternions, discovered by Hamilton in 1843.

Group algebras. G denotes a finite group with n el­
ements, multiplicatively written. Instead of indexing the 
components • • • , of an zz-tuple x e Kn by the in­
tegers 1 ,2 ,-  • • , n, one can index them by the elements 
of G, so that such an zz-tuple is now written (<y. The basic 
zz-tuple corresponding to a given g e G is thus eg =  {Sgh}, in 
which ögg =  1, Sgh = 0 for A ¥= g. Hence, (<y for all g e G 
equals ^4geg the summation extending over all g ^G . The 
multiplication table is given by definition (see 328) and 
the associativity follows from the associativity in G. The 
corresponding algebra is called the group algebra of G over 
K, and is denoted by K[G]. In view of the multiplication 
table, it is harmless to write g instead of er

m a tr ic es; r e pr e se n t a t io n s  of rings

Endomorphisms. If V is a vector space over a field K, 
an endomorphism of V  is a mapping u of V into V such 
that u(x +  y) — u(x) +  u(y) and u(dx) = du(x) for all x, y  
in V and d  in K. If the addition of two endomorphisms 
u and ü is defined value-wise as (u +  v)(x) — u(x) +  ö{x ) 
and their multiplication as the composition of mappings 
( u d )(x ) =  wo £>(x), the set of all endomorphisms of V be- 
comes a ring. In general, it is noncommutative.

Suppose now that a finite basis (ex, • • • , en) is given 
on V, then each x in V can be written in a unique way 
as x =  exax +  • • • 4- e„an (a, e K). An endomorphism u 
of V is then uniquely determined by the values w(c/) 
(z =  1, • • • , n); if they are written u{ei) = hefo, the sum 
being on j, it can be seen that u is uniquely determined by 
the n2 elements au of K. It is customary to arrange these 
elements in a square (see 329).

The zth column is formed by the components of u(e,). 
Such an array is called a square n X  n matrix over K. The 
matrix is called the matrix of u with respect to the basis 
(ex, • • • , en), denoted M(u). Any square n X n matrix 
over K  is the matrix of some endomorphism u.

Because endomorphisms and matrices are in one-to-
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one correspondence, the addition and multiplication of 
endomorphisms can be translated in terms of matrices. 
One finds easily that the sum of the matrices (a,}), (ßfi is 
the matrix (a0 +  ßfi, and that their product [in the order 
(afi • (ßij)] is the matrix (y„) in which ytj =  ^a ikßkj the sum 
being on k. In this last formula, the row (a/b • • • , ain) 
is multiplied by the column (ßlß • • • , ßnj).

The ring of n X n matrices over K  is denoted by M n(K)- 
It has no two-sided ideal except itself and 0. It may 
be viewed as an algebra over K, with n2 basis elements, 
namely, the matrices Epq( 1 < p, q < n), in which Epq has a 
1 at the intersection of the /?th row and the ^th column, 
and zeroes elsewhere. In other words, the matrix M =  (a 
is M  =  'LapqEpq, with summation extending over p and q. 
The multiplication table can be given (see 330).

(33°) Em E rs =  0 if q ^  r, EpqE<ls = Eps otherwise

{(a-\-b)x = ax -l- bx for all a, b E  Ä a n d i G M  
a(x + y) =  ax +  ay for all a E R  and x ,y  E M  
a(bx) =  (ab)x for all a, b E R  and x E M

a _ ÜD + DÜ u u uu
b f ”  bb' ’ b ' b' ~  bb'

(333) a x= a y , a ^ O  implyx =  y

Representations. Because rings of matrices are rather 
simple and have a fruitful geometrie interpretation, it is 

>urpose of important to compare a given ring with rings of matrices, 
epresenta- This is the purpose of representation theory. A representa- 
ion theory tion of a ring R  is a homomorphism h of R  into a ring of 

matrices M n(IC). Thus, for x e  R, h(x) may be viewed as an 
endomorphism of the vector space Kn. The representation 
h is called irreducible if no proper subspace of Kn is stable 
under all the endomorphisms h(x) (x e R). The irreducible 
representations of rings, and in particular of ^-algebras, 
have been extensively and fruitfully studied.

RINGS AS MODULES
In the same way as a group is often considered as acting 
on a set—that is, as a group of transformations of this 
set—it is fruitful to make a ring R  act on various commu­
tative groups, then called R-modules. This procedure has 
the advantage of transforming various algebraic problems 
into linear ones.

More technically, given a ring R, a left .R-module (or a 
left module over R) is a commutative group M  (written 
additively) endowed with a mapping of R X M  into M  
satisfying axioms to be listed. This mapping associates to 
every pair (a, x) formed by an element a of R  and an 
element x of M, a well-defined element of M, denoted by 
a • x  or ax. The axioms are three in number (see 331).

If 7̂  is unitary, it is usually required that 1 • x =  x for 
all x e M; the module M  is then called unitary.

A right module is also defined as the element of M  
associated to the pair (a, x) and is denoted by xa, and the 
third axiom (see 331) is replaced by {xb)a = x(ba). This is 
not a simple change of notation; a right module is not in 
general a left module. The two notions coincide, however, 
when R  is commutative.

If R  is a field, the unitary ^-modules are the vector spaces. 
A module over the ring Z of ordinary integers is nothing 
eise than a commutative group G written additively (for 
n e  Z, n>  0 and x ^ G , « x isx  +  x +  • • • +  x, n times).

If R  is a subring of a ring S, S  is both a left and a right 
Z-module; for a e R and x e  S, ax (or xa) is defined to be 
the product of a and x computed in S. In particular, for 
S  = R, R  is a left module and a right module over itself.

Given a left module M  over a ring R, a submodule M' 
of M  is an additive subgroup M' of M  such that a e R and 
x e M '  imply a x e M '.  The submodules of R  considered 
as a left module over itself are called the left ideals of R; 
similar definition holds for the right ideals. The two-sided 
ideals defined in Definition and examples, above, are the

subsets of R  that are at the same time left and right ideals.
Given a submodule M' of a left module M  over a ring 

R, the binary relation (x — y) e M ' between elements x , 
y  of M  is an equivalence relation called the relation of 
congruence modulo M'. It is written x  =  y  mod M'.
Given elements a of R  and x  and y  of M, the equivalence 
classes of ax and of x  +  y  depend only on a and on the 
equivalence classes of x  and y. Thus the set of equivalence 
classes, denoted by M /M \ is endowed with a structure of 
left R-module and is called the factor module o fM byM '.
In particular, if ƒ and V are left ideals of R  such that F c  I, 
then / / / ' is an interesting example of a left i?-module.
Similar definitions and results hold for right modules.
A representation h of a ring R  in a matrix ring M n(K) 

endows the space Kn with a structure of left i?-module.
Thus module theory and representation theory are essen­
tially equivalent.

SPECIAL CLASSES OF RINGS
Domains. It has been shown that a ring may have 

the unfamiliar feature of zero divisors; that is, nonzero 
elements a, b  such that ab = 0. It is thus interesting to 
define a class of rings closer to computing habits. A com­
mutative ring with unit element 1 =£ 0 and without zero 
divisors— i.e., a=£ 0 and b¥= 0 imply ab ^  0—is called an 
integral domain, or a domain or an entire ring. The ring Integral 
Z  of integers is a domain. A field is a domain; if a #  0 domain 
and if ab #  0, multiplication by the inverse ar1 of a gives 
0 = a~l ab = 1 b — b. If R  is a domain, so are the polyno­
mial ring jR[X| and the power series ring i?[[X|]. A subring 
of a domain, and in particular a subring of a field, is a 
domain provided it contains the unit element.
Conversely, every domain R  is a subring of some field.

The elements of this field are constructed in the same 
way as fractions are constructed from integers. The set of 
all pairs (a, b) is considered in which a, b e  R  and b  0.
The binary relation a b ' =  b a ' between two such pairs (a, 
b) and (a ', b ') is an equivalence relation in this set. The 
equivalence class of (a, b) is denoted by a / b  and called 
a fraction. The operations of addition and multiplication 
(see 332) are well defined on the set of fractions and make 
a field K  out of this set; it is called the field of fractions 
of R. The fractions a / 1, a e  R f form a subring of K, iso­
morphic with R. The field of fractions of the ring Z  of 
integers is the field Q of rational numbers. In an integral 
domain R, the cancellation law holds (see 333).

Rings of integers. It was pointed out earlier that ring 
theory partly originated from arithmetic. It is thus inter­
esting to study the rings in which important properties of 
the ring Z  of integers are valid.

In a domain R, the divisibility relation x  | y (x  divides 
y, x  is a divisor of y, y  is a multiple of x ) is defined 
to mean that there exists z e  R  such that y =  zx. The set 
Rx  of multiples of x  is clearly an ideal in R; it is called 
the principal ideal generated by x . The divisibility relation 
x  | y is equivalent with the inclusion relation Rx D Ry. As 
in Z, an element d  of R  is said to be a greatest common 
divisor, g c d , of x  and y  if it is a divisor of x  and of y, and 
if it is the greatest in the following sense: every common 
divisor of x  and y divides d. Similarly, a least common 
multiple, LCM, m of x  and y is a common multiple of x  
and y that divides every other common multiple of x  and
y. Two elements x , y  of R  such that x  | y and y \ x  are 
called associates; this means that there exists an invertible 
element u of R such that y= u x ;  whenever divisibility is 
concerned, associates have the same properties. All the 
g c d ’s (or l c m ’s) of two given elements of R, if they exist, 
are associates. In an arbitrary domain R, l c m ’s and g c d ’s 
need not exist. To say that the elements x  and y of R 
admit an lc m  amounts to saying that the ideal Rx H Ry is 
principal. If any two elements x , y  of R admit an l c m , say 
m, they admit a g c d , say d, and conversely; furthermore, 
xy  and m d  are associates.

An element p ¥= 0 of a domain R  is called irreducible if Irreducible 
it is not invertible and if the only divisors of p are either elements 
invertible or associates of/?. In Z, the irreducible elements 
are the prime numbers and their negatives. In a domain R 
in which l c m ’s exist, an irreducible element p enjoys the 
following property:
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(A) If p divides a product ab (a, b e R), it divides one of 
the factors a, b.

In the ring S  formed by the complex numbers including 
the square root of —5 as a coëfficiënt of one of two ele­
ments from Z (see 334), the number 2 is irreducible, but 
a relation (see 335) shows that (A) does not hold. Thus 
lcm ’s do not always exist in S.

(334) x  + y V ^ 5 ,  x ,y < E Z

(335) (1 +  \ ^ 5 ) ( 1 _ v C 5 ) = 6 = 2 - 3  

C(f)(ri)= \n\, n E Z
(336) | <f) [P(X ) ] =  1 +  degree of P(X) and 0(0) =  0

lP(X) e  K [ X ] , P ( X ) ^ 0

(337) x z - x -< L = X = o
4

(338) 0(x +  y V d ) =  |x2 — dy2\, x ,y E iQ

In Z the unique decomposition of an integer into prime 
factors is well known and quite useful. Thus it is interest­
ing to study the domains R in which every element is a 
product of irreducible ones in an essentially unique way; 
i.e., unique up to order and invertible factors. The exis­
tence of such a decomposition is usually easy to settle: it 
is implied by the following property (called by algebraists 
a finiteness condition):
(B) Any strictly increasing sequence Ra{ C Ra2 C • ■ • 

C Ran C • • - of principal ideals of R (in which equality 
between adjacent members of the sequence is excluded) is 
finite.

When existence is proved, essential uniqueness is implied 
by property (A).

The domains in which the essentially unique decompo- 
Gaussian sition into irreducible elements hold are called Gaussian 
domains or factorial domains, or unique factorization domains 

(u f d ). Their definition may be restricted as follows: there 
exists a subset P of R such that every nonzero element 
x of R  can be uniquely written as: x =  upxn(l) • • • pqn(q) 
with /?,, • • • , pq distinct elements of P, u invertible and 
positive integral exponents n( 1), • • • , n(q).
The elements of P are irreducible; more precisely, P 

contains one, and only one, representative of each class of 
irreducible associates. In Z, the set of positive prime num­
bers may be taken for P. The divisibility theory of a fac­
torial domain R  closely resembles that of Z; in particular, 
least common multiples and greatest common denomina- 
tors exist and can be computed from the decomposition 
into irreducible factors by the usual rules. The finiteness 
condition (B) holds. An important theorem, essentially 
due to Gauss, says that, if a domain R is factorial, so is 
the polynomial ring R[X]; but the power series ring R[[X]] 
need not be factorial.
An important subclass of factorial domains is formed by 

the principal domains, or principal ideal domains, pid ; 
i.e., the domains R  in which every ideal is principal. In 
fact, because the ideals Rx  n  Ry are principal, lcm ’s exist, 
and the finiteness condition (B) is easy to prove (consider 
the union of all Ra- s, which is an ideal). These p id ’s are 
very nice rings: many important facts about their ideals 
and their modules are known. The ring Z, a polynomial 
ring K[X] over any field K  are pid ’s, but Z[X] is factorial 
without being a p id .

These facts about Z and K[X] are usually proved by 
Euclidean division. More generally, a division algorithm 
on a domain R is a mapping q> of R into the nonnegative 
integers such that, given any a, b in R, b¥^ 0, there exist 
q and r in R with a — bq +  r and cp(r) < (p{b).

Euclidean If a domain admits a division algorithm, it is called 
domains Euclidean. The domains Z and K[X\ are Euclidean, the 

algorithms being easily expressed (see 336). Any Euclidean 
domain R  is a p id : if I  is any nonzero ideal in R, take a

nonzero element a in I  such that (p{a) is minimum; then 
I  = Ra is easily proved.

If ö feZ  is any squarefree integer (not divisible by the 
square of any prime) then for d =  2 or 3 modulo 4, Rd 
is defined as the set of complex numbers a + byfd (a, 
b e  Z ). For <7 =  1 modulo 4, Rd is defined as the set of

numbers a +  b  ̂ ^ " (a, b e  Z). In both cases Rd is a
domain. An interesting problem is to find out whether Rd 
is principal or Euclidean. It can be proved that Rd is facto­
rial if, and only if, it is principal. For d =  1 modulo 4 the 
seemingly more natural set R 'd of all a +  byfd (a, b e  Z), 
a subring of Rd, is never principal, and less interesting 
for the purpose (the proof uses the fact that the number

x =  —  is a root of an equation with integer coeffi­
cients (see 337).

The above problem is solved for d <  0. The domain Rd 
is Euclidean only for d = — 1, —2, —3, —7, and —11; the 
proof is technical but not too hard. It is principal without 
being Euclidean for d = —19, —43, ^67, —163, and non- 
principal for all other negative values of d; here the proof 
is very hard and has been completed only after 1960.

Much less is known for d>  0. By explicit computations, 
the values of d for which Rd is principal have been deter­
mined at least for 2 < d  < 499. No general theorem, how­
ever, indicates whether Rd is principal for finitely many 
or infinitely many values of d. The ring Rd is Euclidean 
for the corresponding algorithm (see 338) for only 16 
explicitly known values of d. For other values, however, 
it might perhaps be Euclidean for another algorithm; the 
problem is open.

At any rate, many nonprincipal domains Rd are known; 
for example, d = — 5, d = — 6, d=  10, d — 26. A similar 
Situation arises in the rings of so-called cyclotomic inte­
gers connected with Fermat’s equation x" +  y" = z". This 
loss of unique factorization led Kummer and Dedekind 
to introducé the notion of an ideal and to prove that, in 
a class of domains now called the Dedekind domains that 
includes the rings Rd and the p id ’s, every ideal admits 
a unique decomposition as a product of prime ideals. A 
well-developed arithmetical theory of Dedekind domains 
is available.

Noetherian rings. Algebraic geometry motivated the in­
troduction of a larger class of commutative rings, called 
Noetherian. They are the rings R that satisfy the equiva­
lent conditions:

(N) Every strictly increasing sequence of ideals of R  is 
finite.

(N') Every nonempty family of ideals of R  admits a 
maximal element (for the inclusion relation).
(N") Every ideal I  of R is finitely generated; that is, 

there exists a finite number of elements x,, ■ • ■ , xn 
of I  such that every element y  of I  can be written as 
y = r,x , +  • • • +  rnxn with rx, • • • , r„ e R. It is tech- 
nically useful to introducé also the Noetherian modules: 
replace ideal by submodule in (N), (N'), (N"). The class 
of Noetherian rings is rather large. It includes the Dede­
kind domains, whence the pid ’s. Furthermore, it is stable 
by many ring theoretic operations. For example, the cel­
ebrated finite basis theorem of Hilbert States that, if R 
is Noetherian, so is the polynomial ring /?[T]/ the same 
holds for power series. By induction it can be shown that 
a polynomial ring in any finite number of variables over a 
field is Noetherian, whence the importance of Noetherian 
rings in algebraic geometry. The theory of Noetherian 
rings is quite extensive.

Division rings. A nonzero ring in which every nonzero 
element admits an inverse, it may be recalled, is called a 
division ring; if it is commutative, it is called a field. Di­
vision rings are the simplest noncommutative rings, fields 
the simplest commutative ones: for example, they have no 
other ideals than the whole ring and the zero ideal; whence 
their divisibility theory is trivial (see above Fields). Here a 
few words will be said about division rings.

The simplest example of a noncommutative division ring 
is the ring H  of quaternions. It contains a subfield, formed 
by the quaternions a • 1 +  0 • / +  0 • j  +  0 • k, that is



296 Algebra

Wedder-
burn’s
theorem

Theory of
categories
and
functors

identified with the field 9t of real numbers. For every 
a e 9t and every j e  H, ax = xa.

This introducés the following notion: given a ring S, the 
set of all elements a of S  such that ax =  xa for every x  £ S  
is called the centre of S. It contains 0, also 1 if S  is unitary, 
and is a subring of S, necessarily commutative. If S  is a 
division ring, then a ^ Z ,  a¥=0 imply arx e  Z , so that the 
centre Z  is a subfield of S. For the ring H  of quaternions, 
the centre is exactly the field of real numbers.

Thus a division ring S  is a vector space over its centre 
Z. The dimension of this vector space may be finite or 
infinite, the first case being better known than the other. 
In this case the dimension is the square n2 of an integer 
n; e.g., 4 = 22 for the quaternions. Given a field Z, the set 
of all division rings D (up to isomorphism) admitting Z 
as centre and finite-dimensional over Z  can be organized 
by a rather technical process into a commutative group 
Br(Z ), called the Brauer group of Z. This group is a pow­
erful instrument for studying the field Z. It is trivial for 
the field of complex numbers and is a two-elements group 
for the field of real numbers.

A beautiful theorem of the Scottish mathematician 
Joseph Henry Maclagan Wedderburn says that every finite 
division ring is commutative; in other words, the Brauer 
group of a finite field is trivial. Because every element x  
of a finite division ring D with q elements satisfies x =  X1, 
Wedderburn’s theorem is a particular case of the following 
generalization: if, for every element x of a ring R, there 
exists an exponent n(x) > 2 such that x n{x) = x, then R  is 
commutative. (P.S.)

Categories

Since the mid-1940s mathematicians have found it valu­
able to formalize the notions of areas of mathematical 
discourse and interrelations between such areas; the for- 
malization used is the language of categories and functors. 
A rapidly developing mathematical theory accompanied 
this formalization so that the theory of categories and
f im o fA rc  Vi o o o rv a n + o n A m A iic  rvf tvi o tio rx u ü v tu i  o» i i u j  L /v w iiiv  u ii u u tu i iu iu v /u o  p u i  t v/i

This section deals with the role of this formalization in 
providing an appropriate language for the expression of 
mathematical ideas.
The study of mathematics involves certain domains of 

mathematical discourse, their structural properties, and 
their interrelations. For example, there is the idea of a 
set (see set t h e o r y ) and of functions that are transfor­
mations of sets. There is arithmetic, the study of the do­
main of natural numbers, rational numbers, and integers. 
Geometry involves subsets of Euclidean space of three 
dimensions together with the appropriate transformations 
of such subsets—for example, translations, rotations, and 
reflections. Algebra is concerned with rational numbers, 
real numbers, and complex numbers; and abstract algebra 
involves further mathematical domains such as groups, 
rings, fields, and lattices. The calculus is again concerned 
in the first instance with subsets of the real numbers, or of 
Euclidean space of higher dimension, and with particular 
transformations of such subsets; e.g., differential operators.

Algebraic topology relates domains of interest in geome­
try to domains of interest in algebra. Algebraic geometry, 
on the other hand, goes in the opposite direction, associat- 
ing, for example, with each commutative ring its spectrum 
of prime ideals.

Set theory is concerned with a dass of objects A, B, 
C, . • • • , called sets, and a dass of transformations ƒ  
g, h, • • • , called functions. With each function ƒ  is 
associated a domain, which is a set A, and a range or 
codomain, which is a set B. The notation f: A^> B, or 
A - ^  B, indicates that ƒ  is a function from the domain A to 
the codomain B. There is a strict distinction between the 
codomain of the function ƒ  and the image of the function 
f, which is simply the set of values taken by the function f  
Thus, in particular, two functions can only be identical if 
not only their domains but also their codomains coincide. 
They are then, of course, identical if, and only if, they 
each take the same value at each element of the domain.

Further, functions may be composed under certain 
conditions. To be precise, the functions f: A —> B  and

g: B' —» C  may be composed to yield a function, written 
g f  or g  o ƒ  (see 339), if, and only if, B = B'. Further, the 
law of composition is associative (see 340), provided, of 
course, that the relevant compositions are defined. With 
each set A may be associated its identity function lA: 
A-+ A. This function \A has basic properties (see 341) 
provided the compositions are defined. Thus, \A behaves 
very much like the integer l in the ring of integers, a 
fact that leads to the habit of dropping the subscript Ä 
and simply writing l: A -^ A .  It is an easy exercise to see 
that the identity function is entirely characterized by the 
properties of \A (see 341). That is to say, if the function 
u: A -^ A  also satisfies the conditions f u = f ,  ug = g  for all 
appropriate f, g, then indeed u =  l A.

Of course set theory has more structure than this, but if 
the ideas described above are abstracted from set theory, 
a model for the notion of a category is obtained.

THE NOTION OF A CATEGORY
A formal definition can be given in the following way: A 
category 3  consists of three sets of data:

CI. There is a class of objects A, B, C, • • • .
C2. To each ordered pair of objects A , B in 3\ there is

a  a u  / t-tiiicvi u i t  s e t  u i i i iu ij /u ia n ii ,
or maps or transformations, from A to B in 3\

C3. To each ordered triple of objects A, B, C in 5, there 
is associated a law of composition, or composition 
function (see 343), the image of ( f  g), ƒ  e é(A, B), 
ge $(B, C), under this law of composition being 
written g f  or g o f  so that g f  is a morphism from 
A to C.

These data satisfy the following three axioms, of which 
the first is in the nature of a convention, while the re­
maining two are more substantial:

C4. 5 04,,#,) and 3 (A2,B2) are disjoint unless A I= A 2, 
B\ = B2.

C5. (Associative Law) h(gf) = (hg)f provided the
compositions are defined.

C6. (Existence of identities). To each object A of 5  there 
is associated a morphism lAe 3 (A, A) such that two 
equations hold (see 344) provided the compositions 
are defined.

As a first example, the category §  is considered, called 
the category of sets and functions, or simply the category 
of sets. Precisely, the objects of d  are sets A, B, C, • • • . 
A morphism in d  from the set A  to the set B is merely 
a function with domain A  and codomain (range) B  Thus 
either of two notations (see 345) can be adopted in an 
arbitrary category as a convenient representation of the 
statement ƒ  e 5  (A, B). The law of composition in d  is 
simply the familiär composition of functions. The axioms 
are then certainly satisfied. Moreover, this example serves

(345) f : A —>B or A ^ B

(346) A ^ B ^ C

(347) F (fg) = (Ff)(Fg)

(348) F a A)=  1FA

Category 
of sets and 
functions
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to explain the notation g f  for the composition of ƒ  A —> B 
with g: B ^ C .  It is usual to write functions on the left of 
their arguments, so that the image of a e A under the com­
posite of ƒ  and g appears as g i f  (ä)). A less conservative 
attitude, defying this tradition and leading to a happier 
notation, would be to write fg  for the composite ofƒ  and g, 
especially in view of the natural notational convention (see 
346). In this discussion, however, tradition is not defied.
Just as in the special case of the category ©, the equa­

tions relating to the identities (344) entirely determine the 
morphism \A in %(A, Ä)\ 1 is often written for \A.

Some further examples of categories follow: finite sets and 
functions; groups and homomorphisms; Abelian groups 
and homomorphisms; rings and homomorphisms; subsets 
of Euclidean space of 3 dimensions and Euclidean move­
ments; subsets of Euclidean space of n dimensions and 
continuous functions; topological spaces and continuous 
functions.

The law of composition is not specified explicitly in 
describing these categories. This is the custom when the 
objects have underlying set-structure, the morphisms are 
functions of the underlying sets (transporting the additional 
structure), and the law of composition is merely ordinary 
function-composition. Indeed, sometimes even the speci- 
fication of the morphisms is suppressed if no confusion 
would arise—rthus one speaks of the category of groups.

The examples given suggest a conceptual framework. For 
example, the concept of group may be regarded as con- 
stituting a first-order abstraction or generalization from 
various concrete, familiär realizations such as the additive 
group of integers, the multiplicative group of nonzero ra- 
tionals, groups of permutations, symmetry groups, groups 
of Euclidean motions, and so on. Then, again, the notion 
of a category constitutes a second-order abstraction, the 
concrete realizations of which consist of such first-order 
abstractions as the category of groups, the category of 
rings, the category of topological spaces, and so on.

It should not be supposed that, in every category, the 
objects are sets (probably with additional structure) and 
that the morphisms are certain preferred functions. One 
example serves to dispel this misconception. X  is a set with 
a pre-ordering relation >. Thus the relation a > b holds 
for certain elements a, b of X  and the following axioms are 
satisfied: a > a; if a > b, b > c, then a > c. For example, 
the integers may be ordered by size or they may be pre- 
ordered by the divisibility condition: a | b if a is a factor 
of b. Then if (X, >) is a set with a pre-order, a category 
d x is formed, the objects of which are the elements of X  
and such that d x(a, b) is the single element a —»b if a s> b 
and is empty otherwise. There is evidently a unique law 
of composition and the category axioms obviously hold.

A morphism f: A —> B in the category 5  is said to be in­
vertible, or a unit, or an equivalence, if there is a morphism 
g: B —*A  in with gf=  \A, f g — \B. It is easy to prove that 
g is then invertible and is determined by ƒ  (g is the inverse 
of f  written g = f~ l), and that if A is isomorphic to B, there 
existing an invertible f: A —> B, then the relation of isomor­
phism is an equivalence relation on the objects of Thus 
every category carries automatically with it a notion of the 
isomorphism of objects, proper to that category. The con­
cept gives a great gain in universality compared with tradi­
tional procedures, which involve the definition, as distinct 
concepts, of one-one correspondence between sets, isomor­
phism between groups, isomorphism between rings, home- 
omorphism between topological spaces, bi-continuous 
isomorphism between topological groups, order type of 
ordered sets, and so on. It is particularly offensive, from 
the categorical point of view, to define an isomorphism of 
groups q>: G-^> H  to be a homomorphism that is one-one 
and onto H; for an isomorphism of groups should be just 
an invertible morphism of the category of groups. It is a 
theorem that, in this category, a morphism that is one-one 
and onto its codomain is an isomorphism. This theorem is 
false in the category of topological spaces, so that the defini­
tion masks the universality of the concept of isomorphism.

FUNCTORS
The notion of category being established as that which 
gives precision to the concept of domain of mathematical

discourse, the formalization of the precise notion cor­
responding to the intuitive idea of the interrelation or 
connection between different domains is now considered. 
Within any particular category not only the objects must 
be specified but also the morphisms. Furthermore, these 
morphisms are, in the principal examples, required in 
some sense to transport the structure characteristic of the 
objects of the category; e.g., group structure, topological 
structure. In the same way a functor F  from the category 
5  to the category © is defined as a rule that associates 
with every object A of 5  an object FA of ©, and with 
every morphism f: A —► B in 5  a morphism Ff: FA —> FB 
in ©, subject to the conditions of transport of structure 
(see 347, 348).

In expressing the relation (347), there is a tacit assump- 
tion that the composition fg  is defined. This is Standard 
practice, to avoid unnecessarily complicated statements.

A functor F  always sends isomorphisms to isomorphisms, 
a very crucial property. Otherwise expressed, if F f is not 
an isomorphism, then ƒ  cannot be an isomorphism. This 
yields a basic methodological procedure; to demonstrate 
that A and B, two objects of 3, really are different— i.e., 
non-isomorphic—it may be possible to find a functor F  
from 5  to a category © in which it is far easier to make 
the comparison. This procedure may be regarded as a 
massive generalization of the classical arithmetical test of 
casting out nines.

Some examples of functors are now given:
(a) For any group G it is possible to render G commu­

tative by adjoining the relations xy  =  yx  for all x, y  in G. 
The resulting group may be written Gab. If (p\ G -+ H  is a 
homomorphism, it is easy to see that (p induces a uniquely 
determined homomorphism (pah\ Gab —*■ Hah. Thus there is 
a functor from the category of groups to the category of 
Abelian groups. This should be the first functor tried in 
an attempt to prove two groups nonisomorphic.
(b) For any pointed topological space (X, x)—that is, a 

topological space X, together with a distinguished point x 
in X —it is possible to construct the Poincaré fundamental 
group n(X, x). Then n is a functor from the category of 
pointed topological Spaces and pointed continuous func­
tions to the category of groups. Because, for example, the 
sphere and the torus (a surface in the shape of a doughnut) 
have non-isomorphic fundamental groups, it follows that 
they are not homeomorphic.

(c) If X, Y  are two pre-ordered sets regarded as categories, 
as above, then ä functor from AT to Y  is merely an order- 
preserving function.

(d) There are many important functors, called forget- 
ful or underlying functors, that simply forget part of the 
structure present in the objects and transported by the 
morphisms. Thus, the objects in the examples in The 
notion o f a category all have underlying set structures 
and the morphisms are all functions; moreover, the law 
of composition is simply that of functions. Thus, in all 
these cases, there is an underlying functor to 6 . It is also 
possible to take a ring, forget the multiplication in it, and 
thereby obtain an Abelian group; this yields an underly­
ing functor. Underlying functors may seem trivial things; 
actually, they are fundamental to categorical language.

NATURAL TRANSFORMATIONS
One further basic notion in the theory of categories, or, 
as it may be said, a basic item of categorical language, 
will now be introduced. This is the notion of a natural 
transformation of functors from one category to another. 
Indeed, the whole language and apparatus of categories 
and functors were developed initially by the U.S. math­
ematicians Samuel Eilenberg and Saunders MacLane in 
order to render precise the intuitive concept of naturality. 
First an example will be given, the example that may be 
said to have motivated the definition.

Let V be a vector space over some field K, and let V* be 
the dual space of V; that is, the space of linear functionals 
on V. There is then a linear transformation T: V V** 
that is given (see 349). There is an intuitive feeling that 
the linear transformation T  is natural because its descrip­
tion only involves the terms o and (p. Now if V is finite- 
dimensional, then it is known that T  is an isomorphism in

Examples 
of functors

Forgetful
functors
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(349) T(t>)(4>) =<£(€), v E V, </> E F*
(350) e f ( e ,) = l .  e*(ej)=  0, i * j

FA - ÏU . GA

(351) pf  J , G f
FB  —^ GB

(352) (T-')a=T-a '

i/'**(w**)(d*) == «**(ƒ *(ü*))
(353) | u** e (/**, U* e F*

1/*(«*)(«)= «*(/(«)), u e u

(354) ö„: rrn(X, x) -> H J X , x)

the category of vector spaces over K  and linear transforma­
tions. One way of proving that T  is then an isomorphism 
is to show that F and V** are isomorphic and then to 
observe that T  is one-one. The usual proof that V and 
V** are isomorphic would be to proceed by establishing 
an isomorphism between F and F*, in the case when F is 
finite-dimensional. Now if a base (e{, e2, • * • , ek)  for F 
is given, then a basis for F* may be set up, called the dual 
basis, by defining e*  to be that linear functional on F 
given by certain rules (see 350). Then the correspondence 
et «-* et* sets up an isomorphism between F and F*.

On the other hand, this isomorphism does not look 
natural, because it depends on the choice of bases. Of 
course, the argument above could be generalized to set 
up a linear transformation from F to F* even if F  is not 
finite-dimensional over K, but, again, this transformation 
would not appear to be natural. What is required is a 
formal and precise expression of the feeling that, for finite- 
dimensional vector spaces F over the field K, V and F** 
are naturally isomorphic, while F and F* are isomorphic 
in some unnatural way. Eilenberg and MacLane solved 
this problem in their seminal article, “General Theory of 
Natural Equivalences,” published in 1945, which may be 
said to have laid the foundation of the theory of categories. 
The precise definition is:

If F, G: 5  —> © are two functors from the category 5  to 
the category ©, then a natural transformation T, from F  
to G, is a rule assigning to each object A of 3  a morphism 
Ta in the set ®(FA, GA), subject to the condition that 
a diagram (see 351) should be commutative for every ƒ  
A -* B in 3; that is, Gf[o]TA = TB [o] F f Further, if each 
Ta is invertible, T  is said to be a natural equivalence. It 
is clear that if T  is a natural equivalence from F  to G, 
then T~\ given by an equation (see 352), is a natural 
equivalence from G to F. Thus the term equivalence used 
here is fully justified. Indeed, the functors from 3  to © 
may be collected into equivalence classes according to the 
existence of a natural equivalence between them.

This definition can be tested against the example. There 
are two functors from 35 to 33, in which 35 is the category of 
vector spaces over the field K  and linear transformations. 
One functor is the identity functor. The other functor is 
the double dual functor **: 35—*33 that associates with 
every vector space V its double dual F** and with every 
linear transformation f :  U —> V in 35 the linear transfor­
mation f**: U** —► F** (see 353). A linear transformation 
T:V-+ F** was described above. If it is now written as Tv, 
it is easy to check that T  is a natural transformation from 
the identity functor to the functor **. If the subcategory 
33A of 33 that consists of finite-dimensional vector spaces 
over AT and'their linear transformations is considered, then 
it turns out that the functor ** transforms 33/ into itself; 
and the natural transformation T, restricted to 35/-, is then 
a natural equivalence. Further examples of natural trans­
formations of functors can be given:
(a) The category 31 of Abelian groups and homomor­

phisms is considered. With every Abelian group may be 
associated its torsion subgroup. The torsion subgroup A, of 
the Abelian group A  consists of those elements of A that 
are of finite order. A homomorphism from A to B must 
necessarily send At to Bt. Thus a functor F  is obtained 
from 31 to 31 (or to 3l„ the category of torsion Abelian 
groups and their homomorphisms), by associating with ev­
ery Abelian group A  the Abelian group FA =  At. Now At is 
a subgroup of A. Thus there is always an embedding iA of 
A, in A. It is easy to see that i is a natural transformation 
from the torsion functor F  to the identity functor. Fur­
ther, the quotiënt group A fr = A / A ,  may be considered. 
It is a torsion-free Abelian group. This gives a functor G 
from 31 to 31 (or from 31 to 3l/r, the category of torsion- 
free Abelian groups) by associating with the Abelian group 
A  the Abelian group GA =  A fr Then the projection of A 
onto Afr yields a natural transformation from the identity 
functor to the torsion-free functor G.
(b) With every group may be associated its commutator 

subgroup. It is then not difficult to see that the embedding 
of the commutator subgroup in the group is a natural 
transformation from the commutator subgroup functor to 
the identity functor. On the other hand, the centre of every 
group may be associated with the group. Here, however, 
there is not a functor because a homomorphism from one 
group to another does not necessarily map the centre of the 
first group to the centre of the second. On the other hand, 
if the category of groups and surjective homomorphisms 
(a surjective homomorphism is one in which the image 
coincides with the codomain) is considered, then in this 
category the centre is a functor. It is a functor, however, 
from the category of groups and surjective homomor­
phisms to the category of groups and all homomorphisms, 
because a surjective homomorphism does not necessarily 
map the centre surjectively. Then the embedding of the 
centre of a group in the group may be regarded as a natu­
ral transformation from the centre functor to the inclusion 
functor, both of which are functors from the category of 
groups and surjective homomorphisms to the category of 
groups and homomorphisms.
(c) In algebraic topology, the singulär homology groups 

and the homotopy groups of a pointed topological space 
(X, x) are considered. A Hurewicz homomorphism (see 
354) exists, from the homotopy groups to the homology 
groups. Then nn and Hn, n>  2, are functors from the 
category of pointed spaces and pointed continuous func­
tions to the category of Abelian groups, and the Hurewicz 
homomorphism is a natural transformation of functors.

UNIVERSAL CONSTRUCTIONS
An important procedure that is made possible by the use 
of categorical language is the relation of apparentiy distinct 
concepts in various categories. Here an example is given, 
but it should be pointed out that the technique described 
is of extremely broad application.

In the category of sets, the notion of Cartesian product 
is vital. Its description, however, involves mention of the 
elements of the sets: the Cartesian product of the sets X  
and Y  consists of the ordered pairs (x, y), x ^ X ,  }/e Y. In 
a definition of the product of two objects in an arbitrary 
category, this definition cannot be imitated because, in the 
definition of a category, it is not required that the objects 
should be sets with elements. Therefore, a property of the 
Cartesian product X X  Y  must be found that characterizes 
the Cartesian product and that can be expressed in the 
language of categories. Such a property must be entirely 
expressible in terms of the data of a category: in terms of 
objects, morphisms, and composition of morphisms.
For any given set A and functions f: A —>X, g: A -^ Y ,  

there is a unique function h: A X X  Y  such that equa­
tions involving two projections hold (see 355), in which /?,: 
XX Y —*X, py X X  Y —> Y  are the projections. This is the 
clue to the generalization. For two objects X  and Y  of the 
category 5, the triple (Z; p x, p2) is taken to be a product of 
X  and Y  if py Z  —» X  and p2: Z ^ Y  are morphisms of 3, 
and if the universal property holds that, given any object 
A of 5  and morphisms f: A —*X, g: A ^ Y ,  there exists 
a unique morphism h: A-+  Z  such that certain relations 
hold (see 355).
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(355) IIcC P2h = g

(356) p[0) = p v V II

(357) (X, X X J  x l j s l , x  (X2 x X J

(358) gcd(gcd(a ,b ) ,c )  =  gcd(a, gcd(b, c))

(359) S ° V , B )  = m . A )

It is easy to prove that the triple (Z; /?,, p2) is, essen­
tially, uniquely determined by the universal property. This 
means that if (Z '/ /?2') is also a product, then there
exists a unique isomorphism cu: Z —* Z' in 5  such that 
two equalities hold (see 356). Therefore, it is permissible 
to speak of the product of X  and Y  in 3. Of course, X  and 
Y  do not necessarily have a product in 5. If they do have 
a product in 5 , in the sense defined above, however, then 
that product is unique. Now the product may be sought 
in various other categories. For example, in the category 
of Abelian groups the product, as defined, characterizes 
the direct sum; in the category of topological spaces it 
characterizes t-he topological product. In any category cor­
responding to a pre-ordered set, the product characterizes 
the greatest lower bound. Thus, in particular, in the cat­
egory corresponding to the natural numbers ordered by 
divisibility, the product is precisely the g c d . It is possible 
to prove that the product in any category in which it exists 
is associative in the following sense. Given three objects 
X h X2i and X 3, then there is an equivalence (see 357). This 
is, of course, a completely familiär—and trivial—fact for 
sets: in considering the Cartesian product of three sets, the 
way in which the sets are to be associated is not relevant. 
If a proof has been given that is valid in any category, 
however, it is immediately possible to deduce, for exam­
ple, that the greatest common divisor satisfies associativity. 
That is, if a, b, c are any three natural numbers, then a 
relation involving the g c d  holds (see 358). Here there are 
two points to be made. First, there was no apparent Con­
nection between this Statement (358) and the statement 
that the Cartesian product of sets is associative. Second, 
by pro ving the Statement in sufficiënt generality—i.e., at 
the categorical level—it is possible to obtain many more 
instances of the theorem than could have been obtained 
by simply being confined to the original category in which 
the definition of product was carried out; that is, the cate­
gory of sets.

THE DUALITY PRINCIPLE
For any category 5  a new category 5° can be formed by 
interchanging the domains and codomains of the mor­
phisms of More precisely, in the category 5° the objects 
are simply those of 5  and the effect of interchange of 
domains is expressed in an equation (see 359). Moreover, 
the composition in 5° is simply that of 5, suitably inter­
preted. 3° is called the category opposite to 5; notice that 
(3°)° =  3. This apparentiy trivial Operation leads to highly 
significant results when specific categories are used. In the 
general setting it enables any concept in the language of 
categories to be dualized. For example, the coproduct in 
3  is simply the product in 3°. Any theorem that holds in 
an arbitrary category has a dual form. For example, the 
theorem asserting that the product in an arbitrary cate­
gory is associative may be effectively restated as asserting 
that the coproduct in an arbitrary category is associative. 
In the special cases, however, the second statement looks 
very different from the first. For example, in the category 
of sets, the coproduct becomes the disjoint union; in the 
category of groups it is the free product; and in a pre- 
ordered set regarded as a category, the coproduct is the 
least upper bound. In particular, for the set of natural 
numbers, ordered by divisibility, the coproduct is the lcm . 
Thus, the same universal argument that led to the deduc- 
tion that the g c d  is associative also indicates that the lcm 
is associative. The duality principle has very wide ramifi-

cations indeed. Here it is merely noted that the important 
concept of a contravariant functor from 3  to © may be 
most simply defined as a functor from 3° to ©. Thus the 
association of the dual vector space V* with V yields a 
contravariant functor from 93 to 93.

CONCLUSIONS
Because the concept of a category is so general, it is to 
be expected that theorems provable for all categories will 
not usually be very deep. Consequently, many theorems 
of category theory are stated and proved for particular 
classes of categories. For example, homological algebra is 
concerned with Abelian categories, which exhibit features 
suggested by the category of Abelian groups. In mathemat­
ics one seeks generality and depth, but there is a certain 
conflict between these two aims because the more general 
the setting, the less likely that the results will be profound. 
The art of mathematics might be said to be that of finding 
the best possible compromise between these two aims. 
Further, a not unimportant purpose of the language of 
categories and categorical reasoning is to identify within a 
given argument that part which is trivial and separate it 
from the part which is deep and proper to the particular 
context. For example, in the study of the theory of the 
g c d , the fact that it is essentially unique simply follows 
from the uniqueness of the product in any category and 
is thus really trivial. Similarly, as has been demonstrated, 
the fact that it is associative is trivial. On the other hand, 
the fact that the g c d  of the integers a and b can be 
expressed as a linear combination of a and b with inte­
ger coefficients—gcd(a, b) =  ma +  nb, m, n integers—is a 
much deeper fact that is special to the particular Situation, 
or, at least, to a highly restricted class of situations.

Homological algebra

The origins of homological algebra are to be found in alge­
braic topology. The mathematician W. Hurewicz pointed 
out in 1936 that if X  is a connected polyhedron that is as- 
pherical in all dimensions—that is, any map of sphere Sn 
into X, n>  2, is contractible—then the homology groups, 
HtlX, of the space X  are entirely determined by k =  nxX, 
the fundamental group of X. Indeed, the homotopy type 
of X  is determined by n. More generally, consider the 
Hurewicz homomorphism (354) from the kth homotopy 
group of X  to the kth homology group. If a condition 
holds (see 360), n entirely determines the quotiënt of H„X 
by the subgroup 0nnnX, called the subgroup of spherical 
cycles. The mathematician H. Hopf investigated the na­
ture of this dependence (see 361) and sought a purely 
algebraic description. In 1941, he was led in his work on 
the influence of the curvature of a closed Riemannian 
manifold on its topology to observe that the phenomenon 
under consideration could be expressed as a connection 
between nxX  and H2X, valid for any connected polyhe­
dron X; in fact, he produced a description of H2X  / 02n2X. 
For simplicity it is supposed here that X  is aspherical in 
all dimensions; following Eilenberg-MacLane, one writes 
X = K (n , 1), in which 7i= nxX. This notation is justified 
because the homotopy type of X  is determined by n. K(n, 
1) is called the Eilenberg-MacLane space of type (n, 1). 
Note that a set of conditions holds (see 362). Then Hopf 
produced a formula for H 2{K(n, 1)) in terms of a free 
presentation of the group n. It is presented as the quotiënt 
of a free group F  by a normal subgroup R; thus n = F / R. 
Writing H2n for H2(K(n, 1)), the Hopf formula takes a 
specific form (see 363). Here [F, F  ] is the commutator 
subgroup of F; and [F, R] is the (normal) subgroup of F  
generated by all commutators f ~ xr ~lfr, ƒ  e F, r e  R.
This relation (363) is of considerable intrinsic algebraic 

interest, apart from the topological significance that it 
attachés to the group (R n  [F, F\)/[F, R]\ for it shows 
that this group actually depends only on n, although it is 
expressed in terms of an arbitrary free presentation of n. 
This feature is characteristic of the procedures of homo­
logical algebra.

In 1944 Hopf gave his definitive solution of the prob­
lem raised by Hurewicz’ result. Because World War II 
had virtually destroyed communication between European

Develop­
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(360) TTkX  — 0, l ^ k ^ n — 1

(361)
ƒƒ X

The dependence of n on 77 =  7 7 ,X

(362) TTa[K{tt, 1)] =  TT, 7Tn 1)] =  0, n ^  2

(363) H 27T = ( R n [ F ,F ] ) l [ F ,R ]

(364) H 0L = Z , H nL =  0, n ^ \

(365) d(x0, x v • • • , x n)=  2  C - lK v * , ,  • • • , x f ,
1 = 0

(366) . . . ^ C » ^ C n_ , ( , r ) - > . - . . ^ C 0(7r)^ z

(367) s(x0,x ,, ■ ■ ■ ,x n_ l) = ( e ,x 0,x 1, ■ ■ • ,* „ _ ,)

(368) H JC = H n(C(v)„)

(369) HJLK; A) = H n(C(7T)®„A)

(370) H 'l(K ; B) =  //"(H om JCX ir), B))

(371) F«> +  <«=F4> +  F ^

(372)
t p - . . . p  JL, p

1 H 0(P )= M , H a(P)=  0, o l

(373) FP'- • • • —*■ F P n —» F P n FP0

and American mathematicians, further developments of 
Hopfs theory, by B. Eckmann and H. Freudenthal in
rr— —  A  i— , tr;i~ „ u ------ ------a  \  * ___i ____  +i__tt o  —___L u s  a u u  u y  L u w u u u  g  a u o u  iv i< u ,s  xssjl . u i  t u t  t_> \ji  t j -

ceeded quite independently.

HOMOLOGY GROUPS OF GROUPS
Hopfs description of the homology groups of K=K(n, 
1) was based on a geometrical idea. If L  is the universal 
cover of K, then n acts freely as a permutation group on 

Eilenberg- the Simplexes of L  lying above a given simplex of K. It fol- 
MacLane lows that, for each n, the chain group Cn(L), with integer 
jpace coefficients, is a free 7c-module. Moreover, the boundary

homomorphisms are maps of 7r-modules. Further, because 
L  is contractible, the homology groups of L  are given by 
a set of equations (see 364) in which Z is the group of 
integers. Thus it may be said that the chain complex C(L) 
is 7T-free and acyclic. If C(L)n arises by killing the 7r-action, 
then C(L)n = C(K), so that the homology of K, with any 
coefficients, may be computed from the chain complex 
C(L)n. Hopf observed that if P is any 7r-free acyclic chain 
complex, then Pn is chain equivalent to C{L)n and so could 
be used to calculate the homology of K. He described such 
a chain complex P purely in terms of the group n itself.
A particular chain complex C(n) will now be described. 

Let Cn(n) be the free Abelian group on {n 4- l)-tuples 
(x0, x,, • • • , xn) of elements of n. The Abelian group 
C„(7r) can be turned into a 7r-module by defining (x0, 
x,, • • •, x„)x =  (X(>x, XjX, • • • , x„x), and Cn(n) is then 
plainly a free ir-module. A differential d:C„(n) —> C„_,(7r) 
can be defined by the usual simplicial boundary formula 
(see 365), in which x* indicates that x, is to be omitted. 
Obviously d is a module map and dd =  0. An augmen- 
tation e: C0(n) —* Z  is defined by e(x)= 1 and thus is 
obtained a chain complex of 7r-modules (see 366).

It can be shown that this chain complex (366) is acyclic 
by defining a contracting homotopy s: Cn- X(n) —» Cn(n), 
which is a homomorphism of Abelian groups, by a certain 
rule (see 367).

Thus C(n) may be used to replace C(L), so that the 
homology groups of AT are given (see 368) by an equa­
tion in which the group on the right is defined entirely 
in terms of n.

A little more generally, a local system of coefficients on 
K  may be considered; that is, a 7r-module A of coeffi­
cients. Then C(L) A, the tensor product over n of the 
(right) 7T-complex C(L) and the (left) 7r-module A, is a 
chain complex yielding H*(K; A), the homology of K  with 
local coefficients A; and C(L) A is chain equivalent 
to C(n) A, whence a relation follows (see 369). It is 
natural to write H„(n; A) for the group on the right of this 
relation (369), and Hn (n; Ä) is the nih homology group of 
7i with coefficients in the 7r-module A.

Similarly, as observed by Eckmann and Eilenberg- 
MacLane, the cochain complex Hom^(C(7r), B) may be 
formed and thus, in cohomology, a similar relation holds 
(see 370) in which it is natural to write Hn{n\ B) for the 
group on the right of (370), so that definitions have been 
stated for the homology and cohomology groups of the 
group n (with coefficients in an arbitrary 7r-module).

It will now be shown how the definitions that have been 
stated above constitute special cases of the notion of a 
derived functor, which is basic to homological algebra.

DERIVED FUNCTORS
Let A be a fixed unitary ring and consider the category of 
right A-modules, for definiteness. Let F  be a functor from 
this category to the category of Abelian groups that is 
additive in the sense that, if q>, y/ are A-module homomor­
phisms from the module M x to the module M 2, then an 
equality involving F  holds (see 371). For a given module 
M, let there be given a chain complex of A-modules such 
that each is A-free (see 372).

Applying F  leads to a chain complex of Abelian groups 
(see 373), and it may be shown that the homology groups 
of FP depend only on M  and are independent of the 
choice of P [subject to the conditions described above and 
in (372)]. P is called a A-free resolution of M  and a new 
functor L nF  can be defined because of this independence 
(see 374). It turns out that LnF  is again an additive func­
tor, called the n\h left derived functor of F. For the re- 
expression of Hn{FP) to be valid, it suffices that each Pn be 
A-projecüve. This means that if ?/: R —> S  is a suijeciion 
of A-modules and (p\ Pn —> 5  is a A-homomorphism, there 
is a A-homomorphism y/: Pn~^R  that lifts <p; i.e., such

(374) H  n( F P )  =  ( L nF ) ( M )

(375) F M  =  M ® „ A

(376) H  J j r ; A ) — { L nF ) { Z )

(377) G M = H o m lr(M ,ß )

(378) H ' ' ( i r ; B ) = ( R nG ) ( Z )

(379) Tor£(M,7V) =  (FnF)(M)

(380) f m = m ® a n

(381) Ext i ( M , N )  =  ( R nG ) ( M )

(382) G M =  H om A(M, N )

(383)
TorA(M, N )  =  ( L nF ) ( N ) ,  

Ext"(M, N )  =  ( R nG ) ( N ) ,

f n = m ® an

G N =  H om A(M, N )

(384) H n(jr; A )  =  T  or^<7r)(Z , A )

(385) H n(jr-, B ) =  ExtnZM( Z ,  B )

(386) H n( g ; A )  =  T o ^ ( K , A ) , n ^ 0

(387) H “( fr, B ) =  Ext"r<J(F, B ) , n ^ 0

(388)
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that ny/= (p. A A-free module is certainly A-projective. If 
each Pn is A-projective, P is spoken of as a A-projective 
resolution of M.

The special case of the homology of groups is obtained 
by taking for A the integer group ring, Z(n), of n, and 
for M  the additive group of integers regarded as a trivial 
7T-module. Then the functor F, given by the tensor prod­
uct (see 375) in which A is a 7r-module, is an additive 
functor to the category of Abelian groups. The complex 
C(n) is then a 7r-free resolution of Z, the additive group 
of integers, so that a relation holds (see 376) in which F  is 
given above (see 375).

There are also right derived functors, obtained by taking 
A-injective resolutions, in which injective is dual, in the 
categorical sense, to projective; and it is possible to con­
sider contravariant functors. The domain and codomain 
categories of the additive functor F  can also be gener­
alized; the essential requirement is that they be Abelian 
categories. The cohomology groups of the group n are 
obtained by taking, fo ra  7r-module B, the contravariant 
functor (see 377); GM  is the group of 7r-homomorphisms 
from M  to B; then, taking right derived fuctors of G, a 
relation is obtained (see 378).
The homology and cohomology groups of groups thus 

arise by taking left derived functors of the tensor product 
functor and right derived functors of the Hom functor. 
While there is an extensive general theory of derived 
functors, the theory of derived functors of these particular 
functors, but for arbitrary unitary rings A, is of particular 
importance. Thus, generalizing the definitions above (see 
375 and 377), two sets of derived functors are defined 
(see 379 and 381) based on certain functors F, G (see 
380 and 382), respectively. These are called the Tor and 
Ext functors, respectively; they are really bifunctors—that 
is, functors of two variables—and they enjoy the property 
of being balanced between their two arguments M, N  in 
a sense that two equations express (see 383). Comparing 
past results (see 376, 379 and see 378, 381), it can be seen 
that two further relations hold (see 384, 385).

HOMOLOGY OF LIE ALGEBRAS
Many other homology theories have been found useful in 
algebra and arise by taking suitable derived functors. Here 
one will be described in which the derived functors are 
again Tor and Ext functors.

If g is a Lie algebra over the field K, Ug denotes its uni­
versal enveloping algebra. By a #-module, it is understood 
that A is a A-vector space on which the algebra Ug acts. 
Definitions are then made (see 386, 387), and these are 
called the homology groups of g (with coefficients in Ä) 
and the cohomology groups of g (with coefficients in B). 
Just as the (co)homology groups of a group may be inter­
preted as the (co)homology groups of a suitable space, so 
may the (co)homology groups of g be interpreted as the 
(co)homology groups of the underlying topological space 
of the compact, connected Lie group G the associated Lie 
algebra of which is g.

APPLICATIONS TO ALGEBRA
The topological significance of the homology theories of 
groups and Lie algebras has already been explained; these 
and other homology theories, however, also have impor­
tant applications in pure algebra. For example, in the 
homology theory of groups, the group H l(n\ A) is iso­
morphic to the quotiënt group of the group of derivations 
from je to A, modulo the inner derivations. The group 
H 2(n; A) is isomorphic to the group E(n; A) of equiva­
lence classes of Abelian extensions of the quotiënt group n 
by the 7r-module A; such an extension can be written (see 
388) to show that A is embedded in E  and E  projects onto 
n with kemel A. Here the group structure in the set E(n; 
Ä) is by no means obvious, whereas the group structure 
in FPin] A) follows immediately as in any homology or 
cohomology group. Similar interpretations of H  1 and H 2 
are available in the homology theory of Lie algebras.

Many theorems of pure algebra may be proved by ho­
mological methods. For example, the homology theory of 
groups may be used to prove I. Schur’s theorem that, if 
the quotiënt of a group G by its centre is finite, then the

commutator subgroup of G is finite. It may also be used 
to prove Maschke’s theorem that if the order of the finite 
group G is nöt divisible by the characteristic of the field 
K, then the (finite-dimensional) A-representations of G 
are completely reducible. Similarly, the homology theory 
of Lie algebras may be used to prove theorems that make 
no mention of homology; for example, the Levi-Malcev 
theorem that every (finite-dimensional) Lie algebra #, over 
a field K, is the split extension of a semisimple Lie algebra 
by the radical of g. Hilbert’s celebrated ehain-of-syzygies 
theorem may also be proved by homological methods—a 
notable early triumph for homological algebra; and there 
is the Auslander-Buchsbaum proof (the first given) that a 
regulär local ring is a unique factorization domain. The 
claim that homological algebra is a useful tooi in mathe­
matics is not invalidated by the fact that these theorems 
can also be proved without the use of homological meth­
ods. For the homological methods are extremely system­
atic and serve to throw into relief the connections between 
apparentiy dissimilar areas of mathematics. (P.J.H./Ed.)

The Lie algebra of a Lie group. Consider now a Lie 
group G. For each g 'm G ,T  (g) denotes the left translation 
map x  —* gx of G onto G. Then T  is an analytic Operation 
of G on G. By Lie’s first fundamental theorem, the group 
T(G) has an infinitesimal generator, and by Lie’s second 
fundamental theorem, the infinitesimal generator is a Lie 
algebra of infinitesimal transformations; this infinitesimal 
generator is denoted by G and is called the Lie algebra of 
G. It is readily proved that G consists of precisely those 
infinitesimal transformations on G that are left unchanged 
by the right translations x —» xg  of G into G. It follows at 
once that each infinitesimal translation in G is uniquely 
determined by its value at the origin. Thus as a linear 
space, G is equivalent to Ge, the tangent space of G at 
the identity element e. If X  is an element of Ge, and X  is 
the element of G determined by X, then one defines exp 
X(e). Also, [X, Y] is defined to be the value atj? of [X, 
Y], in which X  and Y  are the elements of G with X(e) = X  
and Y(e) = Y.

In the special case that G is the group GL(n) of all in- 
versible linear transformations of an «-dimensional linear 
space Vn over the real numbers, the tangent space to G 
at the identity element can be identified with the# set of 
all linear transformations of V„. Then for any X  e Ge, exp 
X  coincides with the classical exponential of the transfor­
mation X; that is, exp X =  X, X /iï. For any X  and Y  in 
Ge, [X, Y] = X Y — YX, in which the multiplication on the 
right is the usual multiplication of linear transformations.

If the algebraic structure alone is abstracted from G, it 
is seen to be an algebra with Poisson brackets as mul­
tiplication. This multiplication is nonassociative, but the 
structure of such algebras is capable of a virtually exhaus- 
tive description. On the other hand, there is a very close 
connection between the algebraic structure of a Lie group 
and the algebraic structure of its Lie algebra. Indeed, there 
is a one-to-one coirespondence between the subalgebras 
of the Lie algebra G and the connected Lie subgroups of 
G, the correspondence being: a connected Lie subgroup 
H  corresponds to the subalgebra of G that is determined 
by the tangent subspace He to H  at the identity. A con­
nected Lie subgroup H  is normal in G if, and only if, the 
corresponding subalgebra H  is an ideal in G; that is, [G, 
H] is contained in H. To the commutator subgroup of 
G generated by the elements of the form xyz~[yr \ there 
corresponds the derived subalgebra that is generated by 
the elements [X, Y] with X  and Y  in G. In particular, 
a connected Lie group G is Abelian if, and only if, [X, 
Y] =  0 for all X  and Yin G.
The most elementary type of Lie algebra is one wherein 

the multiplication is trivial; i.e., [G, G] = 0. Such a Lie 
algebra is called Abelian. Next in complexity is a Lie 
algebra wherein the product of some finite number of any 
elements is zero; i.e., if setting G(1) =  G, G(n+l) = [G(w), G], 
then G(n) = 0 for some n. Such a G is called nilpotent. One 
step more complex are Lie algebras G that have a decreas­
ing sequence of ideals, • ■ ■ D G„ • • • with
the quotiënt algebra Gt / Gi+, Abelian and Gn = 0 for some 
n; such a Lie algebra is called solvable. The maximum
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solvable ideal of a Lie algebra is called its radical. If G is 
a Lie algebra and R  denotes its radical, then G/R has no 
nonzero radical; such a Lie algebra is called semisimple. If 
a Lie algebra has no nonzero properly smaller ideal, it is 

Theorems called simple. The basic theorems describing the structure 
describ- of Lie algebras over any field of characteristic zero areas 
ing the may be stated as follows:
structure Any Lie algebra is a semi-direct sum of its radical and a 
of Lie semisimple subalgebra.
algebras Any semisimple Lie algebra is a direct sum of simple 

Lie algebras.
Any simple Lie algebra over the field of complex num­

bers is one of the following type:
A„: the Lie algebra of the group of all n + 1 by n +  1 

complex-valued matrices of determinant-1.
B„: the Lie subalgebra of A2n that annihilates the 

quadratic form composed of a sum of squares of {xk} (see 
389).

Cn: the Lie subalgebra of Aln- , that annihilates the al- 
temating bilinear form (see 390).

Dn: the Lie subalgebra of A2n_1 that annihilates the 
quadratic form composed to a sum of squares of {xk) (see 
391).

The five exceptional simple Lie algebras G2, F* F6> F7, E% 
discovered by the mathematician W. Killing are of dimen­
sions 14, 52, 78, 133, 248, respectively. This remarkable 
Classification is achieved by a study of the so-called root 
diagram of the Lie algebra.
Although each Lie group has a unique Lie algebra, a Lie 

algebra in the abstract {i.e., divorced from its presentation 
as the infinitesimal generator of a Lie group) may arise 
from inequivalent or nonisomorphic groups. For exam­
ple, the one-dimension Abelian Lie algebra over the field 
of real numbers is the Lie algebra of both example G1 
and example G2 above. The problem of determining the 
relation between the various connected Lie groups hav­
ing abstractly isomorphic Lie algebras was solved by the 
mathematician Otto Schreier.
The Situation may be described in this way: to each 

abstract Lie algebra g (over the field of real numbers) 
there corresponds a unique (up to isomorphism) simply 
connected Lie group G—that is, a connected Lie group in 
which every closed curve can be deformed continuously to 
a point; any other Lie group G{ the Lie algebra of which is 
isomorphic to g is obtained from G by a homomorphism 
with a discrete kemel. Thus G{ is evenly covered by G, 
and all connected Lie groups the Lie algebras of which are 
isomorphic to G have the same simply connected covering 
group. The spin representation of physics provides another 
example of this phenomenon.

It should be emphasized, however, that in a neighbour­
hood of the identity, any two Lie groups having isomorphic 
Lie algebras are isomorphic. This can be seen from the 
Baker-Campbell-HausdorfF formula (see 392) that identi-

(392) (exp X)(exp Y) =  exp(X +" Y - i [ X,  X] +  . • •)

fies the product of exponentials with the exponential of an 
algebraic form involving an infinite sum of terms built from 

Complexi- Xand X with Poisson brackets. By a process known as com- 
fication plexification it can be proved that the Classification of com­

plex simple Lie algebras also applies to compact Lie groups.
The topological structure of Lie groups. It has been 

shown above that to a given abstract Lie algebra there 
may correspond Lie groups that are not topologically 
equivalent. Therefore, it cannot be expected that the ab­

stract Lie algebra G of a Lie group G will determine the 
topological structure of G completely. One of the greatest 
contributions of Cartan to mathematics, however, was his 
demonstration that the Lie algebra G determines the im­
portant topological invariants called Betti numbers of the 
group G in the very important case that the Lie group G 
is compact and connected.

Cartan’s researches on this problem led him to invent 
his theory of exterior differential forms and to conjecture 
the celebrated de Rham theorems, which were proved by 
his student Georges de Rham.

(G.D.M.)

OTHER ASPECTS OF HOMOLOGICAL ALGEBRA
The scope of homological algebra is extremely broad. Only 
two homology theories (groups, Lie algebras) have been 
described from among many. There are also, however, 
aspects of homological algebra in which homological ideas 
are further refined and developed or in which homological 
techniques lead to new algebraic constructs. Two exam­
ples are now described.

Attention may be given to the category of Abelian groups 
that may well be graded by the integers, or even bigraded 
by pairs of integers. If A is such an Abelian group it is said 
to be differential if it is equipped with an endomorphism 
d: A —*A, called the boundary, or differential, such that 
d 2 = 0. Notice, however, that a chain complex of Abelian 
groups may be thought of as a differential graded Abelian 
group, in which d  is the boundary homomorphism and 
so of degree —1; whenever A is (bi)-graded a degree is 
supposed for d. If A is differential, the group ZA =  ker d 
may be defined, and ZA is called the cycle group of A; one 
writes BA =  im d, and calls BA the boundary group of A. 
Because d 2 =  0, it follows that BA c  ZA; HA is written for 
ZA/BA and HA is called the homology group of A. This 
is, of course, familiar from topology. A spectral sequence 
of differential Abelian groups is a sequence {En, dn), n>  0, 
in which En is an Abelian group with differential dn and 
HEn = En+x.

Associated with every spectral sequence there is a limit 
term, which may be described as follows. If z e ZEn, then 
its homology class (z) belongs to En+l and the boundary 
dn+l may be applied to {z}. It is convenient to talk of 
applying dn+{ to z itself in this case. Thus one may talk

(393) E * - *  E *-> • • • -> ' E t - *  E * + , • • •

(394) . • • C F p _ l G  Q F p G  Q  - Q G

(395) -G r (G )p= - £ Z L

(396) EPq — H p( B ; H r/(F ;  G ) )

(397) EPi  =  E p% ,=  ••• =  EPq

(398) /V —» G  —*-» Q

(399) EPq =  H p( Q ; H q( N ; A ) )

(400) L 0G { F P )  = G F P ,  L nG ( F P )  =  0 ,  n 3= 1

(401) fe -?« -(/./;)(/./)(/0

(402) Q )  H * ( M  x M ; Q )

=  H * ( M ; Q ) < g > QH * ( M ; Q )

(403) é : A  —> A  ® q A

(404) (1 ® t?)</»=(ïj®  1 ) ^ = 1 : ^ ^

(405) (1® 6W =<K 1®0)=t,
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of successively applying the differentials dn, dn+u • • • to 
an element c of En, each differential becoming applicable 
when its predecessor produces the value 0. In particular 
E*n may be defined as the subgroup of En consisting of 
those elements of En that are cycles for all dr, r > n. Now 
the passage from cycle to homology class plainly induces 
a suijection of E*n onto E*n+l and E ^  the limit of the 
spectral sequence, is defined to be the direct limit of the 
resulting sequence (see 393). Thus E«, is the quotiënt of 
E*0 by those cycles that eventually become boundaries; 
i.e., that go to zero in some E*n. It is also said that the 
spectral sequence converges to Ex.

Often in applications of spectral sequence theory the 
terms En are graded (or bigraded), and an early term of 
the spectral sequence is known and the limit term Ex is 
related to an Abelian group to be calculated, or, at least, 
about which information is sought. The relation of Ex to 
this group is frequently that of the graded group associ­
ated to a filtration of that group. A filtration (strictly, an 
increasing filtration) of the Abelian group G is a sequence 
of subgroups (see 394) and the associated graded group 
Gr (G) is the graded group, the pth component of which 
is given (see 395).

It is plain that if the filtration (see 394) is to be such 
that Gr (G) yields useful information about G, it must 
have certain properties. Usually it is asked that FPG = 0 
for p less than or equal to some p(), and that UpFjG = G. 
Then every nonzero element of G appears as a nonzero 
element in precisely one component of Gr (G). From the 
given knowledge of E2, say, conclusions can be drawn 
about Ex by passing through the spectral sequence and 
then inferences made about the filtered group G of which 
Ex is the associated graded group; sometimes this proce­
dure is reversed.
The concept of a spectral sequence was invented by the 

French mathematician Jean Leray. Topologists first be­
came generally aware of its importance, however, when 
the French mathematician Jean-Pierre Serre applied it to 
the study of the relations between the homology groups of 
fibre, total space, and base space in a fibration, in 1951. 
He was thus able to obtain deep relations between the ho- 

Serre’s mology groups and homotopy groups of a space. Precisely, 
theorem Serre showed the following (his result is not stated here in 

its füllest generality): If F  is the fibre, E  the total space, 
B the base space, all spaces being connected, B simply- 
connected, and if G is an Abelian coëfficiënt group, then 
there is a spectral sequence of bigraded Abelian groups 
[En, dn} with specific properties (see 396) and is the 
graded group associated with IE {E; G), suitably filtered. 
Moreover, the filtration has the good properties mentioned 
earlier; and the convergence to the limit is finite in the 
sense that, given any (p, q), there exists n such that a 
sequence of equations holds (see 397). The differential 
dn on En has degree (—n, n — 1). Thus knowledge of the 
homology groups of B and F  makes it possible to draw 
conclusions about the homology groups of E; indeed, 
knowledge of the homology groups of any two of F, E, B 
leads to information about the third.
Serre’s theorem revolutionized homotopy theory; but 

spectral sequences then began to appear all over algebraic 
topology and homological algebra. For example, in the 
homology theory of groups, let a short exact sequence 
of groups be given (see 398); G is a group with normal 
subgroup N, such that G/N = Q. Let A be a G-module. 
There is then a Lyndon-Hochschild-Serre spectral se­
quence such that an equation holds (see 399), which 
converges to the graded group associated with H* (G; A), 
suitably filtered. There is a similar sequence in the ho­
mology theory of Lie algebras. Indeed, all the sequences 
described are special cases of a procedure due to the 
French mathematician Alexandre Grothendieck. Additive 
functors F: 21—» 23, G: 23—» & of suitable Abelian categories 
(for example, categories of modules) may be considered. 
Suppose that, for every projective object P of 21, FP is 
(left) G-acyclic, that is to say, the left derived functors 
of G, evaluated on FP, give a set of equations (see 400). 
Then, for each A in 21, there is a spectral sequence such 
that a relation holds (see 401) and it converges to the 
graded group associated with L*(GF)(A), suitably filtered.

Even this formulation by no means exhausts the scope of 
useful generalization.

Turning now to another topic of homological algebra, Hopf 
namely, that of Hopf algebras, again the source lies in algebras 
algebraic topology. Suppose there is given a connected Lie 
group M; for example, the rotation group of Euclidean 
«-space. The cohomology ring H*(M; Q) of the underlying 
Space of M  with coefficients in the ring Q of rational 
numbers may then be formed; this is a graded com­
mutative Q-algebra. Moreover, the multiplication map p:
M X  M -*  M  induces an algebra map (see 402). Further, 
the fact that there is a two-sided unity for p shows that 
if p* is followed by either projection onto H*(M; Q), the 
composite is the identity. This leads to a study of graded 
Q-algebras A = © An admitting a diagonal map y/, which

n > 0

is a map of Q-algebras (see 403), and a co-unit rj: A —> Q  
such that a consequence follows (see 404). (Note that 
A 0 Q Q =  A = Q 0 q A so that 1 0  rj and rj 0  1 correspond 
to the projections mentioned above.) This is now called a 
graded Hopf algebra. Of course, the example A =  H*(M;
Q) has other properties that may qualify the Hopf alge­
bra. It is commutative; it is connected in the sense that 
A0 = Q and rj is simply the obvious projection onto A0; 
it is co-associative in the sense that y/ is associative; and 
it admits an involution 0:A ^ A  such that equations re­
sult (see 405).
In a pioneer work published in 1941, Hopf proved that, 

in the terminology introduced above, if A is a commutative 
graded connected Hopf algebra over Q, then it is, as an al­
gebra, an exterior algebra on odd-dimensional generators; 
moreover, if it is co-associative, then these generators are 
primitive, meaning that ip(x) = x  0  1 +  1 0  x  Hopf thus 
explained a phenomenon relating to the four main series 
of simple Lie groups that had been observed by geometers, 
algebraists, and topologists in the 1930s. Because Hopfs 
theorem only required that M  admit a continuous multi­
plication with two-sided unity, it encompassed a broader 
class of topological space than that defined by the Lie 
groups. The true breadth of this class is now beginning 
to be glimpsed, as more and more Hopf manifolds are 
being discovered.

The study of Hopf algebras is now a part of algebra; more­
over, there is a theory of differential Hopf algebras that 
is securely placed in the domain of homological algebra.
Hopfs is seen as the first of many structure theorems that 
have proved of great value in both algebra and topology.
A particularly interesting connection between the theory 
of Hopf algebras and what has gone before is provided by 
the group ring, KG, of a (finite) group G, over the field K.
The diagonal map A: G —► G X G, yields a diagonal map 
yr. KG —» KG 0  KG and so makes of KG a co-associative, 
co-commutative Hopf algebra over K  with involution.

(PTH.)

Universal algebra

Algebra began as the manipulation of numbers, using Historical 
the four operations of arithmetic: addition, subtraction, back- 
multiplication and division. As the subject developed, the ground 
operations have changed very little, if at all, but the no­
tion of number has been progressively enlarged. It was 
already recognized by the school of Pythagoras that ra­
tional numbers do not suffice to describe the diagonal of 
a unit square (i.e., y/2). In order to take account of such 
irrational numbers as s/2, a geometrie theory of propor­
tion was developed during the 4th Century bc by Eudoxus 
of Cnidus; this theory forms the substance of Book V of 
Euclid’s Elements.
In the 16th Century, when it was found that square roots 

of negative numbers may be needed to solve cubic equa­
tions, even when all their roots are real numbers, complex 
numbers were introduced. For a long time these numbers 
were known as impossible or imaginary, and their use 
was put on a firm basis only at the end of the 18th Cen­
tury, by Gauss.

The 19th Century saw a series of discoveries, resulting in 
the creation of modern function theory. Some extensions 
of the complex number system were also made. Although
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these did not rival the complex numbers in importance, 
they formed a beginning of the more abstract outlook 
adopted today.

The first of these generalized number Systems was Ham- 
ilton’s quaternions. They were intended to describe points 
in space just as complex numbers describe points in the 
plane, and in fact Hamilton had mainly geometrie ap­
plications in mind. From a somewhat different point of 
view, Grassmann, in his calculus of extension, treated 
geometrie entities as objects of an algebraic system with 
addition and multiplication. The ideas of Hamilton and 
Grassmann gave rise, at the hands of Heaviside and Gibbs, 
to the modern development of vector analysis, not of 
concem here, except in so far as both the quaternions 
and Grassmann algebra may be regarded as an algebraic 
system with vectors instead of numbers, or a linear as­
sociative algebra. A system of quite a different sort, but 
still formally fitting into the framework of linear associa­
tive algebras, was described by Boole, who defined certain 
operations on statements: If two statements A, B  are com- 
bined by conjunction (i.e., the new statement “A and i?” 
is formed), disjunction (forming “A or B”) and negation 
(forming “not A ”), a system satisfying many of the rules 
of the ordinary number system is obtained.

Another branch of algebra that began to take shape in 
the early days of the i9th Century was the theory of 
groups, first as groups of permutations by Abel and Galois 
and later more generally as groups of transformations by 
Lie and Klein. The mere existence of all these different 
types of algebraic Systems suggested a comparative study. 
Such a study was begun by the English mathematician 
Alfred North Whitehead, who in his ‘Universal Algebra’ 
I, described the Systems of Boole, Hamilton, and Grass­
mann, as a preparation to a comparative study, which 
was to form volume II, but was never written. The name 
‘Universal Algebra,’ according to Whitehead, was taken 
from a paper by the British mathematician James Joseph 
Sylvester: “Lectures on the Principles of Universal Alge­
bra,” published in the American Journal o f Mathematics, 
vol. 6, 1884.

One of the characteristics of 2Öth-century mathematics 
has been the development of axiomatic foundations. In­
stead of referring new developments back to some part of 
the subject regarded as known, one would base everything 
on a small set of axioms. The method was used especially 
in algebra; the whole of group theory could be built up on 
three or four simple axioms. It also helped to crystallize 
such general notions as linear associative algebra and ring. 
Emmy Noether showed how the notion of group with 
operators allowed a number of different notions, such äs 
group, vector space, representation module, to be treated 
by the same method. From here it was only a small step 
to drop the group structure. Universal algebra is nowa- 
days understood to be the study of such general algebraic 
Systems, by methods uniformly applicable to all of them.

BASIC NOTIONS OF UNIVERSAL ALGEBRA 
An Operation on a set A is a mapping or function defined 
on A with values in A. For example, if A is mankind, then 
“mother of x ” is an Operation in one argument, or a unary 
Operation (here the fact that the mapping is undefined 
for Adam and Eve is ignored). On the set of integers, 
the Operation of taking the sum of the numbers x  and y, 
written x  + y, is a binary Operation, because it depends 
on two arguments: x  and y. In the plane, the Operation 
of taking the centroid of a triangle ABC  is a ternary 
Operation, depending on three arguments, A, B, C. Most 
operations depend on a finite number of arguments; that 
is, they are said to be finitary. If an Operation depends on 
« arguments, in which « may be 1, or 2, or any positive 
integer, then the Operation is said to be «-ary, and the 
number « is called its arity. Occasionally, 0-ary operations 
are used; such an Operation depends on no arguments at 
all; it simply picks out a particular element of the set. 
For this reason it is also called a constant operator. For 
example, in a group the neutral element may be regarded 
as the value of a 0-ary Operation.
An algebraic structure on a set A consists in specifying a 

number of operations on A; these operations are not re­

stricted in any way except that the arity of each is usually 
a preassigned integer. In this way A  becomes an algebraic 
system, or simply an algebra. For example, groups may 
be regarded as algebras with a binary Operation, multi- 
plication: xy; a unary Operation, the inverse: xr1; and a 
0-ary Operation, the neutral: e, together with certain laws 
(such as the associative law). As an example of an algebra 
with infinitely many operations, a real vector space is 
considered. This has the group operations (because it is 
an additive group) as well as a unary Operation for each 
real number 2: scalar multiplication by X. To facilitate the 
comparison of different algebras, a set Q  is usually chosen 
as operator set; with each member co of Q  an integer 
n(co) is associated, to indicate the arity of the resulting 
Operation, and an U-algebra structure is obtained by pre- 
scribing for each co in Q  an Operation co(xx, • • • , x n) of 
arity « =  n(co).

The notion of a subgroup of a group or a subspace of 
a vector space is generalized by defining a subalgebra of 
an algebra A as a subset admitting all the operations of A. 
The result is an algebraic structure of the same kind as A, 
just as every subgroup of a group is a group in its own 
right. To give an example, the complex numbers form a 
real vector space, with the real numbers as subspace. But 
the complex numbers may also be regarded as a complex 
vector space, and now the real numbers do not form 
a subspace because they do not allow multiplication by 

This illustrates the need to specify the operations as 
well as the sets in describing algebras.

If in an algebra A a subset X  is taken, it will in gen­
eral not be a subalgebra; i.e., by applying the algebra 
operations to elements of X  new elements are generally 
obtained that do not lie in X. < X >  denotes the set of 
all elements obtainable from X by repeated application of 
the algebra operations. When any of these operations is 
applied to elements of < X > , again an element of < X >  
is obtained; in other words, <  X >  admits all the algebra 
operations and so is a subalgebra of A. It is actually the 
least subalgebra containing X and is usually called the 
subalgebra generated by X.

The notion of a quotiënt group can be generalized as 
follows: If an f2-algebra A is partitioned into classes, it 
is possible to define an Operation co of A on the set of 
classes, provided that varying the arguments of co within 
a given class does not change the class in which the result 
lies; that is, if x x, x ' l lie in the same class and likewise 
x 2i x /2, etc., then co(xx, • • • , x n) and co(x/l, • • • , x'„) 
must lie in the same class. When this condition holds for 
all co in Q , the given partition is called a congruence, and 
denoting it by q say, A/q is written for the set of classes. 
The above condition ensures that each co in Ü can be 
defined unambiguously as an Operation on A/q. In this 
way A/q is turned into an ß-algebra, called the quotiënt 
algebra of A by q. For example, if Z is the ring of integers 
and Z is partitioned into classes by putting two numbers 
in the same class precisely when their difference is divis­
ible by 7, then there are just 7 classes, described by their 
least remainders after division by 7. If two numbers a, al 
leave the same remainder and h, b' do likewise, then so 
do their respective sums a +  b and a' +  b'; similarly for 
the other ring operations (subtraction and multiplication), 
and therefore a congruence is obtained and the residue 
classes form a quotiënt ring.
A m apping/ from one fJ-algebra, A, to another, B, is 

called a homomorphism and is written as f; A —»B if 
it preserves the f2-algebra structure in the sense that the 
result of applying ƒ  to the value of an Operation co is the 
same as applying ƒ  to the arguments and then taking co;

/(w (x„ • • •, x,,)) =  aXf(x |), • • • ,ƒ(*„)).
For example, if q is a congruence on an algebra A, then 
there is a natural mapping cp that associates with each 
element of A the class of q in which it lies; now the 
condition for q to be a congruence ensures that cp is a 
homomorphism. A homomorphism from A to B that is a 
one-one correspondence (bijection) between these algebras 
is called an isomorphism between A and B, and A is then 
said to be isomorphic to B.
Given two ß-algebras A and B, a new fJ-algebra A X  B

Quotient
groups
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can be defined, called their direct product, by taking the 
set of all pairs with the first component a member of A 
and the second a member of B, and performing the oper­
ations of Q componentwise. More generally, such a direct 
product can be formed from any collection (even infinite) 
of ß-algebras.

These notions of subalgebra, quotiënt algebra, homo­
morphism, and direct product arose by generalizing the 
familiär Situation in group theory. There the notion of 
a quotiënt group looks simpler than in the general case 
because the classes of a congruence on a group are just the 
cosets of a subgroup. For other algebraic Systems having 
no underlying group structure, such as lattices or semi­
groups, the Situation is more involved; nevertheless the 
notion of congruence has been useful there too, in analyz- 
ing homomorphisms. Thus with each homomorphism f: 
A —> B between ß-algebras, there can be associated a quo­
tiënt algebra A/q of A and a subalgebra B' of B, together 
with an isom orphism /: A /q —» B' such that the original 
homomorphism ƒ  is obtained by taking in turn the natural 
mapping A —* A/q, the isom orphism/, and the inclusion 
mapping B' —» B, which leaves each element of B' fixed 
but considers it as an element of B. The congruence q 
of A that arises in this way is called the kernei of the 
mapping /  and it has the following interpretation: two 
elements of A are mapped to the same element of B by ƒ  
precisely when they belong to the same class of the kernei 
of ƒ  The set of values of /  namely B \  is also called the 
image of A under the mapping ƒ  and the above analysis 
of homomorphisms shows that the images of an algebra 
under homomorphisms are precisely its quotiënt algebras. 
For this reason the quotiënt algebras of an algebra are also 
called its homomorphic images.
Now the usual isomorphism theorems of group theory, 

which allow a comparison of subgroups of quotients, 
and of quotients of quotients, to be made, can be taken 
over with hardly any change. One can also prove, under 
suitable hypotheses, an analogue of the Jordan-Hölder- 
Schreier theorem, which compares different chains of fac­
tor algebras; i.e., quotients of subalgebras. There is a close 
connection with lattices here: as already observed, the 
results can be applied to lattices, as particular algebraic 
Systems. At the same time the subalgebras of an algebra 
form a lattice, as do the congruences on an algebra, and 
in this way the results of lattice theory can be used in a 
general analysis of algebraic Systems.

THE CONNECTION WITH MATHEMATICAL LOGIC
The results described in the last section are quite general 
in scope, and apply even to Systems with infinitary op­
erations; that is, operations depending on infinitely many 
arguments. There is, however, another group of results for 
which finitarity of the operations is essential; these results 
are often regarded as characteristic of algebraic Systems. 
The basic property is the following algebraicity condition: 
if A is any algebra and X  a subset of A, then an element of 
A lies in <  X  >, the subalgebra- generated by X, precisely 
when it lies in the subalgebra generated by some finite 
subset of X. This is so because any member of < X  > is 
obtained by applying the algebra operations repeatedly to 
elements of X, and, because all operations are finitary, 
the total number of arguments needed is also finite. This 
principle forms the basis for the application of Zorn’s 
lemma (an algebraic formulation of the axiom of choice 
in set theory). It applies not only to algebraic Systems— 
that is, sets with operations—but also to relational Sys­
tems; that is, sets with operations and relations defined 
on them, such as ordered groups. It also has a remarkable 
connection with logic: any mathematical theory may be 
regarded as an algebraic system the elements of which are 
the theorems (the provable statements in the theory) and 
the operations of which are the usual rules of deduction 
in logic (modus ponens and the rule of Substitution); 
therefore it satisfies the algebraicity condition mentioned 
earlier. Now a basic theorem of logic due to the logician 
Gödel, the completeness theorem, States that any theory 
(composed of statements of the lower predicate calculus) 
admitting the rules of deduction and not including a con- 
tradictory Statement has a model. On the other hand one

can show, by purely algebraic means, that the theories 
that have models satisfy the algebraicity condition. The 
practical consequence is often stated as the compactness 
theorem: A set of statements within a theory (of the lower 
predicate calculus) is consistent whenever every finite sub­
set of Statements is consistent.
A typical application of this result to the algebraic theory 

of fields States that a sentence holds in every field of char­
acteristic zero, provided that it holds in every field of suf- 
ficiently high characteristic. This follows because fields of 
characteristic greater than a given number « can be defined 
by the conjunction of the sentences E2, E3, • • • , En, in 
which E2 is: “for each x =£ 0, x  + x¥= 0”; i.e., no nonzero 
element when added to itself gives zero (to exclude fields 
of characteristic 2), Ey is: “for each x 0, x +  x +  x #  0,” 
and so on, while fields of characteristic zero are defined 
by the conjunction of all the sentences E2, E3, • • • . If 
a sentence holds for all fields of characteristic exceeding 
some fixed number N, then it must be consistent with any 
finite subset of the collection E29 E39 • • • , and hence 
(by the compactness theorem) with all of them; i.e., it 
holds in characteristic zero.

Besides being a field of application of universal alge­
bra, mathematical logic is also an important tool. Thus 
to study a particular class of algebraic Systems, it is not 
enough to specify the operations. It is also necessary to 
lay down which algebras are to be admitted. This is usu­
ally done by means of sentences formed from such basic 
Statements as x  + y  = z, in accordance with the rules pre- 
scribed by logic; for example, if the system to be specified 
has a multiplication that is to have an inverse, a sentence 
is required of the form: For all x, y, there exists « such 
that xu =  y. The sentences needed to define a class of 
algebras can be classified according to logical principles, 
and conclusions can then be drawn about the class of al­
gebras defined. Thus, if the sentences defining the class of 
algebras contain only universal quantifiers (“For a l l . . . ”) 
and no existential quantifiers (“There exist. . . ”), in other 
words, if they are universal sentences, then the class of 
algebras so defined is closed under subalgebras: with an 
algebra, all its subalgebras belong to the dass. This is fairly 
easy to prove; more difficult (and more interesting) is a 
result in the opposite direction: A class of algebras that is 
closed under subalgebras and that is definable by axioms 
can be defined by universal sentences. The condition of 
being definable by axioms can also be expressed in terms 
of explicit conditions on the algebras of the class, but is a 
little more complicated to state and so is omitted here.
As an example, the class of all groups is considered. This 

can be defined by the following laws: (a) the associative 
law: x  (yz) = (xy)z; (b) the law expressing that e is neutral: 
xe — ex = x; and (c) the law expressing that ^ r1 is inverse 
to x: xxr1 =  x r‘x =  e. These laws are understood to hold 
for all group elements x, y, z, and so they are universal 
sentences, and in fact any subalgebra, within the general 
sense of the word (that is, any subgroup), of a group is 
again a group. The same is true if a sentence such as “for 
all x, x3 =  e” is added. This picks out the dass of groups 
in which the cube of any element is the neutral element, 
and any subgroup of such a group has the same property. 
Next consider the class of periodic groups; i.e., groups in 
which every element has some power equal to e: x n =  e, 
in which the value of the exponent « depends generally 
on x. Any subgroup of a periodic group is periodic, but 
the class of periodic groups cannot be defined by axioms. 
If one attempts this, one finds oneself having to say that 
for each x, either x2 =  e or x3 =  e or x4 =  e or • • • , a 
sentence of infinite length that is not admitted. It might 
seem as if periodic groups could be defined by the finite 
sentence: For every x there exists a positive integer « such 
that x n =  e. This is not, however, allowed by the rules 
of the game, which permit only sentences of the lower 
predicate calculus, because a quantifier has been applied 
to an integer (. . . there exists a positive integer « . . . ) .  
Next examine the class of all groups that are not periodic; 
it is easy to find a group that is not periodic but that 
has a periodic subgroup. So this class cannot be expected 
to be defined by universal sentences. Finally, the class of 
aperiodic groups is considered; that is, groups in which no
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element other than e has any positive power equal to e. 
This class is closed under subgroups and can in fact be 
defined by universal sentences, expressing the fact that no 
power of an element other than e can be e: For all x, if 
x ¥= e, then x2 e; for all x, if x ¥= e, then x3 ¥= e • • 
These sentences form the multiplicative analogue of the 
sentences E2, E3, • • • used earlier to define fields of 
characteristic zero.

VARIETIES OF ALGEBRAS
Many important classes of algebras can be defined entirely 
by identities; that is, equations that hold for all values of 
the arguments. Thus groups were defined by the identities 
expressing the associative law and the properties of neu­
tral and inverse elements. Such a class is called a variety. 
Groups form a variety, likewise Abelian groups, but not 
all finite groups, because any law satisfied by all finite 
groups is also satisfied by all infinite groups. Testing for 
varieties is facilitated by the following criterion due to 
Garrett Birkhoff: A class of algebras is a variety if, and 
only if, it is closed under taking subalgebras, homomor- 
phic images, and direct products. Using this test it is easy 
to check that finite groups do not form a variety: a direct 
product of finite groups, with infinitely many factors, is 
no longer finite. In the same way one finds that periodic 
groups do not form a variety; nor do the aperiodic groups; 
the groups satisfying x3 =  e, however, do form a variety.
Varieties have several properties that make them more 

amenable to treatment. A useful property, actually char­
acteristic of varieties, is the following: For each integer n, 
there is an algebra Fn the quotients of which constitute 
precisely the algebras in the variety that can be generated 
by n elements; a corresponding algebra exists when n is 
replaced by an infinite Cardinal number. This algebra Fn is 
called the free algebra of the variety, on « free generators; 
it is rather like the algebra of polynomials. In elementary 
algebra a polynomial in n variables x„ * * • , xn with 
real coefficients has the property that any Substitution 
of real numbers for the variables x,, • • • , x„ gives a 
real number. Moreover, these polynomials can be added, 
subtracted and multiplied; i.e., they form a ring, the poly­
nomial ring in the variables x h • • • , x n over the real 
numbers, and it is not hard to see that any Substitution of 
real numbers for the x’s preserves the ring operations; i.e., 
it is a homomorphism. In the same way group elements 
can be formed in n variables x,, • • • , x„, using only 
the general group laws to simplify the expressions. Thus a 
variable that is followed or preceded by its formal inverse 
can always be omitted: xyy~lz — xz, uxr{xu = u2, but no 
other simplification is possible. For example, one may not 
replace xy  by yx  because the commutative law xy =  yx 
does not hold in all groups. In this way the free group on 
x„ • • • x„ is obtained; its elements are all products in 
x,, • • • , x n and their inverses; that is, all group words 
in these variables. By the associative law all parentheses 
can be omitted, and two group words represent the same 
group element if it is possible to pass from one to the other 
by inserting or omitting occurrences of a variable together 
with its inverse. Given any group G, any elements of G 
can be substituted for the variables in words of the free 
group. Thus X! can be replaced by ai9 x 2 by a2, etc., taking 
care to replace x ^ 1 by ax~{9 etc. In this way each word 
corresponds to an element of G, and words representing 
the same element of the free group will certainly corre­
spond to the same element of G. Therefore, a mapping 
is obtained from the free group into G, and this mapping 
can easily be shown to be a homomorphism. By taking 
enough variables (infinitely many if necessary) any group 
can be expressed in this way as a homomorphic image of 
a free group. A similar construction applies in any variety 
of algebras, such as the variety of Abelian groups, or the 
variety of lattices, or of semigroups with a neutral element.

Algebraic Systems often arise in a concrete way; for exam­
ple, groups may arise as groups of transformations. There 
is another important method of defining algebras within a 
given variety, however, which consists in writing down a 
set of generators and defining relations. This means that a 
set of symbols is written as the generating set, and a set of 
relations is written that are to hold between these symbols,

such that all other relations can be deduced from them. 
Such an algebra then consists of all expressions formed 
from these symbols by the algebraic operations, in which 
two expressions are to represent the same element when- 
ever it is possible to pass from one to the other using only 
the given relations and the defining laws of the variety. To 
give a simple example, the group of complex cube roots 
of unity has the following presentation: All expressions 
obtained by applying group operations to a single group 
variable x are taken; i.e., all group words in x, namely e, x, 
x2, x3, • • • , x r1, x~2, • • • . Two of them are declared 
equal if and only if it is possible to pass from one to the 
other using the relation expressing that the cube of x is 
the neutral element: x3 =  e. This is abbreviated by writing 
the group as gp{x | x3 =  e), called a presentation of the 
group. In this particular case it is easy to see the structure 
of the group: two powers of the generator x m and x", say, 
represent the same element of the group if, and only if, 
the difference of their exponents m — n is divisible by 3; 
so there are just three elements, represented by the words 
e, x, x2. Of course, few groups have a presentation as sim­
ple as this one, and for more complicated presentations it 
may be quite difficult to decide when two words represent 
the same group element. This problem is known as the 
word problem for groups; a given presentation of a group 
is said to have a soluble word problem if there exists a 
method enabling one to decide for each pair of words in 
a finite number of steps whether or not they represent 
the same element. The word problem has been solved for 
some simple classes of groups, but more interestingly, it 
has been shown to be insoluble in general. Group repre­
sentations have been found that have an insoluble word 
problem. Similarly, presentations can be obtained for the 
algebras in any variety, and it will be necessary to solve 
the word problem. For many algebras encountered in 
practice, a presentation can be found with soluble word 
Problems, but generally there will also be algebras with 
insoluble word problems in all but the simplest varieties.
The notion of a free algebra is useful in many ways. If it is 

required to establish a property of groups that is preserved 
by homomorphisms, the first step is to check whether the 
free group has it. If so, then the desired conclusion follows 
because every group is a homomorphic image of a free 
group; if the free group does not have the property, it is 
a counter-example. This method is particularly effective 
for groups (as well as for semigroups and rings) because 
the word problem for free groups (and semigroups and 
rings) is rather easy to solve. This means that the elements 
of free groups can be represented in a very perspicuous 
form. It is no longer true of such varieties as alternative 
algebras or Jordan algebras, and as a consequence some 
apparentiy quite simple problems—such as the existence 
of zero-divisors in free Jordan algebras (nonzero elements 
the product of which is zero)—are still open.

Free algebas (in different varieties) have been the subject 
of intensive investigation, partly as an end in itself and 
partly on account of applications. Thus in commutative 
ring theory, the free algebras are polynomial rings, and the 
theorem that every commutative ring is the homomorphic 
image of a free commutative ring is the algebraic coun­
terpart of the geometrie fact that every geometrie figure 
lies in «-dimensional space (for a suitable integer «). This 
accounts for the importance of polynomial rings in the 
study of algebraic geometry.
A free semigroup in the variables x„ • • • , x n may be 

realized as the set of all finite sequences of letters from 
x„ • • • , x n, allowing repetitions; that is, all words in 
the alphabet x l9 • • • , x n. The study of such words has 
led to applications in coding theory as well as in the al­
gebraic theory of languages, which has provided much of 
the impetus for studying free semigroups. As an example, 
the free semigroup on x, y, z  and a set of words is sought 
such that no,spaces or commas are needed to divide any 
message into its constituent words (this is known as a 
comma-free code). The set of words x, xy, z, yz clearly 
will not do, for the expression xyz can be parsed in two 
ways: as x • yz  or xy • z. But there is an infinite set of 
words with the required property: x, xy, xy2, xy3, • • • . 
From the algebraic point of view a comma-free code is

The word 
problem

Free
algebras
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a set that forms a free generating set for a free subsemi- 
group, and such sets have been characterized by simple 
criteria. Another application is to elementary arithmetic: 
the positive integers may be regarded as the free semi­
group on one free generator. Now the basic property, 
that every mapping of the single free generator defines a 
unique homomorphism, is just another way of expressing 
the principle of induction.

Besides applications in algebra itself* free algebras have 
many uses in algebraic geometry and topology, automata 
theory, and the Statistical theory of queues.

UNIVERSAL ALGEBRA AND CATEGORY THEORY * 1
There are close links between universal algebra and cate­
gory theory. Although the precise degree of useful inter- 
action is still open to discussion, it is widely agreed that 
category theory provides a convenient language for stating 
many of the results of universal algebra. Often there are 
several ways of expressing the same phenomenon; thus the 
characteristic property of free algebras is a particular in­
stance of a universal construction, which appears in many 
different contexts. It may also be described as the left ad­
joint of the forgetful functor (which passes from an algebra 
to its underlying set and so forgets the algebra structure).

The definition of an ß-algebra involved prescribing, for 
each member of Q, an Operation of the right arity. If 
n elements of the algebra are taken and m «-ary oper­
ations are performed on them, m elements are obtained 
on which an m-ary Operation can be performed. In this 
way an «-ary Operation is obtained by composition. There 
are also the identity operations, which pick out the first 
argument, or the second, or any other of the n arguments. 
Any collection of operations on a set, closed under the 
composition described above and containing all the iden­
tity operations (one unary, two binary ones, three temary 
ones, etc.) is called a clone, and in studying a particular 
ß-algebra the operations corresponding to members of Q 
may be replaced by the clone they generate. Now it is 
possible to define clones abstractly, and to define algebraic 
Systems one may take a particular abstract clone C and 
define C-algebras as sets on which the clone C is realized 
by operations. This definition is due to P. Hall, and is 
very close to the categorical definition, due to Lawvere. 
The latter defines ä theory as a category ST the objects of 
which are nonnegative integers, in which the number n 
is regarded as the coproduct of n copies of the number
1. Any contravariant functor from St to the category of 
sets and mappings, in which coproducts map to products, 
is called a St-algebra. If A is the set corresponding to the 
number 1, then n corresponds to the «th direct power An, 
and the various morphisms in St from 1 to n correspond 
to mappings from An to A; i.e., «-ary operations on A. 
Any morphism in St from m to n corresponds to m mor­
phisms from 1 to n; this means that the mappings from 
An to Am each correspond to m «-ary operations on A. In 
other words, the St-algebra structure so defined amounts 
to picking out a clone of operations on A.
Although many of the results of universal algebra can 

be proved within the framework of category theory, they 
can be proved just as easily directly. The most significant 
progress in universal algebra has been in the areas adja- 
cent to logic, and there category theory has been of little 
help. On the other hand, in applications to other parts 
of mathematics (especially in algebraic geometry) category 
theory has to some extent replaced universal algebra.

(P.M.C.)
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American Indians
T he American Indians had their origins in Asia and, 

despite superficial Variation, are basically Mon- 
goloid in physical type. The date of man’s first 

arrival in North America has not been accurately estab­
lished, but it is assumed to have occurred sometime during 
the last glacial period, about 20,000 to 35,000 years ago 
(though some authorities have argued for an even earlier 
date, some 50,000 years ago or more). The site of entry 
into North America is assumed to have been a land (or 
ice) bridge where the Bering Strait now divides Asia and 
America. By the time Europeans arrived in the 15th Cen­
tury, the descendants of these and later waves of migrants 
had spread over the Americas and developed a variety of 
cultures adjusted to various ecological conditions.

This article begins with a survey of the indigenous peoples 
and cultures of North, Middle, and South America, with 
an emphasis on traditional ways of life and the changes 
wrought by contact with European civilization, The sec­
ond major section deals with the characteristic art forms 
of the North, Middle, and South American peoples and 
with those of the groups commonly known as the Eskimo 
(the traditional culture of Eskimo peoples is treated in the 
article a r c tic , t h e ). The arts are discussed in relation to 
the cultures of these peoples and to Western Standards 
of aesthetics.

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, section 511, and the Index.

This article is divided into the following sections:
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NORTH AMERICAN PEOPLES AND CULTURES
The North American continent into which the Asian 
migrants descended is divided roughly into three major 
physiographic landforms: the high Cordilleras in the west, 
the relatively lower Appalachian Highlands and Piedmont 
in the east, and, between them, the Great Plains, which 
spearhead from the Arctic Ocean to the Gulf of Mexico 
in a great triangle. The Western Cordilleras are a series of 
parallel north-south ranges cutting from Alaska to Central 
America; in the area of Canada and the United States they 
enclose, from north to south, a large plateau of grasslands 
and forests, an even broader, arid plateau known as the 
Great Basin, and a desert plain and range area of Arizona 
and New Mexico (as well as northwestem Mexico). The 
Cordilleras along the Pacific Coast separate a plethora of 
basins and plateaus from the coastlands. The central Great 
Plains, in the extreme north, consists of subarctic land 
that is swampy and coniferous and similar to the taiga 
and tundra of Siberia; to the south, the great Mississippi 
drainage system divides the relatively drier high plains to 
the west from the low, well-watered prairies and rolling 
hills to the east. The Appalachian Highlands and Pied­
mont contain, to the north, the great eastern woodlands 
and, to the south, a series of highlands and foothills de- 
scending to lowlands on the coast of the Atlantic and the 
Gulf of Mexico.

At the time of European contact there were perhaps as 
many as 240 different tribal entities in North America. 
Groups of these tribes, however, have been classified by 
anthropologists into a more convenient limited number 
of culture areas, determined very much by physiographic 
or environmental differences: the subarctic, the Northwest 
Coast, California, the western Plateau, the western Great 
Basin, the Southwest, the Plains, the Eastern Woodlands, 
and the Southeast. This section, in dealing with the major 
culture areas of North America, excludes the Arctic Es­
kimo and Aleuts. The peoples of Mexico, other parts of 
Middle America, and the peoples of South America are 
treated in separate sections below.

THE PEOPLE
Physical types. Although American Indians are funda- 

mentally Mongoloid, considerable Variation is found. The 
generally uniform physical features are these: the hair is 
usually straight, coarse, and uniformly black; the skin is 
reddish brown, the eyes dark, and the body hair scant; the 
cheekbones are prominent; and the facial size is generally 
large. Such features as cephalic index, nasal form, and 
stature, however, are extremely variable.

The uniform features are definitely Mongoloid; the vari­
able features are more difficult to assess. Some scholars 
believe that the early migrant populations were essentially 
Mongoloid and that the variations came about through ad- 
justment to American environments. Other scholars argue 
that the New World was peopled by a variety of physical 
types, with later mixtures but some marginal survival in 
isolated regions.

Archaeologically, the earlier populations were generally 
long headed (dolichocephalic) and showed fewer Mon­
goloid characteristics. These early peoples were slight in 
build with well-developed brow ridges, and many repre­
sent either a proto-Mongoloid type or an unspecialized 
early Caucasoid form related to the Ainu of Japan.

Detailed study of the distribution of blood groups among 
the American Indians may eventually aid in solving the 
problem of their origins. Thus, for example, it has been 
found that blood type B is generally absent in the ab­
original population of the Americas (though its incidence 
is high among Asian Mongoloids), and type A is found 
mainly in North American Indians.

M o d ern  g en etic  th eo ry  w o u ld  e x p la in  m u c h  o f  th e  Varia­
t io n  fo u n d  in  term s o f  su ch  factors as m u ta t io n , se lec tio n , 
a d m ix tu re , a n d  ra n d o m  g en e tic  drift. In  th e  sm all-sca le  
g ro u p s in v o lv e d  in  th e  early  p eo p lin g  o f  th e  N e w  W orld , 
re la tiv e ly  rap id  ch a n g es w ere p o ss ib le  a n d  co u ld  a cco u n t  
for a ll o f  th e  Variation fo u n d .

Population and languages. Estimates of the aboriginal 
population are based on information supplied by explor- 
ers, traders, missionaries, and other early reporters and are 
only as good as the reporters’ observations were trustwor- 
thy. A more serious impediment to an accurate count is 
that some tribes, by the time they were visited, had already 
been depopulated by European diseases and weapons. The 
estimates in the Table, it should be noted, are given an 
approximate dating.
The American anthropologist Alfred Louis Kroeber sub- 

mitted a population total for the area north of Mexico 
almost identical to that given in the Table, since he used 
the same figures except for California. He subgrouped the 
material, however, to accord with subsistence areas rather 
than geographical boundaries. In addition, he ranked 
the areas according to population densities, expressed 
in numbers of persons per square kilometre: California 
area, 43.40; northwest Pacific Coast, 28.30; southwestern 
United States, 10.70; Columbia-Fraser rivers area, 7.15; 
eastern area, 6.95; Arctic coast, 4.02; Great Basin, 2.47; 
and northern area, 1.35. Although agricultural areas of 
the east and Southwest contained the greater population 
(about 405,000 in all), Kroeber believed that the predomi­
nantly fishing economy of the Pacific Coast (Bering Strait 
to southem California) had greater relative density of pop­
ulation. His estimates were Pacific Coast, 25.2 persons per 
square kilometre; agricultural areas, 10.1; remaining area 
north of Mexico, 2.2.
The population of a little over 1,000,000 for North 

America north of Mexico contrasts with the estimated 
5,000,000 for Mexico and Central America and with the 
estimated 25,000,000 for the Western Hemisphere as a 
whole. (These uncertifiable estimates must, however, be 
approached with caution.)

The outstanding characteristic of American Indian lan­
guages is their diversity. There were more than 60 lan­
guage families in North America, comprising over 500 
languages, but these have been reduced to a smaller num-

Aboriginal Indian Population North of Mexico

date estimated
population

North Atlantic
New England, New York, New Jersey, 

Pennsylvania 
South Atlantic

1600 55,600

Delaware, Maryland, Virginia, West 
Virginia, the Carolinas, except 
Cherokee country 

Gulf States

1600 52,200

Georgia, Florida, Alabama, Mississippi, 
Louisiana, Arkansas, Tennessee, 
Cherokee country 

Central States

1650 114,400

Ohio valley from Alleghenies to 
Mississippi, Chippewa in Canada 

The Plains (Canada to Gulf)

1650 75,300

Northern 1780 100,800
Southern

Columbia River basih
1690 41,000

Washington, most of Oregon, northern 
half of Idaho

1780 89,300

California 
Central mountain

1769 260,000

Nevada, Utah, parts of surrounding 
States

1845 19,300

New Mexico and Arizona 1680 72,000
Subtotal United States (except Alaska)* 849,000
British America

Eastern Canada, central Canada, 
British Columbia

1600-1780 190,950

Subtotal British America* 221,000
Alaska 1740 72,600
Greenland 1721 10,000
Total 1,153,450

*From analysis according to modern political divisions as of dates 
given.
Source: James Mooney, “The Aboriginal Population of America 
North of Mexico,” Smithsonian Miscellaneous Collection, vol. 80, 
no. 7 (1928).
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Distribution of North American peoples and cultures (top) in Canada and (bottom) 
in the United States.

ber of superstocks by modern linguists. The American 
linguist and anthropologist Edward Sapir, for instance, 
proposed six linguistic groups for North America (includ­
ing the Arctic): Eskimo-Aleut, Algonkian-Wakashan, Na- 
Dené, Penutian, Hokan-Siouan, and Aztec-Tanoan (see 
l a n g u a g e s  o f  t h e  w o r l d ). No American language has

any genetic relationship to any language group in the Old 
World that has yet been fully demonstrated. It may be 
concluded from this that the ancestors of the Indians left 
the Old World so long ago that any relationship was lost 
through linguistic change.

Culture areas. Subarctic. The population of the Amer-
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ican subarctic was always relatively small, given the vast 
area from Alaska to Labrador. The various tribes—Al- 
gonkian speakers in the east and Athabascan speakers 
in the west—were hunters, fishers, and gatherers of wild 
plant foods; and social Organization tended to be simple 
and territorially very limited. The largest cohesive group 
tended to be a small kinship group or no more than a 
band or village of related families.

Northwest Coast. The peoples of the Northwest Pa­
cific Coast depended for their livelihood almost entirely 
on salmon, which was, however, supplemented by other 
fish, sea mammals, shellfish, birds, and some food plants; 
they also took advantage of the woods of the forests for 
constructing homes and canoes and developed the use of 
bark fibres and mountain-goat wool to make clothing and 
blankets. So rieh were their available resources and so 
intensively were the resources exploited that the density of 
population, as calculated by Kroeber, was greater on the 
Northwest Coast than in most places in North America 
north of Mexico. Although social Organization centred on 
the village rather than a larger tribe, it tended to be fairly 
sophisticated and highly stratified.

California. From very early times until European con­
tact, California was marked by a great complexity of tribal 
groups and languages. In some instances a group of not 
more than 500 individuals, speaking a distinct language, 
would live near another group of similar size that spoke a 
different language, and neither seemed to impinge on the 
other. The diversity is partly attributable to the complex 
of mountains and valleys and coastlands. In spite of the 
great complexity of linguistic and demographic factors, 
however, the California culture area presented no striking 
deviations. Agriculture was not practiced except along the 
Colorado River, since throughout the vast central por- 
tion and southward along the coast a method of leaching 
acom pulp and converting it into flour supplied abundant 
and constant food. Elsewhere, fishing and hunting were 
equaliy productive.
Plateau. The northern plateau area, bounded by the 

Rocky Mountains and the Coast and Cascade ranges, was 
a land of vast rolling treeless areas, dense forests, and snow- 
covered mountains. Because the area is drained largely by 
two great river Systems, the Fraser and the Columbia, most 
of the peoples of the area depended primarily on fishing 
for salmon, though other fish, game, and wild plants were 
also taken. Although the material accomplishments of the 
Plateau Indians were modest, their political achievements 
were sometimes impressive. The primary political unit was 
the village, but a sense of larger tribal and cultural unities 
led sometimes to the creation of forms of representative 
government, with village hierarchies, tribal chieftainships, 
and even confederations.

Great Basin. The Great Basin, a large area centring on 
the modern States of Nevada and Utah, was perhaps fertile 
during and just after the great Ice Age, but it has be­
come arid and impoverished in modern times. Before the 
beginning of European contact, the Shoshonean-speaking 
inhabitants were divided into loosely affiliated family units 
that subsisted on wild seeds, small mammals, and insects. 
Each family was independently nomadic during most of 
the year and joined other families only briefly for certain 
hunts or dancing. Some groups acquired horses in the 18th 
and early 19th centuries, however, and formed bands of 
mounted hunters and warriors and adopted many cultural 
characteristics of the Plains Indians.

Southwest. The Southwest, centring on Arizona and 
New Mexico, but including parts of Utah, Colorado, 
Texas, and Mexico, has at various periods been the terri­
tory of a number of agricultural and hunting and gathering 
peoples. Best known among the former are the Pueblo 
Indians, from the Zuni and Hopi on the west to the Rio 
Grande groups on the east, who built architecturally re- 
markable multiple apartment houses of adobe and stone 
masonry and developed to a high state agriculture, arts, 
and crafts. Their ancestors occupied the Southwest thou­
sands of years ago, and their high cultural development 
began during the Ist millennium a d  with the arrival of 
influences from Mexico. Two other major groups, the 
Athabascan-speaking Navajo and the Apache, undoubt-

edly came from the far Canadian north and probably did 
not initially reach the Southwest until a d  1000 or later. 
The Navajo borrowed extensively from the Pueblo Indi­
ans—notably in agriculture, weaving, and arts—but the 
Apache remained basically hunters and gatherers; only a 
few Apache groups engaged in supplementary cultivation 
of maize (corn) and other vegetables.
Plains. Until the late 16th Century the Great Plains 

were occupied only sparsely or intermittently. Toward 
the year 1600, however, Spanish horses were introduced 
and spread northward from the region of New Mexico, 
reaching almost the entire Plains area by 1750. Horses 
revolutionized the hunting of bison, making it much more 
profitable, and not only improved the conditions of res­
ident peoples but also seem to have drawn peoples from 
surrounding areas into the plains to develop a new way of 
life. Thus, most tribes thought by Europeans to be typical 
nomadic horse Indians—such as the Cheyenne, Arapaho, 
and Dakota (Sioux)—were actually neweomers to the area 
and had been farmers and village dwellers not many gen- 
erations before their first European contacts. In any event, 
the Plains Indians, with their bands organized into assem­
blages of tribes, their buffalo hunts and tepee villages, and 
their elaboration of warfare and raiding (much facilitated 
by the horse), became, through various media of populär 
culture, the tribes of North America often regarded now 
as “typical” American Indians.
Eastern Woodlands. The peoples of the eastern wood­

lands, largely Iroquoian and Algonkian speakers, were 
semi-sedentary, living in villages and cultivating maize, 
beans, and squash. The forests provided much of their 
material cultures—their wigwams and longhouses made 
of coverings of bark sheets, their dugout and bark canoes, 
and their clothing made of wild animal skins—and added 
game and fish to their diet. A village band of a few hun­
dred persons was the social and economie unit, though 
several bands might be loosely organized into tribes. The 
honour of warfare was engrained in most of the Eastern 
Woodlands Indians.

Southeast. The southeastern Indians, most of them 
Muskogean speakers, were primarüy agricultural, planting 
maize, pumpkins, beans, cane millet, tobacco, and other 
crops; they also gathered wild nuts and fruits and hunted 
deer or, in the west, bison. Their settlements were strag- 
gling; the “town” contained a square, on which were pub­
lic and religious buildings; “villages” were often outlying. 
The towns were autonomous and essentially constituted 
tribes. They might unite into confederacies, such as those 
of the Creek and Choctaw, directed by councils; such 
confederacies might break up and recombine. In contrast 
to the fairly well organized political institutions, economie 
life was rather unsöphisticated; there was little property, 
almost no stored wealth, and limited trade before the 
coming of Europeans.

THE PREHISTORIC PERIOD
The earliest records of the peopling of North America 
are scanty, and it is difficult to characterize their culture 
beyond calling it a hunting and gathering economy. The 
first settlers seem to have crossed the Bering Strait region 
from Asia during the expansion of the glacial sheets of the 
Ice Age (or Pleistocene Epoch). As the great ice sheets de­
veloped and expanded, they not only covered major land 
areas in the Northern Hemisphere but also brought con­
siderable areas of the Continental shelves above sea level. 
In the Arctic this provided a tundra Coastal plain across 
which man could move from Asia to North America. The 
amount of the Earth’s moisture incorporated into the ice 
probably lowered the sea level hundreds of feet. Asia and 
America were thus not separated again by the melting of 
the glaciers and the consequent gradual rise of the sea 
until about 9,000 or 10,000 years ago; likely sites of the 
earliest migrants are now below sea level.
The Americas were the last major land mass, with the 

possible exception of Australia, to be occupied by pre­
historie man, who, in order to spread over the vast area 
of the two continents, first had to develop the cultural 
equipment to exist in the Arctic area. Once this adjust- 
ment was made, he was able to move by way of ice-free,
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open-land routes into the Mackenzie Basin and down into 
climatically less rigorous and ecologically richer and more 
accomodating central North America. In addition to the 
Mackenzie route southward, at a later time the Yukon 
River valley also offered an ice-free route, and still later 
(8,000-10,000 years ago) the Liard and Peace river Sys­
tems were available for intramontane travel. The Pacific 
Coast slope was probably available for travel at about the 
same time. Some migrations may also have occurred by 
way of the Aleutian Islands, but this would have taken 
place at a considerably later date.

Early cultures. The earliest well-defined cultures in the 
New World have been placed by radiocarbon dating at 
about 10,000 to 8000 b c . At this period, two distinct 
traditions in North America are known: the Paleo-Indian 
big-game hunters of the West, the Great Plains, and east­
ern North America; and the Desert culture peoples of the 
western Basin-Range region.
Paleo-Indian hunting cultures. In spite of regional dif­

ferences in detail, there was a remarkable similarity in the 
economic complex of the hunters. They lived in a vari­
ety of environments, from mountain passes and valleys 
in the west to the then better watered grasslands of the 
Plains and the varied forest and parkland environment 
of the eastern woodlands. The variety of their böne tools 
indicates that one of their major food supplies came from 
animals, the hides of which provided clothing. In the west­
ern Plains and the Southwest they hunted such extinct 
North American animals as the camel, ground sloth, tapir, 
mammoth, and horse.

In the Great Lakes area of the eastern woodlands they 
may have hunted mastodon, but other commoner ani­
mals, such as the elk and deer, presumably formed the 
bulk of their meat diet. Some of their borie and wooden 
tools were probably used for working and ornamentation. 
These early hunters had temporary shelters and moved 
about as small bands in search of game. Their physical 
type is not clearly known, but it was related to that of 
an eastern Asian Early Stone Age population and is less 
Mongoloid than many groups of American Indians of the 
historie period,
Archaeologically, the oldest remains of the Paleo-Indian 

tradition are found on kill sites, where large Pleistocene 
mammals were killed and butchered. The most distinc- 
tive artifact type of this horizon is the Clovis Fluted 
projectile point (named after the site of first discovery, 
near Clovis, New Mexico); this was a lance-shaped point 
of chipped stone that had had one or more longitudinal 
flakes struck from the base of each flat face. These points 
are accompanied by side scrapers and, in one instance, by 
long cylindrical shafts of ivory. They are most frequently 
associated with mammoth. A second Paleo-Indian hori­
zon, which seems in part to be Contemporary with the 
Clovis material arid partially to postdate it, is the Folsom 
phase of the central High Plains (Folsom, New Mexico, 
being the site of initial discovery). It is characterized by 
lance-shaped points of more careful manufacture (includ­
ing broader fluted surfaces) than Clovis, associated with 
the remains of extinct Bison antiquus. The Lindenmeier 
site, a Folsom campsite in northeastern Colorado, has 
yielded a wide variety of end and side scrapers, gravers, 
and miscellaneous bone artifacts. Clovis sites have been 
dated at about 9000 bc  and Folsom sites at about 500 to
1,000 years later.
The Desert culture. In the western United States, over 

a region extending from Oregon to northern Mexico and 
from the Pacific coast to the eastern föothills of the Rocky 
Mountains, there was a distinctive cultural adaptation 
to the dry, relatively impoverished upland environment. 
There, in the relative absence of large game resources, 
Vegetation was exploited to a great extent, with the de­
velopment of grinding tools and related equipment. The 
Cochise Desert culture (named from Cochise County in 
southem Arizona, where it was discovered) ran from about 
8000 bc through several stages, persisting down to the 
historie period in some areas.
The Desert culture people lived as small bands of wan­

deling seasonal food gatherers, collectors, and hunters. 
They ate a wide variety of animal and plant foods and

developed techniques for small-seed harvesting and pro­
cessing; an essential feature of Desert assemblages was 
the milling stone, for use in grinding wild seeds. Their 
best known habitations were caves and rock shelters, and 
they had twined basketry, nets, mats, cordage, für cloaks, 
sandals, wooden clubs, and digging sticks. They also had 
the spear thrower, with darts of pointed hardwood or with 
points of flint and later of obsidian. Their rough stone 
implements were shaped by percussion, and consequently 
many of their choppers and scrapers had an Earlier 
Stone Age appearance. Their projectile points, however, 
showed excellent craftsmanship and followed conti nent- 
wide styles. The domesticated dog, another migrant from 
Asia, was known by about 4000 bc  in the Desert culture 
(though by this time the dog was also known elsewhere in 
North America).

The far west. On the far west coast in California, the 
marked variety of geographical situations encouraged the 
development of a number of diverse regional complexes 
dependent upon intensive exploitation of the local re­
sources. None of these cultures was agricultural. In the 
southem desert area the people subsisted upon plant seeds 
and small game and used crude flint tools, grinding stones, 
and (later) arrowheads. In the mountainous areas and in 
the better watered central areas, larger game animals such 
as the elk and deer, supplemented by acorns, fish, and 
birds, constituted the major items in the food supply. By 
at least 2000  b c , in this central area, the utilization of 
the local resources plus cultural intrusions from the north 
resulted in full adaptation to the area. The Coastal groups 
from north to south depended upon the sea for their food 
supply, some subsisting mainly on shellfish, some on sea 
mammals, others on fish, and still others on a mixture of 
all three.

In the north Pacific part of the United States and in 
western British Columbia, some of the early sites of the 
hunters have yielded fluted blades, crude choppers, and 
cutting tools. Between 9000 and 7000 bc  there were var­
ied economic activities but with an emphasis on hunting. 
By aböut 8000 bc there was a strong Orientation toward 
salmon fishing, particularly during the salmon runs, and 
the peoples tended to emphasize the use of bone and 
ander tools. The burin, a chisel-like bone working tool, 
has been found in such sites, along with prepared cores 
and blades. During the postglacial warming period that 
culminated between 3000 and 2000 b c , the inhabitants of 
the drier areas without permanent streams took on more 
of the traits of the Desert culture to the south, while others 
turned toward riverine fishing and marsh resources or to 
food from the sea. In the 1 st millennium b c , the so-called 
Marpole complex, a distinctive ground slate complex, was 
known in the Fraser River area, with basic resemblances to 
the northwest coast historie culture in maritime emphasis, 
woodworking, large houses, and substantial villages. The 
emphasis on ground slate and woodworking tools is like 
that in the Eastern Woodlands Archaic (see below) and 
recalls similar emphasis in certain northwestern Siberian 
cultures. In most of the areas of the Northwest Coast, 
clear indications of the beginnings of the historie cultures 
were not known until about a d  1300.

The Archaic cultures. The Eastern Archaic. With the 
retreat of the ice sheets in the north, beginning about 10,- 
000 years ago, the cool, moist climate gradually became 
hot and dry in the Great Plains and Great Basin regions, 
with consequent extinction or migration of Pleistocene 
animal life. The High Plains were largely deserted by man 
for a considerable period. In the eastern woodlands area, 
partly as a result of the variety of forest environments, 
climatic differences, and physiographic features, there de­
veloped a series of regional readaptations to changed local 
food supplies. The change from the primarily hunting 
economy of the early American hunters was gradual and 
is clearly seen in the slowly evolving form of the projectile 
point and other implement changes. The pattern of life 
became one of mixed hunting and collecting, with some 
groups developing by 6000 bc a taste for riverine and 
Coastal living in order to exploit abundant fish and mol- 
lusk resources to supplement such vegetational products 
as acorns, seeds, berries, and tubers.

Change
from
hunting
economy
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During the long Eastern Archaic, from 8000 to 1500 
bc , regional social and economie diversification was de­
veloped, and it was during the Archaic that significant 
early linguistic differentiation also probably occurred and 
during which varieties of physical types developed.

The typical Archaic house was a small circular structure 
with wooden posts for the wall and roof supports; the cov­
ering was probably bark. Cooking was done in the open by 
boiling in containers of wood, bark, or hides or by baking 
in pits or by roasting and grilling. Lists of mammal, fish, 
and bird bones from Archaic sites read like a listing of the 
early historie fauna. Game-gathering devices, including 
nets, traps, and pitfalls, were used along with the spear 
and dart thrower. Fishhooks, gorges, and net sinkers were 
known, and in some areas fish weirs were built. River, 
lake, and ocean mollusks were consumed, and probably a 
great many native roots, berries, fruits, and tubers known 
in the early historie period were incorporated into the diet 
during the Archaic. The extensive lists of plant medicines 
recorded by the early colonists were probably a part of the 
primitive Archaic pharmacopoeia.

The large variety of chipped-flint projectiles, knives, 
scrapers, perforators, drills, and adzes reflect regional styles 
and changes during the long Archaic period. The late 

►eveloping Archaic was distinguished by the gradual development of 
ade and ground and poiished, grooved stone axes, pesties, gouges, 
:chnology adzes, plummets, and forms attached to the spear thrower.

This was a reflection of a growing versatility in the tech­
nology and economy. Trade and exchange are also known 
from the distribution of native copper implements from 
the Michigan-Wisconsin area to as far south as Louisiana 
and Florida and the finds of southeastem marine shells as 
far north as the upper Mississippi-Great Lakes area. An 
extensive system of trails and water routes was probably 
in existence during the Late Archaic.

The great boreal forest zone of spruce, fir, and pine that 
now runs from New England and the maritime provinces 
of Canada westward to the Canadian plains and the 
Mackenzie Valley gradually acquired its present distribu­
tion following the retreat and melting of the Arctic ice 
cap. Its present distribution was reached by about 2500 
bc . The forest cover and climate had a limiting effect on 
the cultural development and on the general pattern of 
hunting and fishing. These efforts were supplemented by 
some use of plant material.
In the upper Great Lakes area there was an Old Copper 

culture, which has special interest because copper imple­
ments and weapons were made from the native copper 
of the Lake Superior basin. This culture appeared about 
3000 bc and lasted about 2,000 years, It was a northem 
expression of the Late Archaic. lts tools and weapons, 
particularly in the adzes, gouges, and axes, clearly indicate 
an adaptation to the forest environment. In the area south 
of James Bay to the upper St. Lawrence about 2000 bc , 
there was a regional variant called the Laurentian Boreal 
Archaic and, in the extreme east, the Maritime Boreal Ar­
chaic. In this eastern area, slate was shaped into points and 
knives of forms similar to those of the copper implements 
to the west. Trade between the eastern and western areas 
has been recognized, and this evidence, along with general 
similarities of the culture, suggests that water transporta­
tion by canoe was known at this time.

Along the southem border of the central and eastern 
boreal forest zone between 1500 and 500 bc , there devel­
oped a distinctive burial complex, reflecting an increased 
attention to burial ceremonialism. These burials, many in­
cluding cremations, were often accompanied by red ochre, 
Caches of triangulär blanks, fire-making kits of iron pyrites 
and flint strikers, copper needles and awls, and poiished 
stone forms. The triangulär points of this complex may 
have represented the introduction of the bow and arrow 
from the pre-Eskimo cultures east of Hudson Bay. The 
earliest Woodland pottery appeared in the Great Lakes 
area about 1000 bc . It is another of the culture traits de­
rived from northeastem Asia and across northem Alaska 
to northwestem Canada. The route by which it reached 
the Great Lakes is not known.

The Plains Archaic. In the western Plains from about 
8000 to 3000 bc the fluted blade points were no longer

made, and many styles or types were produced that have 
been identified by such local names as Plainview, An- 
gostura, Milnesand, Agate Basin, and Scottsbluff. These 
minor varieties of dart and spear point and their primarily 
hunting culture may be included in the term Plano. The 
Plano complex or culture type was a direct descendant Plano 
from the flüted-blade early American hunters. Their pri- culture 
mary game animal was the bison, for the larger animals of 
the preceding period had died out or were exterminated.

The stone complex associated with the Plano hunters 
was markedly similar from site to site over a consid­
erable period of time during which the climate became 
increasingly warmer and until the major warm period was 
reached, about 3000  to 2000  b c . A s the climate moder- 
ated, peoples of the Late Plano complex moved north into 
Saskatchewan and Alberta with the grazing game animals 
and, by 3000 bc , had reached the Arctic tundra zone in 
the Northwest Territories of Canada at Grant and Dismal 
lakes and Great Bear River. Important elements of this 
culture also moved east in the Mississippi valley and west­
ern Great Lakes area. Many of the sites of this culture type 
were kill sites with abundant bison bones that accounted 
for the number of implements and tools associated with 
hunting and leatherworking. In the tundra zone the major 
game animal was the caribou. Choppers, pounders, and 
milling stones have been found there.

Early agriculturalists. Early southwestern planters.
Primitive agricultural practices began in Mexico by 6000 
to 4000  bc and by approximately 2 0 0 0  bc  were known on 
the northem fringe of the Middle American culture area.
Maize was not the only crop plant, for gourds, squash, 
peppers, cotton, and varieties of beans were also domesti­
cated. Maize was grown in the southwestern United States 
by 2000  to 1000 b c , but most of the other domesticates 
did not arrivé until just before and after a d  1. The early 
introduction of maize in the Southwest had no marked ef­
fect on cultural development, and the existence of pottery, 
storage pits, and domestic houses with semi-subterranean 
floors and lateral entryways was not known until about 
a d  1. These houses had wood uprights for walls, central 
roof supports, radiating beams, and watüe-and-daub plas- 
tered walls. The small settlements of the early Puebloan, 
or Basket Maker, people of the Four Corners area (namely 
northwestem New Mexico, southwestern Colorado, south­
eastem Utah, and northeastem Arizona) were among the 
first village agricultural societies in the Southwest.

Ohio Valley cultures. In eastern North America one of 
the Early Woodland phases preceding the introduction of 
maize agriculture is the Adena culture, which occupied Adena and 
the middle Ohio River Valley by about 500 bc  (Adena Hopewell 
takes its name from an estate near Chillicothe, Ohio, the cultures 
site of a large burial mound). The Adena were hunters 
and gatherers but apparentiy provided the stimulus that 
brought about the spectacular Hopewell culture in the 
Illinois and Ohio valleys. (Hopewell is similarly named 
after a farmsite in Ohio). The success of the Hopewell 
peoples, particularly from 100 bc  to a d  200, seems to 
have been due largely to their combining elements of the 
preceding Archaic cultures with elements of Adena and 
other Early Woodland cultures, and perhaps with some 
features of a local cultivating tradition, since some com 
and squash has been found. It is evident that the Hopewell 
culture included a well-organized village-based society in 
which surplus resources were used in the construction of 
elaborate earthworks and were concentrated as wealth by 
a restricted group of individuals. The most outstanding 
feature of Hopewell culture is a burial complex that called 
for the deposition of concentrations of wealth in tombs 
of one or several deceased individuals. The interment 
procedure was elaborate and involved the construction 
of a large log tomb, later burned and covered by an 
earth mound. Artifacts found within these burial mounds 
indicate that the Hopewell were able to obtain goods 
from widespread localities in North America. Obsidian 
and grizzly bear teeth were apparentiy derived from the 
Rocky Mountain region; copper from the northem Great 
Lakes; and conch shells and other exotic objects from 
the southeast and along the coast of the Gulf of Mex­
ico. Ohio, particularly, served as a distributing centre for
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ceremonial goods and special products over a wide area in 
the eastern United States. The ceramics of the Hopewell 
appear to be based in two major traditions: one derived 
from an Ohio Valley development which began about 
1000  b c , stimulated by the early fibre-tempered pottery of 
the Southeast, and the other from a pottery with complex 
decorations, which probably developed in the Illinois area 
around a d  1. In less favourable areas of eastern North 
America, a “generalized Woodland” culture paralleled the 
Hopewell in time, probably based more on collecting than 
on cultivation for subsistence.
There is a clear evidence of cultural regression between 

a d  200 and 700 in the north central United States fol­
lowing the Hopewell expansion and florescence. This is 
attributed to a number of changes in their activities which 
are not well understood as yet. Although there was con­
current change in the south, this did not take the form of 
a lowering of the cultural level.
Mississippi Valley and peripheral woodlands. The last 

The major cultural development in the eastern United States
Mississip- is called Mississippian because its primary centre was in 
pian the valleys of the Mississippi River and its major tributar-
culture ies and in the southeast. This predominantly agricultural 
complex complex was a marked cultural advance over earlier stages 

in the east. Its initial growth and expansion was at ap­
proximately the same period (a d  700-1200) as that of the 
southwestern Puebloan complex. The initial growth was 
along the Mississippi between modern St. Louis and Vicks- 
burg. It was stimulated by the introduction of concepts, 
religious practices, and improved agricultural procedures 
from northem Mexico, plus local developments, which 
resulted in a sedentary societal Organization. By a d  1000, 
large villages were in existence with subsidiary villages 
and farming communities nearby. Regional specialized 
production in pottery, projectile points, house types, and 
other utilitarian products reflected the tribal groupings of 
the period. An outstanding feature of this culture type 
was the earthen temple mound, which served as a raised 
platform on which the major community buildings were 
placed. These council houses and temples served as the 
political and ceremonial centres. The platform mounds 
were placed on the sides of a central plaza that served as 
a ceremonial centre for the tribal community during im­
portant recurrent functions or during times of crisis. The 
more permanent buildings, both family and community, 
were of wattle-and-daub construction, usually rectangular 
in floor plan. In some areas large, circular charnel houses 
received the remains of the dead, but burial was normally 
made in large cemeteries or in the floors of dwellings. The 
size of the ceremonial tribal centres varied from 10 to 100 
acres (four to 40 hectares). Important household indus­
tries involved the production of mats, baskets, clothing, 
and a variety of vessel forms for specialized uses. Food 
surplus was kept in ground storage pits and in storage 
cribs above the ground.
One of the more striking developments was the pro­

duction of ceremonial costumes and Ornaments, for use 
in the religious ceremonies that were conducted by an 
organized priesthood with a well-established ritual. The 
religious symbolism spread throughout the Mississippian 
complex, and a number of centres of production of spe­
cialized ceremonial items are known. Other innovations 
were walled fortifications with timber palisades and bas­
tions surrounding the village, which reflected an increase 
in intergroup aggression and a tendency, continuing into 
the historie period, toward the development of confeder­
acies. The intergroup conflicts apparentiy were primarily 
quests for prestige and revenge instead of a means of 
territorial expansion or economic control.

Spread of Along the eastern and northern periphery, some tribes, 
Woodland while retaining the older Woodland complex, were some- 
culture what influenced by the Mississippian culture. The extent 

of this influence seems to have depended on their near- 
ness to the more advanced cultural complex and on their 
ability to  maintain an agricultural economy along with 
hunting and gathering. There was a spread of Woodland 
culture from about 2 0 0  bc  to  a d  2 0 0  into the eastern 
part of the Plains from Oklahoma to North Dakota, with 
so m e  sites, particularly in eastern Kansas, clearly forming

a part of the Hopewellian complex. In the Plains there was 
evidence of corn and bean cultivation during this period, 
and later there was cultivation of gourds and squash, but 
between about a d  300-400 and 800 there was little oc­
cupation of the western part of the Plains by agricultural 
people because of the relative aridity.
After 800, however, Late Woodland populations had 

spread west to the eastern slopes of the Rockies and were 
in contact with eastward-moving Puebloan people. A fa­
vourable agricultural period was indicated by the marked 
increase in village size and in population density for the 
next 400 years, during which hospitable areas along ma­
jor streams were occupied by various interrelated cultural 
groups eollectively known as the Plains Mississippian cul­
tures. Part of this complex was connected to the develop­
ing Mississippi complexes to the east by diffusion and, to 
some degree, by a migration of such groups as the Omaha 
and Ponca from the St. Louis area by about a d  1000.

Between a d  1500 and 1700 the High Plains from New 
Mexico to Wyoming and in eastern Oklahoma, Kan­
sas, and Nebraska were pre-empted by horse-using, semi- 
agricultural peoples of the plains—the Apache and Co- 
manche. Prehistorie village agriculturalists of a plains 
Mississippi tradition came into the historie period as the 
Pawnee, Arikara, Mandan, Hidatsa, Crow, and Wichita.

Southwestern village farmers. Anasazi, Mogollon, and 
Hohokam cultures. The southwestern village farmers were 
distributed from eastern Utah and Southern Colorado 
through most of New Mexico and Arizona. The effective 
agricultural area varied with fluctuations in climate that 
profoundly affected the ability of the Indians to occupy 
marginal regions. Although corn and some other agrieul- Pre-Pueblo 
tural plants were introduced from Mexico between 2000 cultures 
bc  and a d  1, the first village complexes, with five to 15 pit 
or surface houses, ceremonial buildings, refuse pits, and 
pottery, did not appear until shortly before a d  1 in South­
ern Arizona and New Mexico. Two of the major farming 
complexes began at this time: Mogollon was located in the 
mountainous belt of west central New Mexico and east 
central Arizona, while Hohokam was located in the desert 
area of the Gila basin of Southern Arizona. The latter 
group depended upon irrigation for its crops, whereas Mo­
gollon depended upon rainfall and stream diversion over 
floodplains. Mogollon became the pattern of agriculture 
that later was developed in the Anasazi or Puebloan cul­
ture, the third major farming complex of the Southwest.
The geographical expansion, population growth, and 

striking development of permanent villages with multi- 
room and multilevel buildings came during the period 
from a d  700 to 1200, which coincided with a minor cli- 
matic period of favourable distribution of rainfall for plant 
growth over the entire Southwest. For the same climatic 
reasons, there was an expansion of population and cultural 
movement from central and western Mexico into north- 
western Mexico. Trade and cultural stimuli then moved 
from northwestem Mexico into the American Southwest 
at a time when the climate in both areas was most favour­
able for population and cultural growth. Indicating such 
cultural movement, cast copper bells, parrots, ball courts, 
shell trumpets, and pottery vessel shapes and designs have 
been found; they clearly reflect the transmission of reli­
gious beliefs and ceremonies. These Southern influences 
were blended into local and regional complexes.

The Anasazi village agricultural complex had expanded 
by a d  900 to occupy northeastem Arizona, southwestern 
Colorado, and northwestem New Mexico. By a d  1100, 
expansion had taken place into the Virgin River valley of 
southeastern Nevada, north as far as the Great Salt Lake 
and northwestem Colorado, to the east into southeastern 
Colorado and to the Pecos and upper Canadian river 
valleys of New Mexico. During this period there was prob­
ably a development of priestly offices and of rituals and 
ceremonialism. The increasing population concentration 
in large pueblos was apparentiy organized into households 
according to lineage. Control of the agricultural activities 
was presumably in the hands of clan leaders, who were 
also the priests who officiated in the rain-producing cer­
emonies. During this period some of the larger village 
populations ranged from 300 to more than 1,000 people.
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Primarily because of increasing aridity there was a 
marked retraction of Anasazi culture between 1100 and 
1300. As a result, a concentration of the pueblos took 
place in northeastem Arizona, along the Rio Grande and 
its immediate tributaries, and in the present Zuni area 
of western New Mexico. The Anasazi groups maintained 
their societies by sand-dune farming with floodwater and 
some canal irrigation. The increased importance and ela- 
boration of religious rain-producing ceremonies between 
1300 and 1540 is deduced from paintings on walls and 
from symbolic pottery decoration.
The Mogollon complex in its early phases, from 200 b c  to 

a d  700, consisted of relatively small villages of pit houses 
grouped near a large ceremonial structure. No Organiza­
tion of the village structures into a pattern is apparent, 
however, and trash disposal was random. Although the 
initial impetus for sedentary village life appeared early in 
the Mogollon area, there was a period of apparent cultural 
quiescence about a d  400 to 600. With the growth and 
spread of the Anasazi complex in the period after 700, the 
main flow of culture was from that area, and Mogollon 
villages from a d  900 to 1100 were a blend of local de­
velopment strongly influenced from Anasazi. During the 
climatic deterioration after a d  1200, much of the Mogol­
lon territory in southwestern New Mexico was abandoned.
The Hohokam culture of southeastern Arizona was pri­

marily limited to main river valleys. Agriculture was made 
possible by extensive irrigation canals that required Coop­
eration between villages. The people lived in villages of 
scattered pit houses made of brush and mud that were 
dispersed along the streams and canals. Their main Settle­
ments and major culture growth took place also during the 
period a d  700-1200. Following this for 200 years, there 
was a blend with Anasazi and Mexican elements and a 
tendency toward the construction of more compact Settle­
ments surrounded by compound walls with a few massive 
multiroom and two-story buildings. There is relatively 
little evidence of trade and influences from northwestem 
Mexico. Such historie groups as the Pima and Papago are 
descended from the Hohokam people.

Pueblo culture. Best known of the prehistorie and his­
torie southwestern peoples are the Pueblo Indians proper, 
whose ancestors built great cliff villages now seen in 
ruins and equaliy remarkable multiple apartment hous­
es of adobe and stone masonry. Some of the latter are 
still occupied, and the Pueblo Indian inhabitants speak 
languages and observe ceremonies that are at least pre- 
Spanish in origin.

The beginnings of Pueblo culture, in the 1 st millennium 
a d , are obscure. The traditional type of aboveground, 
straight-line, or crescent-shaped multiple house continued 
to be built, two rooms wide; stone masonry, however, 
began to replace the earlier pole-and-mud and adobe con­
struction. Agriculture, including several varieties of corn, 
may have been augmented at that time by the cultiva­
tion of a native long-staple cotton. Pottery was not much 
changed, but it included a greater variety of shapes and 
decoration. Basketry was much less common. These ear­
ly phases of Pueblo culture are termed Developmental 
Pueblo.
The great Classic Pueblo period followed in about a d  

1050-1300, a period most popularly associated with the 
term Pueblo. It was the time of the great cliff houses, such 
as Mesa Verde, and the large apartment-like structures in 
Chaco Canyon (Pueblo Bonito) and elsewhere. An actual 
shrinking in area took place as inhabitants of the outer 
fringes moved in to build the large dwelling units. Also, 
because a number of outstanding structures were built in 
quite inaccessible canyons and mesa walls, there is the 
possibility that hostile strangers had reached the outlying 
districts. The most notable advance over previous periods 
was in architecture and pottery. Masonry walls were great­
ly thickened, dressed stones being used in many localities 
to bear the greater weight of massive structures. These 
community structures had from 20 to as many as 1,000 
rooms and from one to four stories. Each of the larger 
houses was in effect a single village. Windows and doors 
were quite .-small, and usually no openings were made in 
the lowest rooms, which were entered by ladder through

the roof. Floors were terraced or set back, and the ter- 
races were much used as outdoor living space. Roofs were 
constructed to carry great weights by laying heavy beams 
covered with a mat of smaller poles and brush, then laying 
on a coat of adobe six to eight inches thick, Some semi- 
subterranean ceremonial chambers, known as kivas, were 
enlarged to as much as 80 feet (25 metres) in diameter. 
Craftsmanship in pottery reached a high level, and special- 
ization became so pronounced in the different centres, as 
in Chaco canyon, Mesa Verde, Kayenta, and a number of 
others, that the style of each can be recognized easily. To 
the earlier black-on-white and red-on-white designs were 
added polychromes of three or more colours applied more 
lavishly. Cotton cloth, blankets, and bags were woven, and 
yucca fibre also entered into various articles of clothing 
and such utility objects as mats. Feather-cloth robes were 
worn in cold weather.

Abandonment of the cliff houses and large community 
buildings marked the close of the great Pueblo period. In 
part this may have resulted from incursion into the north­
ern part of the territory by nomadic Athabascans (Navajo 
and Apache) and a prolonged drought that occurred in 
the late 13th Century. It is also possible that lack of central 
leadership led to internal dissensions.
The next period (a d  1300-1700), called Regressive Pueb­

lo, was characterized by a general movement southward 
and eastward, and new villages, some larger than those of 
Classic Pueblo, were built on the Little Colorado, Puerco, 
Verde, San Francisco, Rio Grande, Pecos, upper Gila, and 
Salt rivers. Pottery showed new developments; geometrie 
patterns were largely replaced by naturalistic representa­
tions of birds, animals, insects, and the human figure; 
glazing was frequently used. The modern Pueblo period is 
usually dated from the beginning of permanent Spanish 
settlement at the close of the 17th Century. From 1540 
on, when the Spaniards first entered the Pueblo country, 
the number of Pueblo settlements declined considerably, 
though much of the culture and many of the skills in 
agriculture and crafts continued down to present times.

EVOLUTION OF CONTEMPORARY CULTURES
The gréat diversity that marked Indian cultures also per- 
sisted into modern times. After the arrival of the Eu­
ropeans, some tribes disappeared by amalgamation with 
others or by wars and epidemics, and some languages per- 
ished. The process of adaptation to white encroachments 
and of acculturation to European ways worked at varying 
rates within the various Indian societies, transforming and 
devitalizing segments of custom and practice. Neverthe­
less, many Indian populations north of Mexico continued 
to manifest an unexpected viability, and Indian attitudes, 
customs, and values persisted.

Colonial policies. The formulation of public policy 
toward the Indians was of concern to the major European 
colonizing powers. The Spanish tried assiduously to Chris- 
tianize the natives and to remake their living patterns. 
Orders were issued to congregate scattered Indian villages 
in orderly, well-placed centres, assuring the Indians at the 
same time that by moving to such centres they would not 
lose their outlying lands. This was the first attempt tö 
create Indian reservations. The promise failed to protect 
Indian land, according to the Franciscan monk and his- 
torian of Mexico, Jüan Torquemada, who reported about 
1599 that there was hardly “a palm of land” that the 
Spaniards had not taken. Many Indians who did not join 
the congregations for fear of losing what they owned fled 
to mountain places and lost their lands anyway.
The Russians never seriously undertook colonization in 

the New World. When Peter I the Great sent Vitus Jon­
assen Bering into the northern sea that bears his name, 
interest was in scientific discovery, not overseas territory. 
Later, when the problem of protecting and perhaps ex- 
panding Russian occupation was placed before Catherine 
II the Great, she declared (1769):

It is for traders tö traffic where they please. I will furnish
neither men, nor ships, nor money, and I renounce foreyer all
lands and possessions in the East Indies and in America.
The Swedish and Dutch attempts at colonization were 

sq brief that neither left a strong imprint on New World

Early
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practices. The Dutch government, however, was probably 
the first (1645) of the European powers to enter into a 
formal treaty with an Indian tribe, the Mohawk. Thus 
began a relationship, inherited by the British, that con- 
tribüted to the ascendancy of the English over the French 
in North America.

France handicapped its colonial venture by transporting 
to the New World a modified feudal system of land ten­
ure that discouraged permanent Settlement. Throughout 
the period of French occupation, emphasis was on trade 
rather than on land acquisition and development, and 
thus French administrators, in dealing with the various 
tribes, tried primarily only to establish trade relations with 
them. The French instituted the custom of inviting the 
headmen of all tribes with which they carried on trade 
to come once a year to Montreal, where the governor of 
Canada gave out presents and talked of friendship. The 
governor of Louisiana met southem Indians at Mobile. 
The English, reluctantly, found themselves competing on 
the same basis with annual gifts. Still later, United States 
peace commissioners were to offer permanent annuities in 
exchange for tribal concessions of land or other interests. 

Early In contrast to the French, the English were primarily
English interested in land and permanent settlements; beginning 
policies quite early in their occupation, they feit an Obligation to 

bargain with the Indians and to conclude formal agree­
ments with compensation to presumed Indian landowners. 
The Plymouth settlers, coming without royal sanction, 
thought it incumbent upon them to make terms with the 
Massachuset Indians. Cecilius Calvert (the 2nd Baron Bal­
timore) and William Penn, while possessing royal grants 
in Maryland and Pennsylvania respectively, nevertheless 
took pains to purchase occupancy rights from the Indi­
ans. It became the practice of most of the colonies to 
prohibit indiscriminate and unauthorized appropriation of 
Indian land. The usual requirement was that purchases 
could be consummated only by agreement with the tribal 
headman, followed by approval of the governor or oth­
er official of the colony. At an early date also, specific 
areas were set aside for exclusive Indian use. Virginia in 
1656 and commissioners for the United Colonies of New 
England in 1658 agreed to the creation of such reserved 
areas. Plymouth Colony in 1685 designated for individual 
Indians separate tracts that could not be alienated without 
their consent.
In spite of these official efforts to protect Indian lands, 

unauthorized entry and use caused constant friction 
through the colonial period. Rivalry with the French, who 
lost no opportunity to point out to the Indians how their 
lands were being encroached upon by the English; the 
activity of land speculators, who succeeded in obtaining 
large grants beyond the settled frontiers; and, finally, the 
startling success of the Ottawa chief Pontiac in capturing 
English strongholds in the old Northwest (the Great Lakes 
region) as a protest against this westward movement, to­
gether prompted King George IIFs ministers to issue a 
proclamation (1763) that formalized the concept of Indian 
land titles for the first time in the history of European 
colonization in the New World. The document prohibited 
issuance of patents to any lands claimed by a tribe unless 
the Indian title had first been extinguished by purchase or 
treaty. The proclamation reserved for the use of the tribes 
“all the Lands and Territories lying to the Westward of the 
sources of the Rivers which fall into the Sea from the West 
and Northwest.” Land west of the Appalachians might 
not be purchased or entered upon by private persons, but 
purchases might be made in the name of the king or one 
of the colonies a ta  council meeting of the Indians.
This policy continued up to the termination of British 

rule and was adopted by the United States. The Appalachi­
an barrier was soon passed—thousands of settlers crossed 
the mountains during the American Revolution—but both 
the Articles of Confederation and the federal Constitution 
reserved either to the president or to Congress sole au­
thority in Indian affairs, including authority to extinguish 
Indian title by treaty. When French dominion in Canada 
capitulated in 1760, the English announced that “the Sav- 
ages or Indian Allies of his most Christian Majesty, shall 
be maintained in the lands they inhabit, if they choose

to remain there.” Thereafter, the proclamation of 1763 
applied in Canada and was embodied in the practices of 
the dominion government. (The British North America 
Act of 1867, which created modern Canada, provided that 
the parliament of Canada should have exclusive legislative 
authority with respect to “Indians, and lands reserved for 
the Indians.” Thus, both North American countries made 
control over Indian matters a national concem.)

United States policy. The first full declaratiön of U.S. 
policy was embodied in the Northwest Ordinance (1787):
The utmost good faith shall always be observed toward the 
Indians, their lands and property shall never be taken from 
them without their consent; and in their property, rights, and 
liberty, they shall never be invaded or disturbed, unless in 
just and lawful wars authorized by congress; but laws founded 
in justice and humanity shall from time to time be made, 
for preventing wrongs being done to them, and for preserving 
peace and friendship with them.
This doctrine was embodied in the act of August 7, 1789, 

as one of the first declarations of the U.S. Congress under 
the Constitution.

The final shaping of the legal and political rights of the 
Indian tribes is found in the opinions of Chief Justice 
John Marshall, notably in decision in the case of Worces- 
ter v. Georgia:
The Indian nations had always been considered as distinct, 
independent, political communities, retaining their original 
natural rights, as the undisputed possessors of the land, from 
time immemorial. . . . The settled doctrine of the law of na­
tions is, that a weaker power does not surrender its inde- 
pendence—its right to self-government—by associating with 
a stronger, and taking its protection. A weak state, in order 
to provide for its safety, may place itself under the protection 
of one more powerful, without Stripping itself of the right of 
government, and ceasing to be a state.
The first major departure from the policy of respecting 

Indian rights came with the Indian Removal Act of 1830.
For the first time the United States resorted to coercion, 
particularly in the cases of the Cherokee and Seminole 
tribes, as a means of securing compliance. The Removal Indian 
Act was not in itself coercive, since it authorized thé presi- Removal 
dent only to negotiate with tribes east of the Mississippi on Act of 
a basis of payment for their lands; it called for improve- 1830 
ments in the east and a grant of land west of the river, to 
which perpetual title would be attached. In carrying out 
the law, however, resistance was met with military force.
In the decade following, almost the entire population of 
perhaps 100,000 Indians was moved westwärd. The epi­
sode moved Alexis de Tocqueville to remark in 1831:
The Europeans continued to surround [the Indians] on every 
side, and to confine them within narrower limits . . . and 
the Indians have been ruined by a competition which they 
had not the means of sustaining. They were isolated in their 
own country, and their race only eonstituted a little colony of 
troublesome strangers in the midst of a numerous and dom­
inant people.
The territory west of the Mississippi, it turned out, was 

not so remote as had been supposed. The discovery of gold 
in California (1848) started a new sequence of treaties, de­
signed to extinguish Indian title to lands lying in the path 
of the overland routes to the Pacific. The sudden surge of 
thousands of wagon trains through the last of the Indian 
country and the consequent slaughtering of prairie and Indian 
mountain game that provided subsistence for the Indians wars 
brought on the most serious Indian wars the country had 
experienced. For three decades, beginning in the 1850s, 
raids and sporadic pitched fighting took place up and 
down the western Plains, highlighted by such incidents 
as the Custer massacre by Sioux and Cheyenne Indians 
(1876), the Nez Percé chief Joseph’s running battle in 1877 
against superior U S. army forces, and the Chiricahua 
Geronimo’s long duel with authorities in the Southwest, 
resulting in his capture and imprisonment in 1886.
Toward the close of that period, the Ghost Dance re­

ligion, arising out of the dream revelations of a young 
Paiute Indian, Wovoka, promised the Indians a return to 
the old life and reunion with their departed kinsmen. The 
songs and ceremonies born of this revelation swept across 
the northern Plains. The movement came to an abrupt 
end December 29, 1890, at Wounded Knee Creek, South



18 American Indians

Dakota. Believing that the Ghost Dance was disturbing 
an uneasy peace, government agents moved to arrest ring­
leaders. Sitting Bull was killed (December 15) while being 
taken into custody, and two weeks later units of the U.S. 
7th Cavalry at Wounded Knee shot down more than 200 
men, women, and children who had already agreed to 
return to their homes.
A further major shift of policy had occurred in 1871 

after congressional discussions lasting several years. U.S. 
presidents, with the advice and consent of the Senate, 
had continued to make treaties with the Indian tribes and 
to commit the United States to the payment of sums of 
trioney. The House of Representatives protested, since a 
number of congressmen had come to the view that treaties 
with Indian tribes were an absurdity (a view earlier held 
by Andrew Jackson). The Senate yielded, and the act of 
March 3, 1871, declared that “hereafter no Indian nation 
or tribe” would be recognized “as an independent power 
with whom the United States may contract by treaty.” 
Indian affairs were brought under the legislative control 
of the Congress to an extent that had not been attempted 
previously. Tribal authority with respect to criminal offen- 
ses committed by members within the tribe was reduced 
to the extent that murder and other major crimes were 
placed under the jurisdiction of the federal courts,

Ladical The most radical undertaking öf the new legislative pol- 
ind icy was the Dawes General Allotment Act of 1887. By
llotment that time the Indian tribes had been moved out of the 
;gislation mainstreäms of traffic and were settled on lands that they 

had chosen out of the larger areas that they had formerly 
occupied. Their choice in most cases had been confirmed 
by treaty, agreement, act of Congress, or executive order 
of the president. The tribes that lived by hunting over wide 
areas found reservation confinement a threat to their ex­
istence. Generally, they had insisted on annuity payments 
or rations, or both, and the U.S. peace commissioners had 
been willing to offer such a price in return for important 
land cessions. In time the view came to be held that reser­
vation life fostered indolence and perpetuated customs 
and attitudes that held Indians back from assimilation. 
The strategy offered by proponents of this theory was 
the Allotment Act authorizing the president to divide the 
reservations into individual parcels and to give every In­
dian, whether he wanted it or not, a particular piece of the 
tribally owned land. In order not to make the transition 
too abrupt, the land would be held in trust for a period 
of 25 years, after which ownership would devolve upon 
the individual. With it would go all the rights and duties 
of citizenship. Reservation land remaining after all living 
members of the tribes had been provided with allotments 
was declared surplus, and the president was authorized to 
open it for entry by non-Indian homesteaders, the Indians 
being paid the homestead price.
A total of 118 reservations was allotted in this manner, 

but the result was not what had been anticipated. Through 
the alienation of surplus lands (making no allowance for 
children yet unborn) and through patenting of individual 
holdings, the Indians lost 86,000,000 acres (35,000,000 
hectares), or 62 percent, of a total of 138,000,000 acres in 
Indian ownership prior to 1887. A generation of landless 
Indians resulted, with no vocational training to relieve 

■ï them of dependence upon land. The strategy also failed in 
that ownership of land did not effect an automatic accul- 
turation in those Indians who received individual parcels. 
Through scattering of individuals and families, moreover, 
social cohesiveness tended to break down. The result was 
a weakening of native institutions and cultural practices 
with nothing offered in Substitution. What was intended 
as transition proved to be a blind alley.

Indian population had been dwindling through the de­
cades after mid-19th Century. The California Indians 
alone, it was estimated, dropped from 100,000 in 1853 to 
not more than 30,000 in 1864 and 19,000 in 1906. Chol­
era in the central Plains in 1849 struck the Pawnee. As 
late as 1870-71 an epidemie of smallpox brought disaster 
to the Blackfeet, Assiniboin, and Cree. These events gave 
currency to the concept of the Indian as “the vanishing 
American.” The decision of 1871 to discontinue treaty 
making and the passage of the Allotment Act of 1887

were both founded in the belief that the Indians would 
not survive, and hence it did not much matter whether 
their views were sought in advance of legislation or wheth­
er lands were provided for coming generations. When it 
became obvious after about 1920 that the Indians, whose 
numbers had remained static for several years, were sure- 
ly increasing, the United States was without a policy for 
advancing the interests of a living people.
A survey in 1926 brought into clear focus the failings of Indian 

the previous 40 years. The investigators found most Indi- Reorgani- 
ans “extremely poor,” in bad health, without education, zation Act 
and lacking adjustment to the dominant culture around of 1934 
them. Under the impetus of these findings and other pres- 
sures for reform, Congress adopted the Indian Reorganiza­
tion Act of 1934, which contemplated an orderly decrease 
of federal control and a concomitant increase of Indian 
self-government and responsibility. The essentials of the 
new law were as follows: (1) allotment of tribal lands was 
prohibited in the future, but tribes might assign use rights 
to individuals; (2) so-called surplus lands not pre-empted 
by homesteaders might be returned to the tribes; (3) tribes 
might adopt written constitutions and charters of incor- 
poration embodying their continuing inherent powers to 
manage internal affairs; and (4) funds were authorized for 
the establishment of a revolving credit program, for land 
purchases, for educational assistance, and for aiding the 
tribes in forming organizations. Moreover, the act could 
be rejected on any reservation by referendum.
The response to the 1934 act was indicative of the In­

dians’ ability to rise above adversity. About 160 tribes, 
bands, and Alaska villages adopted written constitutions, 
some of which combined traditional practices with modern 
parliamentary methods. The revolving credit fund helped 
Indians build up their herds and improve their economie 
position in other ways. Borrowers from the fund were 
tribal corporations, credit associations, and cooperatives 
that loaned to individual Indians and to group enterprises 
on a multimillion-dollar scale. Educational and health ser­
vices were also improved through federal aid.

Originally. the United States exercised no guardianship 
over the person of the Indian; after 1871, when internal 
tribal matters became the subject of national legislation, 
the number and variety of regulatory measures multiplied 
rapidly. In the same year that the Indian Reorganization 
Act was passed, Congress significantly repealed 12 Statutes 
that had made it possible to hold Indians virtual prisoners 
on their reservations. Indians were then able to come and 
go as freely as all other persons. The Snyder Act of 1924, 
extending citizenship to all Indians born in the United 
States, opened the door to full participation. Few Indians 
took advantage of the law, and because of their lack of 
interest a number of States excluded Indians from the 
franchise. Organization of tribal governments following 
the Reorganization Act, however, seemed to awaken an 
interest in civic affairs beyond tribal boundaries, and when 
Indians asked for the franchise, they were generally able 
to secure it eventually, though not until 1948 in Arizona 
and New Mexico, after a lengthy court action.

The federal courts consistently upheld the treaties made 
with Indian tribes and also held that property may not be 
taken from Indians, whether or not a treaty exists, “ex­
cept in fair trade.” The latter contention was offered by 
the Hualapai Indians against the Santé Fe Railway. The 
Company was required by the courts in 1944 to relinquish 
about 500,000 acres it thought had been granted to it by 
the U.S. The lands had been occupied since prehistory 
by the Indians, without benefit of treaty recognition, and 
the Supreme Court held that, if the occupancy could be 
proved, as it subsequently was, the Indians were entitled 
to have their lands restored. In 1950 the Ute Indians were 
awarded a judgment against the United States of $31,-
750.000 for lands taken without adequate compensation.
A special Indian Claims Commission, created by act of 
Congress on August 13, 1946, received many petitions for 
land claims against the United States and awarded, for 
example, about $ 14,789,000 to the Cherokee nation, $10,-
242.000 to the Crow tribe, $3,650,000 to the Snake-Paiute 
of Oregon, $3,000,000 to the Nez Percé, and $12,300,000 
to the Seminole.
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Search 
for new 
policies

The period from the early 1950s to the 1970s was one of 
increasing federal attempts to seek new policies regarding 
the Indians, and it was also a period in which Indians 
themselves became increasingly vocal in their quest for a 
better measure of human rights and the correction of past 
wrongs. The first major shift in policy came in 1954, when 
the Department of the Interior began terminating federal 
control over those Indians and reservations deemed able 
to look after their own affairs. From 1954 to 1960, sup­
port to 61 tribes and other Indian groups was ended by 
the withdrawal of federal services or trust supervision The 
results, however, were unhappy. Some Indian groups, in 
extreme poverty, lost more acreage in deals for the private 
exploitation of Indian land and water resources. Indians 
in certain States became subject exclusively to state laws 
that were less liberal or sympathetic than federal laws. 
Finally, the protests of Indians, anthropologists, and other 
interested groups became so insistent that the program 
was decelerated in 1960. In 1961 a trained anthropölogist 
was sworn in as commissioner of Indian Affairs, the first 
anthropologist ever to hold that position. Federal aid ex­
panded greatly, and in the ensuing decade Indians were 
speeifically brought into various federal programs for equal 
economic opportunity. Indian unemployment remained 
severe, however.
American Indians came more and more into public at­

tention in the 1970s and 1980s as they sought (along with 
other minorities) to achieve a better life. Following the 
example set by black civil-rights activists of the 1960s, 
Indian groups drew attention to their cause through mass 
demonstrations and protests. Perhaps the most publicized 
of these actions were the 19-month seizure (1970-71) of 
Alcatraz (California) by members of the militant Ameri­
can Indian Movement (a i m ) and the February 1973 oc­
cupation of a settlement at the Oglala Sioux Pine Ridge 
(South Dakota) reservation, the latter incident becoming 
known as the second Battle of Wounded Knee. Represent­
ing an attempt to gain a more traditional political power 
base was the establishment in 1971 of the National Tribal 
Chairman’s Association, which eventually grew to include 
more than 100 tribes.

Indian leaders also expanded their sphere of influence 
into the courts; fishing, mineral, forest, and other rights

involving tribal lands became the subject of litigation by 
the Puyallup (Washington state), the Northern Cheyenne 
(Montana), and the Penobscot and the Passamaquoddy 
(Maine), among others. Although control of economie 
resources was the focus of most such cases, some groups 
sought to regain sovereignty over ancient tribal lands of 
primarily ceremonial and religious significance. (Ed.)

American subarctic cultures

The subarctic, or the physiographic zone called the taiga, 
is a land of coniferous forest covered with sphagnum 
moss and traversed by many waterways. Its main natural 
resources utilized by the Indians include wood, of which 
spruce, tamarack, and alder have been especially impor­
tant for manufactures; game animals, such as moose, cari- 
bou, and beaver, whose meat is used for food and whose 
skins are used for blankets and clothing; berries; fish, usu­
ally the most abundant and therefore the staple food; and 
coloured earths converted into paints. Cold winters, when 
the ground is covered with snow and the waterways are 
frozen, are reflected in many technological adaptations, 
including the use of fur garments, toboggans, ice chisels, 
and snowshoes.

Since the 17th Century, traders have been attracted to 
the region by its wealth in fur-bearing animals. Together 
with missionaries, they decisively influenced the native 
Indians’ history. Many old beliefs, hunting customs, kin- 
ship relations, and so on, however, persisted throughout 
the fur-trade years in this marginal area and are only now 
beginning to vanish.

The subarctic contains two relatively distinct culture 
areas. The eastern subarctic is inhabited by Algonkian- 
speaking Indians, including the Naskapi of northern Que­
bec; the far-flung Cree; and an intrusive wedge of Ojibwa, 
who, after the beginning of the für trade, displaced the 
Cree from west central Ontario and eastern Manitoba. The 
western subarctic belongs largely to Athabascan speakers, 
who extend from Canada into Alaska. Cultural differ­
ences among the Athabascans justify the delineation of 
two subareas. The first subarea, drained mostly by the 
northward-flowing Mackenzie River system, is inhabited 
by Chipewyan, Beaver, Slave, and Kaska Indians. Their

Resources
and
popula­
tions

Distribution of American subarctic cultures.
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culture was generally simpler and less sedentary than that 
of the second subarea, whose salmon streams drain into 
the Pacific Ocean. Its groups include the Carrier, part of 
the Kutchin, the Tanaina, and Ingalik Indians.

Northward the Algonkians and Athabascans border on 
the Eskimo; to the west the Canadian Athabascans en- 
counter the Tlingit, Tsimshian, and other Northwest Coast 
tribes, while the Alaskan groups again abut on the Es­
kimo. (For a discussion of the cultures of the Northwest 
Coast, see below. Eskimo groups are treated in the arti­
cle ARCTIC.)

TRADITIONAL CULTURE PATTERNS
Ethos. In most of the region east of Alaska, the uncom- 

plex nature of subsistence and manufacturing technology 
is reflected in the Indians’ elemental social structure, based 
on the family and the small local band, and in their indi- 
vidualistic relationship to the supernatural. Both features 
of the culture pattern are linked in turn with characteristic 
personality features, such as the high value placed on per­
sonal autonomy; the generalized conception of the world 
as dangerous; the emphasis on concrete, current realities 
rather than on future possibilities; and self-reliance, mani­
fested, for example, in bearing up stoically to deprivation. 
Psychological homogeneity in the subarctic extends to 
other personal traits such as reticence, nondemonstrative 
emotionality, deference to other people, and strong indi­
vidual control of aggressive impulses. Hostility is not ab­
sent, but it is only indirectly revealed through such outlets 
as sorcery, fear of sorcery, or malicious gossip.

Territorial Organization. At the time of first white con­
tact with the Indians, social structure tended to be ex­
tremely simple. The Indians had no stable, territorial 
political Systems, no special offices charged with the task 
of coordinating groups, no formal social stratification, and 
no occupational specialization except as related to age 
and sex. Temporary leadership emerged when one group 
raided another or fought with the Eskimo or when there 
were other tasks requiring Cooperation beyond the family.

The Indians were territorially grouped in informal re- 
ands and gional bands without chiefs. These units took their identity 
illages from some geographical feature of the land that members 

exploited—hence such appellations as “mountain people,” 
or “Marten Lake people.” A smaller kind of group east 
of the Pacific drainage culture area was the local band. It 
usually consisted of a few related families who travelled 
together for a time. Several local bands coalesced season- 
ally at a good fishing lake or near rieh hunting grounds 
for periods that were as intensely sociable as they were 
abundantly provided with fish or game. In the eastern 
subarctic, where local bands have been called hunting 
groups, they averaged about 20 individuals.
The fur-trade period created a new type of territorial 

group: the trading-post band, named from the settlement 
in which its members traded. The new bands amalgamat- 
ed local groups and notably expanded the population in 
which marriage occurred. In some places the Canadian 
government concluded treaties with such groups and ar- 
ranged for the election of chiefs and councillors.

In the Pacific drainage area, sedentary villages took the 
place of local bands. On the lower Yukon and upper Kus- 
kokwim rivers, Ingalik village life centred on the kashim, 
or men’s house, where a council of old men met to hear 
trouble cases and where elaborate seasonal ceremonies 
were performed.

Authority in bands and villages derived primarily from 
the combination of a man’s eloquence, wisdom based on 
experience, healing or magical power, generosity, and ca­
pacity for hard work. Aided by the latter quality, he would 
normally be well supplied with food and thereby able to 
help others.

Family and kinship relations. Within the local band, 
the simple family of husband, wife, and children, frequent­
ly including adopted children, constituted the nucleus of 
economic activity and emotional security. The intense 
importance of the family, especially in a young person’s 
life, is revealed in stories about the unhappy lot of cruelly 
treated orphans and is further suggested by the reported 
eagemess with which widowers sought to remarry.

The prevailing modes of obtaining a wife required bride 
service rendered to the wife’s father or transfer of a sister 
of the groom in exchange for a bride. Although house- Marriage, 
holds were primarily monogamous, a man occasionally friendship, 
had two wives. This could happen, for example, when by and 
custom a man espoused his dead brother’s widow. Cross- avoidance 
cousin marriage (that is, a man’s marriage with his moth- 
er’s brother’s daughter or his father’s sister’s daughter) 
is known to have been practiced, perhaps by preference, 
among some groups. Elsewhere it can be inferred from 
several features in kinship terminology. For example, a 
man uses the same term for his female cross-cousins and 
for his wife’s sister. The custom declined when it was 
opposed by missionaries, who condemned it as incest, and 
when marriageable populations expanded around trading 
posts and missions.
Kin relations among the Kaska included teasing between 

grandparents and grandchildren, initiated by the young- 
sters. Siblings of the opposite sex who had reached pu- 
berty conducted themselves circumspectly in each other’s 
presence and even tended to practice polite avoidance, as 
a father and a grown daughter also did. Parallel cousins 
(mother’s sisters’ children and father’s brothers’ children) 
were treated as siblings, both being called by the same 
kinship term. Ceremonial avoidance also govemed the 
relationship of a man and his mother-in-law, contrasting 
with the camaraderie linking brothers-in-law, which was 
one of the wärmest of all relationships between grown 
men. A Kaska man could joke freely with his wife’s sister 
and brother’s wife, sexual ribaldry not being barred from 
their conversation.

Socialization of children. Pregnancy taboos and postna­
tal observances served to ensure the well-being of mother 
and child. Birth took place in the dwelling, in a special 
birth hut, or, according to early travellers among the 
eastern seaboard Micmac, in the woods. One or more 
knowledgeable women assisted the mother in giving birth 
and in caring for the delivered child. Swaddled babies were 
diapered with moss and carried on the mother’s back in 
an ornamented skin bag or a cradleboard.
Family members and other relatives played the major 

role in the informal process of childhood education. A 
child had considerable scope to learn through copying the Education 
unself-conscious example of models. Thus a Kaska Indian and 
parent might say “Make tea!” and a small girl would try to initiation 
reconstruct what she had often observed her mother and 
older sisters doing but what she had never been formally 
instructed to do. Parents did not neglect disciplining and 
even chastising a disobedient child for such offenses as 
stealing and rebelliousness. More important for the forma- 
tion of Personalities suited to a life of food gathering is the 
fact that parental treatment subtly but firmly encouraged 
children to become independent and self-reliant.
Several “firsts,” including the first tooth, the first game 

killed by a boy, and the first menstruation (menarche), 
were ceremonially recognized, sometimes by a small feast 
or, in the case of menarche, by an elaborate series of 
taboos. Athabascan Indians paid the greatest ritual atten­
tion to menarche, the Kutchin girl going to live for up 
to a year in a special shelter constructed some distance 
from the family camp. Here she wore a pointed hood 
that forced her to look down toward the ground. Other 
precautions for her own good included a rattle of bone 
that was supposed to prevent her from hearing anything; a 
special stick to use if she wanted to scratch her head, and 
a special cup that should not touch her lips. Subsequent 
menstruation required only a short period of seclusion.
When a boy approached adolescence, he went alone into 

the forest to seek a vision. In Kaska Indian terms the 
vision came from “dreaming of animals in a lonely place” 
or from hearing “somebody sing,” perhaps a moose in 
the guise of a person. Success in the vision quest super- 
naturally enhanced the youth’s ability, bestowing on him 
the power of the animal helpers. Dreams also notified 
an individual of impending events and might advise him 
on when and where to hunt or how to behave on other 
occasions in order to achieve success or avoid misfortune.
Social stratification. The maximum of social stratifi­

cation was reached among the Ingalik, who informally
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recognized three classes of families. Three-quarters of the 
village comprised common people. Rieh families, so called 
because they accumulated surplus food thanks to mem­
bers’ industry or superior hunting and fishing abilities, 
constituted about 5 percent of the community. They took 
the lead in the community’s ceremonial life. The rest of 
the people did “nothing” and lived off the others; conse- 
quently, they enjoyed so little respect that they had a hard 
time finding spouses.
Settlement and housing. In pursuit of a livelihood, fam- 

Seasonal dies and local bands shifted their location as the seasons 
migration changed. In northwest Canada groups scattered in early 

winter to hunt caribou in the mountains; elsewhere, au­
tumn drew people to shorelines of lakes and bays where 
large numbers of ducks and geese could be taken for the 
winter larder. At other times people gathered around fish 
lakes. Ingalik Indians in late winter quit the village and 
headed for spring camps, as much for a change as for 
the good fishing. As dependence on für trapping became 
heavier, the Cree, Slave, Kaska, and many other Indians 
adopted a two-part annual cycle. In winter the family 
lived on its trapline. Then, with summer, it brought its 
fürs to the trading post where people camped until fall, 
enjoying a rest from work and abundant sociability. The 
warm months with their long daylight became a time 
for dances (the steps and fiddle music being copied from 
early European types), for marriages, and for visits of the 
Anglican or Roman Catholic bishop.
Despite much movement, shelters were not always port­

able. The Ingalik spent winters in houses excavated in the 
soil, roofed with beams and poles, hung with mats, and 
provided with an entry. Other groups, such as the Cree 
and Ojibwa, built conical winter lodges durably roofed 
with boughs, earth, and snow. On the trail, however, peo­
ple put up skin or brush shelters, sometimes only a simple 
lean-to, or camped in the open facing a fire.
Production and technology. Everywhere in the subarc­

tic, fish and game, augmented by benies and a slight 
quantity of other vegetable products, provided the food 
supply. Meat was boiled with the aid of hot stones in 
Containers of bark or woven spruce roots. A large, var- 
ied set of weapons, traps, and other ingenious appliances 
played a vital role in providing subsistence. Important 
devices included the bow and arrow, with stone or bone 
tips for different kinds of game; lances; the spear thrower 
and spear; weirs and basket traps for fish; nets of willow 
bark and of other substances; snares for such small game 
as rabbits; deadfalls (traps with logs or other weights that 
fall on game and kill them); pit traps; and decoys for 
birds. No less vital for people who depended heavily on 
mobility for survival were vehicles, such as bark canoes 
or snow toboggans of hardwood, and travel aids, such as 
large sinew-netted snowshoes to run down large game, a 
smaller variety to break trail for the toboggan, and snow 
goggles to use against the glare of the spring sun. Dogs 
large or numerous enough to pull toboggans were unavail- 
able until the fur-trade period.

Tech- In addition to the Indians’ technical resourcefulness and
niques and skill, magie and divination aided hunting. A noteworthy 
skills form of divination used in locating game required heating

a large animal’s shoulder blade over fire until it cracked. 
Hunters then went in the direction of the crack. The 
random element in the method increased the chances that 
they would go to a fresh, relatively undisturbed piece of 
ground.
An idea of the extent to which people depended on game 

and of the labour involved in food getting can be gained 
from food-consumption figures obtained in the mid-20th 
Century. In the relatively poor country west of James Bay, 
400 Cree men, women, and children in the course of a fall, 
winter, and spring (nine months) consumed about 128,000 
pounds (58,000 kilograms) of meat and fish in addition to 
staples from the store, especially flour, lard, and sugar.

Across the subarctic, people preserved meat by drying 
and pounding it together with fat and benies to make 
pemmican. The Pacific-drainage Athabascans also pre­
served salmon by smoking. Other widely distributed, basic 
technical skills included complicated Chemical processes, 
using animal brains or human urine, to tan caribou and

moose skins; these were then sewn into garments with 
the help of bone needles and animal sinew. Women also 
plaited rabbit skins into ropes and wove roots to form 
watertight baskets.
Property. Land and water, the sources of food, were 

not considered to be either individual or group property, 
yet nobody would usurp the privilege of a group that 
was currently exploiting a berry patch, beaver creek, or 
hunting range. Clothing, the contents of food Caches, and 
other portable goods had individual owners. Legally ina- 
lienable family trapping territories came into being with 
the für trade and in many places have been registered 
by the government. Sharing game was always important 
economically, while gifts other than food were bestowed 
primarily ceremoniously.
Religious beliefs. Two important concepts of the Nas- 

kapi and other Algonkian groups were Manitou and the 
“big man.” Manitou represents a pervasive power in the 
world that individuals can leam to use in their own be­
half. The term Great Manitou, designating a personal god, 
probably represents a missionary-inspired adaptation of 
the Indians’ older idea. Among the Naskapi and Rupert 
House Cree, a person’s big man is a spirit intimately asso­
ciated with him. It confers wisdom, competence, skill, and 
strength in the food quest as well as in other areas of life, 
including magie. Maintaining this spirit requires ethically 
good conduct. Spirit “bosses” who control the supply of 
caribou, fish, and other creatures are another traditional 
belief shared by Algonkian and certain Athabascan groups.

Among many subarctic Indians, success in the vision 
quest augmented personal competence by allying the in­
dividual with animal helpers. There was also a widespread 
belief that if one wanted to continue to hunt game suc­
cessfully, the dead animals and their remains must be 
treated with reverence. This required disposing of their 
bones carefully so that dogs could not chew them. Respect 
was particularly evident in the use of polite circumlocu- 
tions to refer to bears. Quebec Indians undertook several 
ceremonial observances in bear hunting, including a pu- 
rifying sweat bath before departing on the hunt and an 
olfer of tobacco to a bear that had been killed. Afterward 
the people feasted and danced in its honour.
Three of the most populär characters in Algonkian folk- Folklore, 

lore are Wiitiko (Windigo), a terrifying cannibalistie giant magie, 
apt to be encountered in the forest; Tcikapis, a kindly, and spirit 
powerful young hero and the subject of many myths; and relations 
Wiskijan, an amusing, prankful trickster. Wiitiko psychos­
is refers to a condition in which an Indian would be seized 
by the obsessive idea that he was turning into a cannibal 
with a compulsive craving for human flesh.
The shaman, the sole religious functionary, served sub­

arctic people as a part-time specialist eurer and diviner. 
Occasionally he also behaved malignantly. Shamanistic 
ability came to an individual from dreaming of animals 
who taught the dreamer to work with their aid; such abil­
ity had to be validated through successful performance.

The Ingalik conceived of man as comprising body, soul, 
and “speech,” the latter an element surviving after death 
but not, like the soul, reincarnated. Hazards to life came 
from the soul always being menaced by various super­
natural figures that were the primary enemies of human 
survival, and by the souls of powerful evil shamans acting 
on behalf of these supernatural figures. The animal and 
berry people supported life. Animal “songs” and amulets 
created good relations with helpful animal people; and 
elaborate ceremonies in the men’s house, to which ani­
mals were invited, protected the food supply.

MODERN DEVELOPMENTS
One view of culture change in the subarctic is that, during 
the fur-trade and missionary period, the Indians lost vital 
cultural traits faster than satisfactory replacements were 
absorbed. An opposite view holds that the fur-trapping 
era enriched Indian culture. Life came to be organized 
around the trading post; an emotionally satisfying belief 
system came to be centred in the Christian Church; and 
trapping offered new opportunities for prestige. Formal 
education and modern health care began during fur-trade 
times, the churches choosing a few localities to institute
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boarding schools and hospitals that in time received gov­
ernment subsidies.

After World War II the fur-trade era was succeeded 
by a new period characterized by planned social change, 
incipient urbanization, and intensified modemization. 
The growing unprofitability of trapping, chronic illness 
(especially tuberculosis), and high infant-mortality rates 
aroused the conscience of Canada and introduced the 
welfare state into the Canadian subarctic. Local schools 
and health stations replaced distant boarding schools and 
hospitals. Other government-sponsored programs brought 
about modern housing, large-scale für farming, and vo­
cational training. The fishing industry in Alaska, military 
and other construction, and iron mining in Quebec gave 
Indians the opportunity to work for wages in place of 
trapping. A slow trend of migration began to draw native 
families to established northern cities, such as Fairbanks 
(Alaska), Whitehorse (Yukon Territory), and Churchill 
(Manitoba), as well as to new towns, such as Schefferville 
(Quebec) and Inuvik (Northwest Territories). At the same 
time expanding jobs in health care, education, mining, 
defense, and administration stimulated an influx of white 
families from Southern Canada to the north who settled 
in the northern towns.

own life Town life for some Indian migrants means a SQuatter s 
cabin, welfare, and occasional odd jobs; but many men 
and women have regulär employment at open-pit mining, 
as janitors and hospital aides, in construction and domes­
tic service, or as equipment operators. Indian townsmen 
restriet hunting and fishing, of which they are still very 
fond, to holidays and weekends. If the coming of the 
für trade and missions widened the intellectual horizons 
beyond what they were in aboriginal times, then town life 
with its grade school, high school, library, movies, televi- 
sion, church groups, civic groups, and other associations 
increases awareness much more and provides many added 
chances to enact new, modern roles. Subarctic Indians of 
all ages are adapting successfully to urban economic and 
social opportunities, but the ease with which people take 
to jobs and adjust to new conditions varies in the same 
town, and some families are experiencing difficulties. In­
dians are not modernizing as rapidly as Eskimos, who live 
under similar conditions and sometimes in the same town.
Many Indians remain attached to small, isolated trading- 

post Settlements and to a way of life that revolves around 
the forest, at least for the men. Even among the non- 
townspeople, one perceives a heightened awareness of na­
tive identity, together with growing objectivity about their 
“traditional” Indian cultural heritage. Their awareness is 
believed to stem from the knowledge that a different 
identity and way of life are possible. For the time being, 
however, they prefer to be cautious about changing the 
life that they know for one fraught with new challenges.

(J.J.Ho./Ed.)

Northwest Coast Indians

The most sharply delimited culture area of native North 
America was the Northwest Coast. It covered a long nar- 
row arc of Pacific coast and offshore islands from Yakutat 
Bay in the northeast Gulf of Alaska south to Cape Mendo- 

hysical as- cino in modern California. Its eastern limits were the crest 
ects of the of the Coast Ranges from the north down to Puget Sound, 
Jorthwest the Cascades south to the Columbia, and the Coastal hills 
bast of Oregon and northwest California. The Kuroshio (Pacif­

ic Ocean current) offshore warms the coast and deluges it 
with rain. The northern Coast Range, cresting at heights 
of 5,000 feet and more, rises steeply from the sea and is 
cut by a myriad of narrow channels and fjords. The shores 
of Puget Sound, Southwest Washington, and the Oregon 
coast hills are lower and less rugged.
Coastal forests are dense and predominantly coniferous 

with spruces, Douglas fir, hemlock, red and yellow cedar, 
and, in the south, coast redwood. These forests support an 
abundant fauna. Most important from the cultural point 
of view was the aquatic fauna, for it was on this that the 
areal culture depended primarily. Five species of salmon; 
herring; oil-rich “candlefish,” or eulachon; smelt; cod; hal- 
ibut; and mollusks abounded.

The peoples of the Northwest Coast linguistically con- 
sisted of a series of units related to widespread “stocks” of 
native North America (see languages of the world). Major 
From north to south the following linguistic divisions oc- Indian 
curred: Tlingit; Haida; Tsimshian; northern Kwakiutl, or groups 
Heiltsuq; Bella Coola; Southern Kwakiutl; Nootka; Coast 
Salish; Quileute-Chimakum; Kwalhioqua; Chinook. Then 
along the Oregon Coast and northwest California a series 
of small divisions occurred: Tillamook, Alsea, Siuslaw, 
Umpqua, Coos, Tututni-Tolowa, Yurok, Wiyot, Karok, 
and Hupa.
Culturally, Northwest Coast groups can be classified into 

four subareal units, or “provinces”: the northern one, 
including speakers of Tlingit, Haida, Tsimshian, and the 
Tsimshian-influenced Haisla (northernmost Heiltsuq or 
Kwakiutl); the Wakashan province, including all other 
Kwakiutl, the Bella Coola, and the Nootka; the Coast Sal- 
ish-Chinook province, which included various enclaves of 
other speech down to the central coast of Oregon; and 
the northwest California province plus the Athabascan- 
speaking Tututni-Tolowa.
The Northwest Coast was densely populated. Estimates 

of density in terms of persons per square mile mean 
little in a region where long Stretches of coast consisted 
of uninhabitable cliffs rising from the sea. But early his­
torie sources indicate that many villages had hundreds 
of inhabitants. One conservative population estimate of
129,000 persons on the coast at the dawn of the historie 
period must represent nearly the maximum that the area 
could support without improvement of the already com­
plex technology.

TRADITIONAL CULTURE PATTERNS
Social structure. The Northwest Coast was the outstand-

From H. Driver e t a i ,  I n d ia n a  U n iv e r s it y  P u b l ic a t io n s  in  A n th r o p o lo g y  a n d  L in g u is t ic s  (1953)
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ing exception to the anthropological truism that “hunting- 
and-gathering” (in this case “fishing-and-gathering”) cul­
tures are characterized by simple technologies, sparse pos- 
sessions, and egalitarian, loosely organized societies con­
sisting of small bands comprising small total populations. 
In this area, complex patterns of culture were the rule.

The nuclear family—a man, his wife or wives, their 
children or, in the northem provinces, the man’s sisters’ 
sons—was the basic production Unit. In the native view, 
the significant social unit was the local group—that is, a 
group of men who considered themselves related and who 
formed a corporate entity holding title to fishing places, 
berry-picking and hunting grounds, habitation sites, and a 
host of incorporeal rights, such as names, songs, dances, 
and, especially in the north, totemic representations called 
“crests.” Members of each group were graded in an inte­
grated sequence from high to low, according to closeness 
to the direct line of descent from the group ancestor. The 
highest in rank, invariably holder of a special title that 
in each language translated into English as “chief,” was 
administrator of the group’s properties. It was he who 
set the time for the move to the salmon-fishing station, 
decided when the weirs and traps should be built, when 
the first catch should be made and the rite propitiating the 
first salmon of the season celebrated, when other groups 
should be invited to feasts, and so on. He had many pre- 
rogatives and sumptuary privileges, but he was expected 
to administer efficiently and to tend to social and ritual 
affairs for the general welfare of his group.
From Tlingit country in the north at least as far south as 

Puget Sound and perhaps farther, several such local groups 
assembled at a site in some sheltered cove protected from 
winter winds to pass the winter. Food-gathering activities 
were limited by weather but were unimportant; the stores 
of salmon dried in the fall were adequate. Practice of arts 
and crafts, jollity, and feasts and ceremonials were the or­
der of the day. These assemblages of several local groups 
at winter village sites are often called “tribes,” but it must 
be noted that such units were not politieally integrated, for 
each of the component local groups retained its economic 
and political autonomy. For ceremonial purposes, though, 
the local groups were ranked in series from highest to next 
highest, and so on.

Stratification. A Signal feature of Northwest Coast so­
ciety was the emphasis on each individual’s hereditary 
social rank. His position within his local group depend­
ed on his genealogical closeness to the legendary group 
ancestor. When several groups assembled at a common 
winter site to form a “tribe,” the relative rank of the 
individual’s group also was another factor important for 
ranking purposes.
Indian informants tend to oversimplify the Situation in 

casual conversation, describing their former society as a 
class-structured one with a class of “chiefs,” a class of 
commoners, and below these two a class of slaves. It is 
true that slaves {i.e., war captives) formed a special social 
division, but the division into two great classes of “chiefs” 
and “commoners” is an inadequate explanation. The fact 
is that each person had his particular hereditarily acquired 
status, which placed him within his group as though he 
stood on a step of a long staircase of statuses, with the 
eldest of the senior line on the highest step, the most 
remotely related at the bottom. Strictly speaking, each 
person was in a dass by himself.

Nominally, those of high rank were said to have had 
vast authoritarian powers, and group members of low 
degree have been described as serflike. In actual fact, ma­
ture persons of the latter sort voiced their opinions on 
group affairs, for they held interest in group properties. 
The chief refrained from abusing them because they were 
his kin and also because he was aware that he need­
ed their assistance. Many strong arms and sturdy backs 
were needed to obtain, assemble, and position the heavy 
materials needed to build or repair a house, to construct 
fish weirs and traps, and to launch and paddle the chiefs 
huge dugout canoe. Many singers, dancers, and attendants 
were necessary to stage an important ceremonial properly. 
Many bold warriors were needed to defend the group’s 
wealth against foemen. There was enough flexibility in the

social structure so that those of low rank could abandon 
an abusive chief and reside with kindred elsewhere who 
would welcome them.

Slaves usually were persons captured in childhood and 
taken or traded so far from their original homes that they 
had little hope of finding their way back. They were mere 
chattels, who might be treated well or ill, traded off, slain, 
or freed at their owner’s whim.
The statuses of group members were hereditary, but they 

were not automatically assumed at birth. They had to be 
formally and publicly assumed at a “potlatch,” a perfor- Potlatch 
mance given by all coast groups north of the Columbia 
River. The term comes from a widespread trade jargon and 
means “to give.” A potlatch always involved invitation of 
another group or groups, who were received as guests with 
great formality; they served as witnesses to the announce- 
ments by the host chief at the assumption or bestowal 
of prerogatives, such as noble titles, crests, or ceremonial 
rights, and then were given gifts. The previously assumed 
statuses of the guests were recognized in the gift-giving, for 
distribution was made in the order of their rank sequence, 
and the more splendid gifts were given to guests of highest 
status. Not only were titles and other honours announced 
for the host chief or his heir and for his close kin of high 
position but children of low-rank group members were 
awarded names from the group stock and, at times, minor 
prerogatives. Participation of all members in major or mi­
nor roles in the proceedings also served to identify them 
with the social unit. There were some regional variations: 
in the northem province, a major potlatch was part of 
the cycle of mortuary observances after the death of a 
chief, at which his heir formally assumed his rights; in the 
Wakashan and Salish regions a chief gave such affairs to 
bestow rights on an heir apparent before his own demise.

Some early anthropologists, and a few modem ones, con­
sidered potlatch to be an economie enterprise in which the 
giver expected to reeover a profit on the goods he distribut­
ed when his various guests potlatched in their tum. This 
actually was an impossibility because only a few guests of 
highest rank would ever stage such affairs and invite their 
former hosts; those of intermediate and low rank never 
did so, yet the total amount of gifts bestowed on them was 
considerable. Indeed, before white traders came and made 
great quantities of trade goods available, potlatches were 
few, whereas feasts, though also formal but not occasions 
for bestowing titles and gifts, were very frequent.

Socialization and education. An interesting aspect of Early 
Northwest Coast culture was the emphasis on teaching training of 
children etiquette, moral Standards, and other traditions youth 
of social import. Every society has processes by which 
children are taught the behaviour proper to their future 
roles, but often such teaching is not overtly a deliberate 
process. On the Northwest Coast, particularly northward 
of the Columbia, children were instructed formally. This 
instmetion began at an age when modern educators would 
consider children too young to learn effectively—while 
they were still in their cradles. Children bom to high sta­
tuses were given formal instmetion throughout childhood 
and adolescence. They had to learn not only routine eti­
quette but also the lengthy traditions by which the rank 
and privileges of their particular group were validated and 
many rituals including songs and formulaic prayers. It was 
not only the parents (or, in some groups, the mother’s 
brother) who taught children. All elder relatives, particu­
larly grandparents, participated. The educative procedure 
did not consist of dry, barebones moral lectures. Some 
of it was given in the form of folktales, amusing and 
entertaining but with pointed morals: the troubles of the 
anti-hero, Raven, in the tales were obviously the result of 
his dissolute way of life, his laziness, his gormandizing, 
and his lechery.
Other socialization processes, those that involved public 

recognition of the attainment of new status, were usual 
among Northwest Coast groups. One variety included rit­
ual observances considered necessary at each critical stage 
in a person’s lifetime. At the birth of an infant, at a girl’s 
attainment of puberty (there were no boys’ puberty rites 
in the area), and at death, it was considered that persons 
involved might be in danger or might be dangerous to
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the society at large. A newborn infant was believed to be 
in danger from supernatural causes; the infant’s parents 
were both in danger and dangerous. A girl at puberty 
was similarly viewed, as were the close kin of a deceased 
person and those who actually participated in preparing 
and disposing of the body. Such perils were avoided by 
isolating the persons involved, either within a boarded- 
off cubicle in the house or in a makeshift hut out in the 
woods, and by limiting his or her diet to old dried fish 
and water. At the conclusion of the isolation period some 
sort of formal ritual purification was carried out, such 
as ceremonial bathing. The intensity of the restrictions 
varied considerably, not only in different parts of the 
coast but within individual groups. Often the pubescent 
daughter of a chief, for example, was secluded for many 
months, whereas her low-ranking kinswoman might have 
to observe only a few days of confinement.

Over most of the coast there was a very great fear of the 
dead. A body was removed from the house through some 
makeshift aperture other than the door, to be disposed of 
as rapidly as possible. Only in the northern region were 
bodies of chiefs set up in state for several days while the 
clan dirges were sung. Disposal of the dead varied. In 
the northern province cremation was practiced (anciently, 
interment was customary), In the Wakashan and part of 
the Coast Salish areas large wooden boxes suspended from 
branches of tall trees or placed in rock shelters served as 
coffins. Other Coast Salish deposited their dead in canoes 
set up on stakes. In Southwest Oregon and northwest Cal­
ifornia interment in the ground was preferred.

Economie Systems. Of the various distinctive attributes 
of Northwest Coast culture, one of the most important was 

eliance the highly efficiënt exploitation of natural resources. The 
ï fishing resources, particularly the fisheries, were very bountiful;

but they were scattered and not equaliy easy to exploit. 
Certain species of salmon, for example, ran in certain riv­
ers at various times of the year. The important species for 
preservation for winter stores were the pink and the chum 
salmon. Because these species ceased to feed for some 
time before entering freshwater and their flesh thus had 
less fat content, they could be smoked and dried and kept 
for a long period of time. Other species, such as sockeye, 
coho, and the flavorsome chinook or king salmon, could 
be utilized immediately or dried and kept for a short pe­
riod but could not be preserved the whole winter through. 
Therefore, the principal fishing sites were those along riv­
ers and streams in which pink or chum salmon ran in the 
fall. In the spring of the year other sorts of fish became 
available in tremendous schools: herring, which came in 
to spawn in coves; “candlefish” (eulachon), which entered 
certain rivers; and, farther south, “smelt,” which spawned 
on sandy beaches in summer. Elsewhere, in the summer 
months, bottom fishing for such species as halibut was a 
profitable enterprise on shallow offshore banks.
To exploit the total resources of the region it was most 

efficiënt for the people to have various bases of Operation. 
In the winter months when storm winds blew and heavy 
seas slammed against the coasts, shelter behind some point 
of land that broke the force of the sea was highly desirable. 
The Northwest Coast adaptation to this pattern was shift­
ing residence. The people moved from one site to another, 
according to the season and according to the resources 
about to become available. This was not nomadism. The 
Indians moved systematically in certain seasons from one 
fixed site to another for convenient access to seasonal 
resources. Typically at these seasonal stations there were 
either permanent houses or permanent houseframes that 
could be covered over with planks brought along for the 
purpose. Occasionally, when the weather permitted or only 
a short stay was planned, makeshift shelters were erected. 

attems of Aboriginal Northwest Coast economy may be viewed 
roduction as a system comprised of several mutually supporting 
nd Subsystems. The first of these Subsystems is the efficiënt
ïchnology techniques for taking fish and other marine resources and 

for preserving them. The second subsystem consisted in 
the construction of large rectangular plank houses that 
made possible the smoking and drying of fish during the 
torrential rains of autumn. Such houses also provided 
storage space for the bulky preserved foods. The third sub­

system consisted of the water-transport complex. Canoes, 
both large and small, provided access to fishing grounds 
and the means of transporting preserved foodstuffs to 
other habitation areas. It was the combination of these 
subsystems that made the exploitation of local resources 
so efficiënt that the people were able to live with a wide 
margin of plenty.
Northwest Coast houses shared a few significant traits.

All were rectangular in floor plan with plank walls and 
plank roof, and all but those of northwestem California 
were large structures designed for multifamily use. At the 
northern and Southern extremes of the area deep central 
pits were dug within the house. In the north, houses 
were built on a nearly square plan—averaging about 50 
feet wide by 55 feet long—and had gabled roofs; walls 
and framework were intermeshed to form a permanent 
structural unit. In the Wakashan province, on the other 
hand, the houses were rectangular—40 feet by 60 to 100 
feet. Huge cedar posts with side beams and ridgepoles 
comprised the permanent framework, and to these were 
attached wall planks and roof planks that could be taken 
down, loaded onto canoes, and transported from one site 
to another. Some Coast Salish similarly built houses of 
permanent frameworks with detachable siding and roof- 
ing; their houses, however, had “shed-roofs,” that is, a roof 
with only one slope instead of the two of the Wakashan 
house. Some Coast Salish houses were tremendously long, 
housing many people. Along the lower Columbia the typ­
ical house had a deep large rectangular pit, lined with 
planks, capped with a gabled roof. Only roof and gable 
ends showed above ground. The northwestem California 
house type was designed for single family only. Each house 
had low side walls of redwood planks and a three-pitch 
roof. Living space was the plank-lined central pit. North­
western California also added a specialized structure: the 
men’s combined clubhouse and sweat house, a common 
native Californian Institution.

Water transport was highly important in the area. All 
groups made efficiënt dugout canoes. Northern groups, as 
well as the Kwakiutl and Salish down to Puget Sound, 
made dugouts with projecting bow and stern pieces, ver- 
tical “cutwaters,” rounded sterns, and rounded hulls. The 
Nootka and some of their neighbours made vessels with 
projecting bow pieces, curving cutwaters, vertical sterns, 
and angular flat bottoms. Northwest Californian dugouts 
had upturned rounded ends, rounded huil, a carved seat 
and foot braces for the steersman. All types were made in 
different proportions for different purposes: large, beamy 
ones for moving people and cargo; shorter, narrow ones 
with racy lines for sea mammal hunting, and so on.
Northwest Coast woodworking was facilitated by the nat- Crafts 

ural abundance of easily worked timbers, especially the 
red cedar and the redwood. Tmnks of these trees could be 
split into planks or they could be hollowed out into canoes, 
containers, or other useful objects. Along the Northwest 
Coast as far south as the Columbia, wooden boxes were 
made of red-cedar boards that were “kerffed”—cut near­
ly through transversely. The wood was steamed at these 
points until it was flexible enough to bend into the form 
of a box. Dishes often were hollowed out of pieces of 
wood, sometimes plain, sometimes in the form of animals 
and monsters. Also of wood were spoons and ladles (some 
were of horn), canoe bailers, trinket boxes, chamber pots, 
and masks used in ceremonials and rattles for musical 
accompaniment. A special character of Northwest Coast 
woodworking was the emphasis on symmetry, neatness 
of finish, and frequent decoration of the surfaces, with 
relief carving or with relief carving and painting. All of 
this woodworking was accomplished with rather limited 
tools, the principal ones being the adz, mauls and wedges, 
chisels, drills, curved knives, abrasive stones and sharkskin 
for polishing. Mountain-goat horn, mountain-sheep horn 
traded from the interior, and, in the south, elk horn were 
carved by essentially the same methods as wood.
Another highly developed craft was weaving. The inner 

bark of red cedar was stripped long and ribbonlike to be 
woven into mats and baskets in a checkerwork technique.
The same bark was shredded into finely divided flexible 
hanks, which were twined together to make a slip-on rain
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cape shaped like a truncated cone. The softer inner bark of 
yellow cedar was made into robes. Persons of high status 
wore such robes edged with strips of sea-otter für and a 
few Strands of yam made of mountain-goat wool. Salish 
of the Georgia Strait wove rohes of mountain-goat wool 
and also of wool from a special breed of shaggy little dog. 
The Chilkat, a Tlingit group, wove robes of mountain-goat 
wool that was twilled like basketry. Chilkat blankets bore 
representations of crests in blue, yellow, black, and white.
Twined basketry made from long, flexible Splints split 

from spruce roots was made with great technical skill in 
several regions. Baskets so tightly woven as to be waterproof 
were made for cooking in the northem and northwest­
em Californian regions. Storage containers, receptacles for 
valuables large and small, and rainhats (Californians’ hats 
were snug and caplike, wom only by women) also were 
woven. The Coast Salish specialty was coiled basketry.

Clothes Dress patterns of the area were simple. Only the north- 
ernmost Tlingit and the Kitksan of the upper Skeena wore 
tailored buckskin clothing: breechclouts, leggings, and 
shirts for men; long gowns for women. Elsewhere, men 
wore robes of yellow cedar bark or of crudely tanned pelts 
in cold weather, rain capes in downpours, and nothing 
but Ornaments on the infrequent bright sunny days. Orna­
ments, such as necklaces, earrings, bracelets, and anklets, 
were made of various materials, mostly shells, copper, 
wood, and für. Some groups practiced tattooing.
Head-flattening was considered a beautifying process 

from the northem Kwakiutl region to the central Oregon 
coast. A newbom infant in its cradle had its head bound 
in such a way as to produce a long subconical form, 
a strong slope from the eyebrows back, or a distinctive 
wedge shape in which the back of the skull was flattened.

Belief and the aesthetic Systems. Religion. Among no 
group or groups on the Northwest Coast did religion 
consist of an organized coherent body of beliefs in and 
attitudes toward the supernatural. Rather, there were sev­
eral quite unrelated concepts that provided the widespread 
bases for various kinds of religious activity.

Fish spirits One concept was that salmon were supematural beings 
who voluntarily assumed piscine form to sacrifice them­
selves annually for the benefit of mankind. On being tak­
en, the spirits of the fish returned to their home beneath 
the sea, where they were reincamated if their bones were 
returned to the water. If offended, however, the salmon- 
beings would refuse to return to the river. Hence, there 
were numerous specific prohibitions on acts believed to 
offend them and observances designed to propitiate them, 
chief of which was the first salmon ceremony. This rite 
varied in detail along the coast but invariably involved 
honouring the first salmon of the main fishing season by 
sprinkling them with eagle down, red ocher, or some oth­
er sacred substance, welcoming them in a formal speech, 
cooking them and distributing their flesh, or morseis of 
it, communion-fashion, to all the members of the local 
group and any guests. The maximal elaboration of this 
rite was found in northwestem California, combined there 
with first fruits observances, and dances in which lineage 
wealth was displayed, in what have been called world- 
renewal ceremonies. Elsewhere the first salmon rituals 
were less elaborate but still important (except among the 
Tlingit, who did not perform them).
Another concept was that of acquiring personal power 

by seeking contact with a spirit—as through prayer and 
a vision. Among Coast Salish all success in life—wheth­
er hunting, woodworking, accumulating wealth, military 
ventures, or magie—was bestowed by spirits encountered 
in the spirit quest. From his spirit or spirits each person 
acquired songs, special regalia, and dances. Collectively, 
the dances comprised the major ceremonials of these peo­
ple; known as the Spirit Dances, they were performed 
during the winter months. In the Wakashan province and 
the northern one it was believed that remote ancestors 
on spirit quests had been rewarded with totemic symbols 
called “crests.” Displaying these hereditary crests and re- 
counting their traditional acquisition formed an important 
part of the potlatches. In the Wakashan area certain cer­
emonial cycles called for the dramatization of the whole 
tale of the supematural encounter, including the spirit’s

possession of the seeker and the eventual exorcism of the 
spirit; such dramas were performed by what were called 
“dancing societies.”

Shamanism differed from other acquisitions of supernat­
ural power only in the nature of the power obtained; that 
is, power to heal the sick through extraction of disease 
objects or recovery of a strayed soul. It was common­
ly believed that some shamans, or medicine men, had 
power to cause these infirmities as well as to eure them.
Witchcraft, to kill or make ill, was also believed to be 
carried out by malicious persons who knew secret rituals 
for that purpose.
Art. The Northwest Coast is noted for its art styles.

In the northern province low-relief carving accented by 
painting was essentially an applied art. The motifs were 
the hereditary crests of the clans or parts of the crests, 
applied to the magnificent memorial poles and interior 
house-posts, painted on house-fronts and sereens, wrapped 
around carved wooden boxes and dishes, painted on bas­
ketry hats, woven into Chilkat robes, and carved on the 
handles of ladles and spoons, on halibut hooks, and even 
on the triggers of animal traps. There were differences 
within this style. Haida art tended to be massive, of highly 
conventionalized balanced elements, and slightly stätic. In 
Tsimshian carving and painting there was an effort to 
leave no open space in or between the conventionalized 
motifs: filier elements such as eye-designs and miniature 
figures were used intensively. Tlingit art was slightly less 
conventionalized, more vigorous by modem Standards, 
with relatively little use of filier elements.

Wakashan representative art was more frankly sculptural 
than applied, and it was impressionistic and bold. There 
was a limited amount of simple geometrie design on such 
things as whalebone clubs and whaling harpoon barbs.
Their Coast Salish neighbours used some, but less, repre­
sentative art, similar if cruder in style. On Puget Sound 
there was little if any representative art; the formless 
painted designs on the canoe boards were unlike anything 
eise on the Coast. All that is known of Chinook art is 
represented by a few angular figures incised on mountain 
sheephorn bowls. In northwestem California art was lim­
ited to geometrie patterns incised on elkhorn objects and 
shells. (See also below Arts o f the American Indian peoples.)

MODERN DEVELOPMENTS
The impact of white man’s culture on that of the North­
west Coast varied at different periods and in different 
regions. Maritime traders, searching for precious sea-otter 
pelts, purveyed Euro-American manufactures to the Indi­
ans; but the material objects affected native culture only 
slightly. The Indians picked and ehose the articles that 
had meaning to them—those that could fit well into their 
existing culture patterns. They acquired steel blades, for 
example, that could be fitted to their adzes to cut more 
efficiently than the aboriginal stone or Shell blades; they 
spurned axe and hatchet blades that required a drastic 
change in motor habits and coordination patterns. In oth­
er words, the Indians accepted what they wanted; they 
were under no compulsion to change their way of life.
Contagious diseases—smallpox, venereal infections, and 
the rest, introduced incidentally—had more effect on na­
tive society. The abnormal rate of deaths forced unusual 
distributions of roles and status positions, involving fre­
quent adoptions, allocation of various titles to the same 
person, and other makeshift compromises to maintain the 
social system despite rapid population decline.

The establishment of white trading posts had somewhat 
more effect; and the great pressures started when white 
settlers began Streaming into western Washington, Ore­
gon, Vancouver Island, and the lower Fraser River Valley 
about the middle of the 19th Century. This foreign oc­
cupation was accompanied by removal of the Indians to 
small reservations in Washington and Oregon under the 
provisions of formal treaties. In the area that became Brit­
ish Columbia there were no treaties extinguishing Indian 
title to the land; land transfers were private affairs.
In the closing decades of the 19th Century, the Indians Economic 

were in dire straits. Divested of most of their lands and problems 
at the same time more and more dependent upon white
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American and British-Canadian manufactured goods, the 
Indians had to develop new economic patterns. The für 
trade was inconsequential; logging and mining were still 
underdeveloped, requiring skills that the Indians did not 
have. Northwest Coast concepts of wealth differed from 
the Euro-American ones, but there were enough general 
similarities so that the Indians could perceive and ac­
cept certain equivalences. Northwest Coast Indians thus 
came to be more disposed to enter the new economic 
system, working for wages in a dull day-after-day routine, 
something that most other North American Indians re­
fused to do. There was at first, however, little hired work 
available—guiding prospectors, back-packing cargo over 
mountain passes, cutting cordwood for Coastal steamers— 
until the canned salmon industry developed, principally 
from the Fraser River northward. It was this industry that 
most effectively deprived the Indians of their fishing econ­
omy by monopolizing salmon streams, while at the same 
time offering them entree into the new economy. Indian 
labour was cheaper than Oriental because it did not have 
to be imported.
The Indians also knew more about the habits of the 

salmon than anyone eise. Of great importance was the 
fact that the commercial salmon fishery began with a very 
simple technology. The Indians themselves had long used 
canoes, spears, and weirs and other trapping devices. As 
motive power changed from paddies and oars to two-cycle 
gasoline engines, to high-speed gasoline engines, to diesel 
engines; as harvesting changed from gill nets and crude 
“beach seines” to huge purse seines handled with power 
gear; and as navigation changed from eyeball piloting to 
navigation using tide tables, compasses, and charts, the 
Indians could learn the new skills along with white and 
Oriental fishermen, The problem now is that the Indians 
are largely committed to a short-season industry, which 
ties up Capital in expensive boats and nets. When the 
salmon run is over, there is no significant source of in- 
come until the next year.
Effective missionary activity began in various parts of the 

coast at about the same time that administrative Controls 
were established. Missionaries on the Northwest Coast as 
elsewhere have been very successful at directed culture 
change, teaching not only Christian precepts but also eti­
quette, values of work and sobriety, household hygiene, 
and a host of other things that the Indian needed to know 
in order to participate in modern culture. Formal school- 
ing of Indian children was in the hands of missionaries on 
much of the coast for many decades.
The aggressive and warlike Northwest Coast Indians nev­

er mounted a major war against the whites. There were 
only a few isolated local conflicts. This pacific pattern was 
not due to cowardice but to a realistic appraisal of the 
vulnerability of their Coastal villages to naval gunfire.
There were some nativistic movements—that is, attempts 

to preserve or resuscitate former valued concepts or activ­
ities: for instance, the Southern Kwakiutl tried to revive 
potlatch on a splendid scale, despite administrative prohi­
bitions; and the Canadian Coast Salish tried to continue 
their Spirit Dances. But there is a distinction between 
these limited efforts of the Northwest Coast Indians and 
the “revitalization” movements of the Great Plains Indi­
ans, who, with their Ghost Dance, sought by supernatural 
means to evict the oppressor culture and return complete­
ly to the “good old days.”

In southeast Alaska and later on in Coastal British Co­
lumbia a different type of Organization was created, the 
“Native Brotherhoods,” whose purpose is to foster cultural 
change. The accomplishments of the Alaska Native Broth- 
erhood have surpassed those of the Canadian Organization, 
but both have been effective in creating a sense of Indian 
unity and community of interest. The organizations also 
provide valuable Training in modern political processes 
and negotiations. The Alaskan Organization has been par­
tially superseded by the Tlingit-Haida Association, which 
handles matters related to the successfully prosecuted land 
claims of those people. Leaders of the British Columbia 
Brotherhood also have been effective in legal suits for 
compensation for lands.

(P.Dr.)

Californian Indians

Native peoples found in California were only generally cir- 
cumscribed by the present state boundaries. Some of the 
peoples within these boundaries were culturally intimate 
with other areas neighbouring California. The Colorado 
River groups, such as the Mojave (Mohave) and Yuma, 
shared traditions with both the Southwest (Arizona and 
New Mexico) and Southern California, whereas the peo­
ples of the Sierra Nevada, such as the Washo, shared 
traditions with the Great Basin peoples. In northern Cali­
fornia were to be found native traditions of the Northwest 
Coast; the remaining native groups occupied the greater 
part of California, and they represented indigenous cultur­
al developments.

A conservative estimate of the pre-Spanish population of 
California is 275,000, making it one of the most populous 
culture areas of native North America. Various ecologie 
features—seacoasts, tidelands, river and lake areas, valleys, 
deserts, and foothills—and various historical traditions 
contributed to great cultural diversity. Thus there existed 
a seemingly endless variety of local environmental niches, 
each contributing advantages and disadvantages to hu­
man adaptation.

The peoples of California were politically stable, seden­
tary, and conservative and less in conflict with one another 
than was usually the case in other areas of North Amer­
ica; and neighbouring groups often developed elaborate 
Systems of economic exchange of goods and services. The 
Californian Indians reached peaks of cultural attainment 
rarely seen among peoples depending almost wholly for 
subsistence on hunting, fishing, and the gathering of wild 
plant foods.

TRADITIONAL CULTURE PATTERNS
Local and territorial Organization. California was oc­

cupied by a large number of cultural groups that have 
been described as ethnic nationalities—that is, groups of
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“Tribelet”
Organiza­
tion

Role of 
the chief

people sharing common linguistic, social, and cultural 
traditions and recognizing themselves as part of a single 
culture distinct from that of other groups. Except for the 
Colorado River peoples (Mojave and Yuma) and perhaps 
some Chumash groups, these ethnic nationalities had no 
centralized governmental structures; instead, each group 
comprised independent territorial and political units that 
may be termed tribelets, tightly organized polities that were 
smaller than the average groupings in most other parts of 
North America. Populations in these tribelets ranged from 
a hundred to a few thousand people, depending on the 
richness of locally available resources; tribelet territories 
ranged in size from about 50 to 1,000 square miles (150 
to 3,000 square kilometres).
Within each tribelet there might be only one principal 

village in which all the people lived and from which 
some of them ranged for short perióds of time to collect 
food, hunt, or visit other tribelets for ritual or economic 
purposes. In some tribelets there was a principal village 
surrounded by settlements of people who came to the 
principal village for ritual, social, economic, and politi­
cal occasions. In other tribelets there were two or more 
villages, each having various satellite settlements and one 
serving as a “capital” or central village. Here a principal 
chief would usually reside, and major rituals and political 
and economic affairs would be held.

Community Organization of tribelet villages was varied, 
but basic patterns are discemible. Among the Miwok and 
the peoples south of them, village ownership was usually 
based on clan arrangements, whereas in northem Califor­
nia land ownership was based more on territorial principles 
than on kinship ties. Bilateral or nonlineal descent Organi­
zation usually occurred where village land ownership was 
not clan based, as in the case of the southeastern desert- 
dwelling peoples, although exceptions to this occurred in 
the far northern part of the state.

Kinship and status patterns. Marriage was almost al­
ways a matter arranged by the families because it created 
löng-fange economic and social bonds between families. 
Generally the families exchanged goods at the time of the 
marriage, the bulk of goods coming from the husband’s 
family. In most cases the wife resided with the husband’s 
family and was taught the ways of the husband’s group by 
the mother-in-law. Levirate (widow marriage to the broth- 
er of the deceased) and sororate (widower marriage to the 
sister of the deceased) were widely observed, maintaining 
relationships between already connected families and sta- 
bilizing child-care conditions. Men could often have more 
than one wife; this was particularly true of chiefs and sha- 
mans (medicine men) because heavy social responsibilities 
were required of their offices and because political ties 
between groups could thereby be established.

The aged served as the teachers and advisers. Young 
adults were active in subsistence, and the elders prepared 
the children for adulthood. The aged made most of the 
decisions conceming legal disputes and economie crises.

The role of chief was generally an inherited position 
providing political stability to the group (though in north­
em California no formal chief appears to have existed). 
Women in some groups, such as the Porno, were chosen 
as chiefs or “little chiefs.” The chief was an economie ad­
ministrator whose instructions to his people ranged from 
general admonitions to specific directions for particular 
tasks, such as indicating where food was available and 
how many people it would require to collect it. He redis- 
tributed the economie resources of his community and, 
through donations from village members, maintained re­
sources from which emergency needs of individuals could 
be met. He was the major decision maker and the final 
authority in most villages, but he had the aid of a council 
consisting of such persons as heads of extended families, 
ritualists, assistant chiefs, and shamans. In some areas the 
chief functioned as a priest, maintaining the ceremonial 
house and ritual artifacts. The chief was generally a con- 
spieuous person, wealthier, more elaborately dressed, and 
often displaying the symbols of his office. He was treated 
with great respect. Chiefs’ families formed a superstratum 
of the community elites, especially in areas in which lin­
eage development was present.

Shamans served not only as physical and mental healers 
and diviners but also as artists and poets. They defined 
and described the world of the sacred and regulated the 
fortune of souls before and after death, thereby serving as 
mediators between the profane and sacred worlds. Most 
tribelets in California had one or more shamans, usually 
men. Shamans were active in political life, working with 
other leaders and placing their powers at the disposal of 
the community.
Alongside chiefs and shamans in native California there 

were ritualists—dancers, singers, fire tenders—who were 
carefully trained in their crafts, and they functioned inti- 
mately within the political, economie, and religious spheres 
of their communities. They were men or women who 
acquired considerable respect and often wealth because of 
their skills and placement in the social structure. In effect, 
they were members of the power elite. When perform- 
ing, ritualists were usually costumed in headdresses, dance 
skirts, wands, jewelry, and other items.

Socialization and education. Formal leaming was a con­
tinuous process in native California life. Older persóns in- 
structed children through elaborate tales containing lessons 
concerning behaviour and values. Constant Supervision— 
provided by adults, older siblings, or other relatives—in- 
structed and reminded the child about how things should 
be done.

The dramatic time of the educational process occurred 
during rites of passage, when individuals attained new 
status and responsibility. The girls’ puberty ceremony, for 
example, generally consisted of a time of isolation be­
cause the female was considered dangerous (or especially 
empowered) at menarche. During this time, which var­
ied from several days to several weeks, an older woman 
would care for the girl and instruct her in her role as an 
adult. Ceremonies for boys’ initiation were less common 
and, when carried out, were usually less formal, involv­
ing instmetion in manly occupations and behaviour and 
prediction of the boys’ future religious, economie, or po­
litical careers.

Sometimes education was quite institutionalized. Young 
Chumash men, for instance, purchased positions from 
guildlike associations of specialists in order to receive ap- 
prenticeship as professional artisans of some kind, while 
young Porno men were charged a fee to be trained as 
apprentices by recognized professional craftsmen.

Leaders and specialists continued their training on a less 
formal level throughout their lifetimes. A man destined 
to become chief received his leaming from others (such 
as ritualists and shamans) and continued to receive such 
instmetion even after assumption of office.

Economie Systems. Settlement patterns. In most of Cal­
ifornia the villages were occupied the year round, with 
small groups moving out only for short periods of time to 
hunt or collect food. In areas poor in economie resources, 
people moved more frequently, only temporarily gather­
ing together in large groups for such activities as antelope 
drives and pifton-nut harvests. Riverine and Coastal peo­
ples as a mle enjoyed more stable settlements than those 
living in the desert and foothills.

House types varied throughout California from perma­
nent, carefully constructed houses occupied for a lifetime 
or more to the most temporary type of stmeture, such 
as a bmsh shelter, as dictated by circumstances. Types of 
houses ranged from wood-framed (northem California), 
earth-covered (various areas), semi-subterranean (Sacra- 
mento area), and bmsh (desert areas) to thatched palm 
(southem California). Communal and ceremonial houses 
were found throughout the region and were often large 
enough to hold several hundred people for rituals or festi­
vals. Domestic houses ranged in size from five or six feet 
(almost two metres) in diameter to apartment-style houses 
in which several families lived together in adjoining units. 
Another common type of housing consisted of the sweat- 
houses, earth-covered permanent stmetures that were used 
by most Californians (the Colorado River groups and the 
northern Paiute, on the margins of California, were excep­
tions); sweating was usually a daily activity for men.

Patterns o f production and technology. Food produc­
tion in native California centred on hunting, fishing,

Shamans
and
ritualists

Rites of 
passage

Housing
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and collecting wild plant foods. Men usually hunted and 
fished while women collected plant foods and small game. 
Hunting and fishing equipment such as bows and arrows, 
throwing sticks, fishing gear, snares, and traps were made 
by men; women manufactured clothing, nets, baskets, 
pots, and other cooking Utensils. Older people commonly 
made the productive equipment used in the harder labours 
of production by younger adults.

For coastal Californians, shellfish, deep-sea fish, surf fish, 
acorns, and game were the main subsistence staples; peo­
ples in the riverine and lake areas relied on fish, acorns, 
tule, game, and waterfowl. Native groups of the foothills, 
valleys, and plains depended on acorns, tule, game, and 
fish; and those living in the desert regions sought pifton 
nuts, mesquite, and game (especially antelope and rabbit) 
and practiced some marginal agriculture. 

pecial There were also various special technological devices.
chnol- The Chumash of Southern coastal California made large
*ies seagoing plank canoes, which allowed them to hunt large

sea mammals. Peoples living on the bays and lakes used 
tule balsas or rafts, while riverine groups had flat-bottom 
dugouts (canoes made by hollowing out large logs). Tech­
niques of food preservation included drying, hermetic 
sealing, and leaching of some foods high in acid content. 
Milling and grinding equipment was common.
Property and exchange Systems. Concepts of property 

tended to vary in degree rather than kind throughout Cal­
ifornia. Everywhere, property was owned by individuals, 
family groups, lineages, communities, or larger political 
groups such as clans. In general, socially defined groups 
(such as clans and villages) owned the land and protected 
it against infringement from other groups. Individuals, 
lineages, or extended families usually owned exclusive 
rights only to certain food-collecting, fishing, and hunting 
areas. Such resources as obsidian mines or areas where 
medicinal plants grew might be owned by either groups 
or individuals. Individual articles could be acquired by 
manufacture, inheritance, purchase, or gift.

Goods and foodstuffs were distributed through two main 
institutions—reciprocal exchange between kin and “tra.de 
fairs,” often ritualized. Both operated similarly in that 
they served as a redistribution and banking system for 
spoilable foodstuffs; a group with a surplus of foods, that 
is, would bring it to another group and exchange it for 
goods (such as shells), which could be used in the future 
to acquire foodstuffs in return.

There were professional traders in most California groups 
who travelled long distances among many ethnic national- 
ities. Goods from as far away as Arizona and New Mexico 
were exchanged by coastal peoples. Generally, Shells from 
the coastal areas were valued and exchanged for products 
of the inland areas, such as obsidian or food. Medicines, 
manufactured goods such as baskets, and other objects 
were also commonly exchanged in these Systems.

Religion. Throughout native California religious insti­
tutions were intensely and intimately associated with all 
other institutions—political, economic, social, and legal. 
In all the groups there were shamans, religious leaders who 
served as intermediaries between the supernatural world 
and the world of man. Priests and other ritualists were 
common in many groups.

Luksu and Two religious Systems—the Kuksu and the Toloache—  
riloache were associated with social organizations into which ini- 
sligions tiates were formally indoctrinated. In the Kuksu religion 

common to northern California (as among the Porno, 
Yuki, Maidu, Wintun), members “impersonäted” spiri­
tual beings and engaged in colourful and dramatic rituals 
requiring special costumes and equipment; these events 
usually were conducted in large public communal houses. 
Within the Toloache religion of Southern California (as 
among the Luisefto and Dieguefto), initiates performed 
while drinking a hallucinogenic decoction made of the 
plant Datura meteloides, which put them in a trance and 
provided them with supernatural knowledge about their 
future life and role as members of the sacred societies. In 
both religions special instmetion was a significant factor 
in the recruitment of members into the ritual society. 
Members exercised considerable economic, political, and 
social influence.

Religions on the Colorado River differed slightly because 
they were not concerned with developing formal organi­
zations and recruitment procedures. Individuals received 
religious information through dreams; and members re- 
cited long narrative texts, explaining the creation of the 
world, the travel of culture heroes, and the adventures of 
historie figures.

In the northwest there was another informally structured 
religious system. It was associated with rituals concerned 
with world renewal (as in the white-deerskin dance), in 
which privately owned myths were recited. One communal 
need served by these ceremonies was that of restructuring 
relationships in societies lacking the rigid social ordering 
found in many other native California groups. The dis­
play of costumes and valuable possessions (such as white 
deerskins or delicately chipped obsidian blades) reaffirmed 
social ranking, and the success of the ritual reaffirmed the 
orderly relationship of man to the supematural.
The use of supernatural power to control events or trans- 

form reality was basic to every California group. Gener­
ally, magie was used in attempts to control the weather, Use of 
increase the harvest of crops, and foretell the future. Magic magie 
was deemed not only the cause of sickness and death but 
also the principal means of curing many diseases. Magic 
was considered also as an agent to protect oneself, to 
punish wrongdoers, or to satisfy personal ends.

Arts and crafts. Oral literature was the art form for 
which native California was most renowned—especial­
ly esoterie and elaborate creation tales and epic poems.
There were also songs with accompanying narratives, tales 
of victory, recollections of recent events or daily activities, 
and airs of love. Songs were usually short but could, in 
narrative form, last for days. Singing was accompanied by 
rattles, whistles, or drums.

Visual art forms ranged from decoration on items of dai­
ly use (such as baskets and tools) to elaborate rock paint­
ings and rock engravings. California natives are generally 
most remembered for their exquisite basketwork, though 
pottery in the eastern desert was shaped and decorated 
handsomely. Costuming, particularly in relation to the 
Kuksu religion, involved the creation of elaborate head- 
dresses, skirts, feathered costumes, and so on, which were 
often symbolic of supernatural beings. Body painting was 
also populär.

Incising or pecking designs into rock was practiced in 
various parts of the area, and rock paintings were wide­
spread. They were associated probably with individual and 
group rituals and hunting and gathering activities on the 
one hand and served as simple trail markers or indicators 
of food or water on the other.

MODERN DEVELOPMENTS
Contemporary native Californians are rural peoples resid- 
ing mainly on reservations or rancherias. There is, how­
ever, a long-established pattern of individuals moving to 
urban areas to find work when necessary but considering 
their reservation or rancheria as “home,” as a place where 
they will be welcomed upon retum. In this manner many 
native Californians may live away from their lands for the 
better part of a lifetime and yet come back at last to a way Depressed 
of life compatible with their cultural ideals and involving economic 
their family and friends. Many individuals come and go conditions 
sporadically, depending upon economic conditions; some in many 
live only seasonally on the reservations. Native Califor- areas 
nians move from depressed areas to towns, villages, and 
cities, however, not only to find employment but also to 
arrange for schooling for their children and to find the 
amenities of life that are often totally lacking in the more 
remote Indian lands.
In the late 20th Century, as industries moved into some 

rural areas, the nearby reservations became more attrac- 
tive, offering some prospects of local employment. In 
many areas, the permanent populations of reservations 
were expanding, particularly with more young people with 
children. In other more remote rural areas, the economic 
Situation remained bleak.
Since the United States government withdrew most fed­

eral responsibility for native Californians in 1955, reserva­
tions have become relatively autonomous. Each reserva-
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tion or rancheria has an elected body of officials, known 
variously as a business committee or tribal council, which 
acts as a liaison between the people and such outside 
interests as the U.S. Bureau of Indian Affairs, business 
corporations desiring the purchase or lease of reservation 
lands, public Utilities concerned with seeking rights-of-way 
across lands, and individuals having some form of busi­
ness with the group. The council acts with the advice and 
consent of the people in dispersing tribally owned assets 
such as the lands or Funds, and it also acts as the receiv- 
ing agent for grants from various economic-development 
or relief organizations of the government. It is often in­
volved in litigation with the government or other agencies 
conceming tribal grievances, and today it almost invari- 
ably participates directly in planning economic and social 
development programs for the future protection of the 
group’s assets.

Generally speaking, native Californians have adopted 
much of the ways of Contemporary society. In clothing, 
housing, transportation, education, and offen religion, 
they are not significantly distinguishable from other peo­
ple residing in California. In more subtle ways, however, 
native culture, attitudes, ritual, and psychology are still 
viable throughout the state from north to south. Wher- 
ever there are native populations, one finds ceremonial 
houses, ritual, and the continued use and manufacture of 

Attempts ritual materials, as well as occasional use of native foods. 
to preserve Many arts and crafts, especially basket weaving, have 
the cultural been maintained. The Indian languages, though spoken 
heritages less and less as first languages, are being maintained and 

revived for cultural and nostalgie reasons. On some reser­
vations there are cultural centres and museums helping to 
preserve the culture and languages, and on other reserva­
tions and in some local school districts classes in native 
languages and culture are being offered to both children 
and adults. Various organizations of native Californians, 
such as the American Indian Historical Society and the 
California Indian Education Association, are aggressively 
examining, criticizing, and providing new teaching mate­
rials for schoolteachers who deal with native Californians 
in the classrooms.
On the other hand, few if any tracés of traditional cultures 

remain in some areas of California. These areas generally 
coincide with what have become the major population 
centres of California, from San Francisco and Oakland 
south to San Diego. A new form of native American cul­
tural development is under way, however, as Indians from 
all over the United States, not only from rural California 
but also from reservations in the central great plains of the 
United States and the Southwest, gravitate to these major 
urban areas, bringing with them diverse tribal and cultural 
backgrounds that add up to a new measure of cultural 
diversity in urban life. Many of these people came in large 
numbers during World War II, often to work in defense 
industries, while others came in large numbers after the 
war as part of the aggressive planning and development of 
the Bureau of Indian Affairs in the 1950s. These moves led 
to serious problems among some of the relocatees because 
Bureau of Indian Affairs coordination was ineptly carried 
out, with the result that many native American groups 
have had to develop their own self-help organizations to 
care for their people in the cities. A pattern of replicating 
the institutions of the cultural groups they came from 
is apparent throughout the state. Recreational groups as 
well as educational and political groups have developed 
generally along lines of cultural similarity.

(Lo.J.B.)

North American Plateau Indians

The North American Plateau is both a complex physio­
graphic unit and a native cultural area. It is bounded 
on the west by the Canadian Coast Mountains and the 
Cascade Range, on the south by the Blue Mountains and 
the Salmon River (excepting a narrow corridor to Califor­
nia), on the east by the Rocky Mountains and the Lewis 
Range, and on the north by low extensions of the Rocky 
Mountains, such as the Cariboo Mountains. It may be de­
fined as the drainage territory of the Columbia and Fraser

rivers and as the high plateau between the main range of 
the Rocky Mountains and the coastal mountain System. 
In the south the natural area of the Plateau gradually 
merges with the Great Basin natural area: the boundaries 
between the corresponding culture areas are indeed also 
very imprecise. Previously, anthropologists included both 
culture areas as one, the Plateau.
The climate is a harsh, Continental type. Temperatures 

range from —30° F (—34° C) in winter to 100° F (38° C) in 
summer. Precipitation is low, except in the mountainous 
areas, and forms a snow cover during the winter. There are 
three different provinces of Vegetation, which correspond 
to three subcultures: the Middle Columbia area, a steppe 
of sagebrush and bunchgrass fringed by yellow pine on 
higher levels, is the territory of the Sahaptin groups and 
some Salish; the Upper Columbia area, a mainly wooded 
area with grassland in river valleys, is the home country of 
such Salish groups as the Okanagon and Flathead, and of 
the Kutenai; and the Fraser area, with a semi-open coni- 
ferous forest interspersed with dry grassland and a partly 
maritime flora, is the tribal ground of the northem Salish 
groups. The fauna is not rieh, but there are deer and elk 
in the mountains and salmon and trout in the rivers.

The Indians of the Plateau belong mainly to four lin- Peoples 
guistic families: Salish, Kutenai, Sahaptin, and Klamath- and 
Modoc (Lutuami). The majority of Plateau groups speak languages 
Salishan and Sahaptian. The Salish may be conveniently 
divided into Northern Plateau and Interior Salish (there 
are also Coast Salish on the Northwest Coast). To the 
Northern Plateau group belong the Shuswap, Lillooet, 
and Thompson (Ntlakyapamuk) Indians; to the Interior 
group belong (mostly in the Upper Columbia area) the 
Okanagon (with Sinkaietk), the Lake (Senijextee), the 
Wenatchee, Sanpoil and Nespelim, the Spokan, Kalispel 
(with Pend d’Oreille), Coeur d’Alene, and Flathead. Some 
early works term all Salish “Flathead.” The Sahaptin may 
be subdivided into three main groups: the Nez Percé, 
the Cayuse-Molala, and the Central Sahaptin (Umatilla,
Yakima, Wallawalla, Tenino, and others).

TRADITIONAL CULTURE PATTERNS
The main characteristics of the Plateau cultures are best 
discernible against a historical background, for the Plateau 
cultural pattern was not stable. Opinion is divided as to
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whether its origins lay with the “desert culture” of arid 
Western North America, a primitive, seed-gathering cul­
ture, or with the “old Cordilleran culture” of the Plateau 
and North Pacific Coast, a culture with hunting, fishing, 
and gathering activities. It is certain, however, that the lat- 

’lassic” ter subsistence pattem predominated after 1500-1000 bc. 
ateau By ad  1200-1300 the “classic” Plateau culture, character- 
lture ized by permanent winter villages with semi-subterranean 

earth lodges along the main rivers and by summer camps 
with mat-covered conical lodges on the meadows, had 
emerged. There is evidence that the Plateau culture ex­
panded as far south as the Snake River, including for 
some time Shoshoni groups in Idaho. During the centuries 
that followed, the Plateau area was influenced by cultural 
elements from the highly specialized Northwest Coast cul­
ture. Thus, mat and plank houses, carving in wood and 
bone with animal motifs, and cremation and scaffbld buri­
al appeared. Part of this diffusion was possibly brought 
about by a Chinook group, the Wishram, who migrated 
from the coast into the Cascade Mountains.
During the 18th Century there were influences from the 

east. The Shoshoni had acquired horses by this time and 
fumished their dosest neighbours on the Plains and the 
Plateau with horses. White traders, from the beginning 
of the 19th Century, testified that tribes such as the Nez 
Percé, Cayuse, Wallawalla, and Flathead had more horses 
than the tribes of the northern Plains.

Other elements of Plains culture came with the horse, 
particularly in the Middle Columbia area. Sahaptin Indi­
ans, for example, soon appeared in Plains beaded dresses 
and warbonnets and started to use tepees. Similar inno- 
vations occurred on the eastern periphery, in particular 
among the Flathead and the Kutenai. The northwestem 
Salishan groups, however, retained their original Plateau 
culture. Due to pressure from the Blackfoot, the Flathead 
and Kutenai had to withdraw from their home quarters on 
the plains of western Montana about 1800. They resettled 
in the intermontane valleys of the Rockies and from there 
made occasional buffalo hunts on the Plains in the Com­
pany of other Plateau tribes, such as the Coeur d’Alene 
and Nez Percé.

The kind of military ethos found among the Plains Indi­
ans was not found uniformly among the Plateau Indians. 
The Thompson and Shuswap groups, and also the Sahap­
tin and Klamath further south, did make occasional war 
raids, dressed in elk hide or wooden slat armour and armed 
with bows and clubs. Other groups remained peaceful; 
the Flatheads, in particular, were well regarded by white 
settlers for courtesy, hospitality, honesty, and courage.

Social structures. Before the introduction of Plains cul­
ture, the village always formed the sociopolitical unit. 
The Thompson Indians, for example, had informal village 
meetings for decision making, and in matters of general 
interest the consent of all the villagers had to be obtained. 
The Sanpoil, on the other hand, had a more formal po­
litical stmcture: the village had a chief, a subchief, and a 
general assembly in which every adult had a vote (except 
for young men who were not married). The Nez Percé 
had a similar Organization until the buffalo hunts on the 
Plains started. Each village had a chief whose office was 
hereditary, except in the case of poorly qualified sons. 
Sometimes groups from several villages came together at 
certain fishing sites or camas (edible Uly) meadows, and on 
these occasions the leading men of the villages constituted 
an informal council. Early in the 19th Century this Organi­
zation was overruled when families from different villages 
joined to form bands for the autumn hunts on the Plains. 
The authority of the village chiefs lapsed as good hunters 
and fighters became band chiefs. As a result of pressure 
from missionary and governmental agencies, a tribal head 
chief was appointed in the 1840s, but he was unable to 
win any influence over the people. A truly tribal political 
Organization existed among the Flathead, who had a head 
chief of great power and band chiefs under him. The head 
chief decided on matters of peace and war and was not 
bound by the recommendations of his council.

In many Plateau societies chiefs played a more prom­
inent role than in Plains Indian culture, and they were 
also to a greater extent hereditary. But, although Sahaptin

chiefs could exert their authority through whipping (per­
haps a Spanish trait), social control was as a rule achieved 
through social pressure and public opinion. Nobody was 
coerced into following the advice of a chief or the deci- 
sions of a council meeting, and those who did not want to 
conform could move to another village or another band.
The simple, bilateral-descent system prevailed in typical Kinship 

Plateau groups. The average Plateau kin group consisted of patterns 
the nuclear family and the closest relatives on the father’s 
as well as the mother’s side. This is the case among, for 
instance, the Tenino. Their kinship terminology reveals 
the close connection between family relatives of the same 
generation on both patemal and maternal sides, so that all 
female cousins are called by the same terms as those used 
for sisters. Marriages do not occur among first cousins (in 
distinction to the custom in clan-organized societies), and 
newly wedded couples may put up their residence with 
the father’s or the mother’s group. The Tenino also show 
a patterned kinship behaviour that has possibly existed 
in other Plateau groups, such as a “joking relationship” 
between a father’s sister’s husband and his wife’s brother’s 
child, and permitted sexual license between a man and 
his sister-in-law. All over the Plateau, marriages between 
one man and several wives (polygyny) were practiced, al­
though they were not common.
It has been observed that kin term distinctions and 

ranked status distinctions tend to counteract each other: 
the Coast Salish have a ranked society with reduction of 
kinship terminology, whereas the majority of Plateau Sal­
ish have prevalence of descriptive kin terms and few status 
distinctions. Among the Sinkaietk or Southern Okanagon, 
chiefs were hereditary and the most important persons in 
the tribe in regard to moral influence, for the chief and 
his family were supposed to exemplify the virtues of the 
group. He was, on the other hand, not necessarily the 
wealthiest man in his group, although he was economical­
ly supported by his people. The chief had a female relative 
among his advisers. Such highly respected women also 
existed in other groups, such as the Coeur d’Alene, and 
bear witness of the independence of women in Plateau 
society (excepting the Plains-influenced Kutenai and Flat­
head). Although marked off as hereditary in his office, the 
Plateau chief did not separate himself from his group. The 
general spirit was one of equality and personal autonomy, 
particularly among the Interior Salish. The Northern Pla­
teau Salish, however, and several other groups kept slaves, 
as did the Indians on the Northwest Coast, and traded 
them between each other. The tribes on the eastern fringe 
who shared the Plains values had a rank of honoured 
warriors and war chiefs.

The life cycle of the individual was marked by fixed ritual 
acts that opened the gateway to the different social roles 
he had to enact. One could say that it started before birth.
Among the Sinkaietk, for example, a pregnant woman was 
not supposed to give birth to her child in her regulär home 
but in a menstrual lodge or another separate lodge. The 
newborn baby spent its day strapped in a cradle of the flat 
board type. At the age of one the child was ceremonially 
conferred a name from the wealth of names in the fam­
ily. The training of the child was left to the mother and 
grandmother, but even as a small boy a Sinkaietk could 
accompany his father on fishing and small-game hunting 
trips, while the little girls helped their mothers about the 
house and gathered roots in the fields. Grandparents saw 
to it that the child was hardened by such practices as 
bathing in cold streams. Disobedience was rare but could 
sometimes result in the child being whipped.

At puberty the boy was sent out to spend some days fast- Puberty 
ing on a mountain top and probably to receive a blessing rites 
vision from some spirit. Upon returning to the commu­
nity, he took his place among the adult men. The girl who 
had her first menstruation was secluded in a menstrual 
lodge some distance from the village. Her hair was bound 
up in rolls, and she was only allowed to touch it with a 
small comb. Her face was painted red or yellow, and she 
wore undecorated clothing. She was not allowed to drink 
directly from a well but had to use a drinking tube, and 
she cleansed herseif after the flow in a sweathouse. After a 
time—one or several months—she finished her seclusion
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with prayers in the evening on a hill. Then she returned 
to the village, a full-grown woman.
Marriage was an entirely informal affair, as was divorce; 

a woman who was tired of her husband or had been 
expelled by him returned to her parents if they were alive. 
She could then remarry if she wished.
Two forms of burial predominated in the Plateau area, 

pit burials and rockslide burials. The pit burials took place 
in sand or gravel near the river banks and were often 
marked with piles of boulders. The rockslide burials were 
also located close to the river flats, with a cedar stäke as 
a marker. Some cremation burials occurred in the Yak- 
ima Valley and at The Dalles and also in the Lillooet- 
Thompson area. The bereaved had to observe certain 
taboos, and a widow was supposed to dress poorly and 
wail at the grave, sometimes for as long a period as a 
year. There are reports that the house where the death 
occurred was torn down so that the dead person would 
not reappear there.

Economic life. The Plateau villages were generally lo­
cated on waterways and particularly at rapids and other 
places where fish were abundant during the winter season. 
Each village had an upland for hunting; in contradistinc- 
tion to the fishing localities, these uplands were mostly 
open for people from other villages as well. There were also 
permanent or semipermanent summer camps for hunting 
and root gathering in mountain valleys. River villages 
were permanent winter quarters and could at least tem- 
porarily lodge several hundred people, A Kalispei village, 
for example, numbered 300-400 and a Yakima village as 
many as 2,000.
Winter dwellings were of two main types, the semi- 

subterranean earth lodge and the mat-covered surface 
house. The latter was apparentiy more recent and existed 
only in the southem Plateau, where it had replaced an 
older earth lodge. It was replaced in its tum by the Plains 
Indian tepee. The average earth lodge was circular, with a 
pit 4-6 feet (1-2 metres) deep and a diameter of 10-40 
feet (3-12 metres). The roof was conical or flat and was 
supported by leaning poles fastened to some central posts. 
The smoke hole in the top was also the entrance, the floor 
being reached by an inside ladder or notched log. The 
other type of dwelling was formed of two walls of varying 
length leaning together and covered with tule mats. It was 
a “longhouse” with a series of hearths in the middle, each 
one of them shared by two families, one on each side. 
During the summer people housed in conical mat lodges 
of small size or in simple windbreaks.

Food- Fishing was the most important source of food. The
gathering Plateau Indians used one- or three-pronged fish spears, 
tech- traps, and nets when taking their staple fish—eels, suckers,
niques trout, and especially salmon. Large quantities of fish were

dried on elevated wooden racks or kept in storage pits and 
preserved for winter consumption. Roots were dug with 
digging sticks provided with cross handles of antler or wood. 
The main root was the camas bulb (Camassia esculenta), 
but bitterroot, onions, wild carrots, and parsnips were also 
gathered. They were then cooked in earth ovens heated by 
hot stones. Berries—serviceberries, huckleberries, blueber- 
ries—were harvested as well. Hunting occasionally played 
an important role, even in the winter. Equipped with bow 
and arrows and perhaps a short spear, the Indian hunted 
deer first of all but also bear and caribou. In the winter he 
wore long and narrow snowshoes to track animals; in the 
summer he could use a canoe—a dugout in the Southern 
Plateau, a dugout or a bark canoe in the northern Plateau.
In historical times all Plateau peoples used tailored skin 

garments of the type well-known from the Plains. In pre­
historie days both sexes wore a bark breechclout or apron 
and a twined bark poncho falling a little below the waist. 
During the cold season men wrapped their legs with für, 
and women had leggings of hemp. Rabbit-fur robes or 
other skin robes were worn in winter. Sahaptin women 
had twined basket hats, whereas men everywhere had 
headbands; caps of für and feathered headdresses appeared 
with the Plains influences. Both sexes braided their hair. 
The Chinook practiced flattening of the infant’s head as 
sign of free birth. Curiously, the Flathead never shared 
this custom.

The village community owned the land, in particular the 
fishing sites. Household tools, weapons, traps and snares, 
and similar items were the property of individuals, except 
for larger weirs that were communal property. Food re­
sources were in most places distributed according to needs.
A more restricted system prevailed on the northem Pla­
teau, where gift-giving ceremonies occurred, reminiscent 
of the potlatches of the Northwest Coast Indians: after 
some days of games and contests, gifts were distributed 
to the guests, who in their tum reciprocally handed over 
presents to their hosts. Although possessions were valued 
in many parts of the Plateau, the Klamath paid greater 
attention to them than any other group and held wealthy 
persons in great esteem. This value orientation, most 
probably derived from the Northwest Coast, contrasted 
with the general Plateau pattem of equality and sharing 
of necessities.

B elie f and aesthetic Systems. Religion was, like the rest 
of the culture, closely intertwined with Plateau ecology.
In many ways religious beliefs echoed North American 
religions in general: there was a “great spirit,” among the 
Okanagon conceived of as a bearded white man, and 
there were spirits of the atmosphere (winds, thunder, etc.) 
and a host of zoomorphic lesser spirits serving as personal 
guardian spirits.

The main rituals were the guardian-spirit quest, the Religious 
firstling rites, and the winter dance. The guardian-spirit rituals 
quest was compulsory for boys and recommended for 
girls and was usually performed in connection with the 
puberty ceremony. The spirits who granted their blessings 
in lonely places were very specialized. Some made their 
clients into hunters, others into warriors or medicine men 
(shamans) Both boys and girls, but preferably the former, 
could become medicine men. Medicine men were much 
feared and sometimes very wealthy. They cured diseases 
by extracting the bad spirit that had entered the patient’s 
body, and on the Northern Plateau they brought back 
souls that had been stolen by the dead, describing their 
feats in a dramatic pantomime.
The firstling rites concentrated on the first salmon or 

berries (roots, fruits) that had been caught or gathered 
during the summer season. The first salmon ceremony 
celebrated the arrival of the salmon run with the ritual 
cutting and eating of the first fish and the ritual throwing 
of the bones back into the water, in this way ensuring a 
good return next year. Some Salish had a “salmon chief’ 
who surveyed the rituals. The Okanagon, Thompson, and 
Lillooet had similar rites for the first benies, which were 
eaten ceremonially, whereas they lacked the salmon ritual.
The winter or spirit dance, finally, was a ceremonial 

meeting at which participants personified their respective 
guardian spirits. The dramatic performances and the songs 
were, among the Nez Percé, thought to bring warm weath­
er, plentiful game, and successful hunts.

Plateau mythology and folklore revolved around the cul­
ture hero and transformer, mostly the Coyote but in some 
places the Bluejay or another mythical personage. He is 
a beloved character in the stories, creator and trickster 
at the same time. The Coyote cycle is well-known from 
adjacent areas as well.

There is nothing distinctive about Plateau art. On the 
contrary, most art historians divide it into a western 
branch, peripheral to the Northwest Coast, and an eastern 
branch, peripheral to the Plains. Plastic art is on the whole 
very rare, except in the vicinity of the Northwest Coast.
Decorative art consisted of pictographic designs with a 
symbolic content, referring to supernatural beings and 
cosmic things. The same division between east and west 
characterizes musical styles.

MODERN DEVELOPMENTS
The preceding description of traditional Plateau culture 
demonstrates that the culture was neither static nor uni­
tary but changed with time and place. The most dynamic 
development was introduced when the first impulses from 
white civilization penetrated the area: the coming of the 
horse in the beginning of the 18th Century, the appear- 
ance of epidemics from 1780 onward, and the arrival of 
eschatological ideas, adapted in the Prophet Dance from
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perhaps the same time. The latter, which was the origin 
of the famous Ghost Dance, was a mixture of aboriginal 
and Christian elements: by dancing like the dead in the 
other world the Indians thought they could hasten the 
renewal of the world and the return of the dead. The 
Prophet Dance seems to have been a reaction against the 
increasing disruption of traditional culture through the 
new influences.

Early in the 19th Century the für trade brought Indian 
and white trappers from the east into the country, partic­
ularly to the northem Plateau. Roman Catholic Iroquois 
trappers propagated Christian ideas among the Flathead, 
who thereafter visited St. Louis to call on missionaries. 
The great invasion of white settlers and gold seekers in the 
1850s and 1860s and the ensuing Indian wars (of which 
the Nez Percé War of 1877 is the most famous) resulted in 
the reduction of Indian territories, the creation of a series 
of small reservations, and the isolation and deprivation of 
the Indians in “white” surroundings.

In the 20th Century, the biending of aboriginal and white 
cultures accelerated continuously and produced a variety 
of mixed cultures on the reservations, some more con­
servative, others more Europeanized. The Kutenai, for 
instance, have tumed into ranchers or ranch hands during 
the warm season but use their fishing traps during the 
winter, a seasonal pattem that in a way conforms with 
the old culture. Thé Nez Percé, on the other hand, have 
at least partly become farmers. Their cultural assimilation 
has been furthered by political and religious factionalism. 
Summarily, it may be said that the Plateau Indians have 
retained their group feelings, part of their old economies, 
and in places much of their religion, whereas technology 
and material culture have long been characteristic of white 
poverty levels. (A.G.B.H.)

North American Great Basin Indians

The Great Basin Indians in aboriginal times occupied a
398,000-square-mile (1,031,000-square-kilometre) area of 
interior western North America. Aboriginal population 
density was sparse, ränging from 0.8 to 11.7 persons per 
100 square miles. The area includes the physiographic 
Great Basin—the interior mountain and basin region of 
present-day southeastern Galifornia, Nevada, southeastern 
Oregon, and western Utah—and the Snake River Plain of 
Idaho, the mountains to the northeast, the Bridger Basin 
of southwestern Wyoming, the Colorado Plateau area of 
Utah and Colorado, and the mountains of central and 
southem Colorado. The entire region is arid to semi-arid, 
annual average precipitation being four inches in the low­
lands to 20-25 inches in the mountains. The precipitation 
falls primarily in the form of winter snow. Ecologically, 
the area is characterized by a vertical succession of life 
zones, each with a dominant xerophytic (desert-type) flora 
and related fauna.

The languages spoken by the Indians are of two widely 
divergent language families. The Washo, whose territory 
centred on Lake Tahoe, speak a Hokan language related 
to languages spoken in parts of California, Arizona, and 
Baja California. The remainder of the Great Basin cul­
ture area was occupied by speakers of Numic languages. 
Numic, formerly called Plateau Shoshonean, is a division 
of the Uto-Aztecan language family, a group of related 
languages widely distributed in the western United States 
and Mexico. Linguists distinguish three Numic branches, 
Western, Central, and Southern, each branch having a 
pair of languages. Western Numic languages are Mono, 
spoken by the Eastern Mono and Owens Valley Paiute 
of California, and Northern Paiute, spoken by the several
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Northem Paiute groups of northeastem California, west­
ern Nevada (Paviotso), and southem Oregon and by the 
Bannock of southem Idaho. Central Numic languages are 
Panamint, spoken by the Koso, or Panamint Shoshoni, 
near Death Valley, California; and Shoshone, spoken by 
the Western Shoshoni of Nevada, the Gosiute of western 
Utah, the now extinct “ Weber Ute” of northem Utah, the 
Northem Shoshoni pf Idaho, the Lemhi and Sheep Eater 
(Tukuarika) Shoshoni of the northeastem Idaho moun­
tains, the Eastern (or Wind River) Shoshoni of western 
Wyoming, and the Comanche of the southem Plains. The 
Comanche separated from the Eastern Shoshoni in late 
prehistorie times, moved southward through the Rocky 
Mountains, and became Plains Indians culturally.
Southem Numic languages are Kawaiisu, spoken by the 

Kawaiisu band of Southern California, and Ute, spo­
ken by the several Southem Paiute bands, including the 
Chemehuevi of southeastern California and the Las Vegas, 
Moapa, Kaibab, Shivwits, and Uinkarets bands of south­
em Nevada, southem Utah, and northem Arizona. Ute 
is also spoken by the several Ute bands, the Fish Lake, 
Red Lake, Pahvant, and Tumpanogots of central Utah, 
the various Northem Ute bands of eastern Utah and the 
several Southem Ute bands of southem Colorado. The 
distinction between Southem Paiute and Ute is cultural 
rather than linguistic: Ute speakers who had horses in the 
early historie period are regarded as Ute; those without 
horses were Southem Paiute. The Numic peoples called 
themselves “Numa” or “Numu,” meaning “people” or 
“human beings.” The Washo called themselves “Washoe,” 
meaning “Washo people” as distinguished from people of 
other tribes.

Linguistic and archaeological evidence indicates that the 
Washo had long been separated from other California 
Hokan-speaking groups, possibly for several millennia. 
Similar evidence indicates that the Numic-speaking peo­
ples spread across the Great Basin from southeastern Cal­
ifornia sometime after the year 1000.

TRADITIONAL CULTURE PATTERNS
Social and cultural patterns. Great Basin Indians of the 

early historie period (1800-50) were divided into horse- 
using and non-horse-using groups. Horse-using groups 
generally occupied the northern and eastern sections of the 
Great Basin culture area. The Southern Ute and Eastern 
Shoshoni were among the first Indians north of the Span­
ish settlements of New Mexico to obtain horses, perhaps 
as early as 1680. There is some evidence that these bands 
acted as middlemen in the transmission of horses and 
horse culture from New Mexico to the northern Plains in 
the 1700s. As the Northern Shoshoni of Idaho obtained 
horses in the 18th Century, they were joined by Northern 
Paiute speakers from eastern Oregon and northern Nevada 
to form the Shoshoni-Bannock bands of historie times. By 
1800, the Southem and Northern Ute, the Ute of central 
Utah, the Eastern Shoshoni, the Lemhi Shoshoni, and the 
Shoshoni-Bannock were well equipped with horses, lived 
in skin tepees, and were oriented toward the Great Plains, 
the pursuit of bison, and warfare with other tribes. To 
the south and west in the Great Basin proper and on the 
western Colorado Plateau, the people did not take up the 
use of horses until 1850-60. The Washo did not use horses 
prior to white settlement, and rarely used them thereafter. 

Basic social The basic Great Basin social and cultural patterns were 
organiza- those of the nonhorse bands. The people were closely
tion adapted to their arid environment. Small family bands

moved through an annual cycle, exploiting available food 
resources in the various ecological zones of a particular 
valley and adjacent mountains. The exigencies of the food 
quest structured Great Basin society and culture. Food 
supplies were seldom adequate to permit groups of any 
size to remain together for more than a few days. Conse- 
quently, social Organization was fluid and atomistic. For 
most of the year the people lived in small local groups, 
coming together into larger aggregates only for certain brief 
periods—during rabbit drives or when fish were spawning, 
as the Washo did at Lake Tahoe in the spring, or during 
the pifton nut season in the autumn. But despite periodic 
gatherings, there was no sustained sense of political cohe-

sion or “tribalness,” as that term is understood for other 
American Indian groups.
The same fluidity of social Organization was characteristic 

of the horse-using bands. Possession of horses permitted 
larger numbers of people to remain together for much 
of the year, but such aggregation did not lead to the 
development of formal tribal organizations. Among both 
horse- and non-horse-using groups, a particular leader was 
followed as long as he was successful in leading people to 
food, or in war. If he failed, people would leave to join 
other bands, or to form their own bands.
Kinship, marriage, and rites. The basic local social unit 

usually was one or more “kin cliques,” consisting of a nu­
clear family (parents and their dependent children) or two 
brothers and their families, in addition to assorted other 
individuals related by blood or by marriage to someone in 
the core group.

Kin ties were reckoned bilaterally through both the 
mother’s and the father’s sides and were widely extended 
to distant relatives. Such extension permitted people to 
invoke kin ties and move from one group to another if 
circumstances warranted.

Marriage practices varied, with a tendency among some 
groups to marry true cross-cousins (mother’s brother’s or 
father’s sister’s child), or pseudo cross-cousins (mother’s 
brother’s or father’s sister’s stepchild). Both the sororate 
(compulsory marriage of a man to his dead wife’s sister) 
and the levirate (compulsory marriage of a widow to her 
dead husband’s brother), were practiced, as were their log- 
ical extensions, sororal polygyny and fratemal polyandry.
Usually the latter was not formalized, consisting only of a 
man extending sex privileges with his wife to a brother for 
a time. Marriages were brittle and divorce frequent. Yet 
to survive, it was necessary to be married, äs most men 
and women were throughout their adult lives. There was 
no set pattern of postmarital residence. A newly married 
couple might live with the bride’s family for the first few 
years until children were born, but the availability of food 
supplies was the determining residence factor.

Children began to leam about and participate in the food 
quest as soon as they were old enough. There was little 
emphasis on puberty rites except among the Washo, who 
held a special dance and put a girl through various tests 
at the time of menarche.

Death rites were minimal. An individual was buried with 
his possessions or they were destroyed. The Washo aban­
doned or bumed a dwelling in which a death occurred. 
Occasionally, old people who could not keep up with the 
group or who could no longer produce their share of the 
food supply were abandoned.
Technology and economy. The Numic people and the 

Washo built two types of shelters; semicircular brush 
windbreaks in the summers, and domed brush, bark-slab, 
grass, or reed-mat dwellings in the winter. The horse-using 
groups used Plains-style tepees but sometimes built grass 
or brush houses. Winter villages were sited along the edge 
of valley floors, near water, food Caches, and firewood.
Summer encampments were near food areas and were 
shifted as necessary. Horse-using groups camped along 
wooded stream bottoms near firewood and forage areas 
for their horses.
Tools were simple and portable: the bow and arrow, Tools 

stone knife, rabbit stick, digging stick, several types of bas- and food- 
kets and nets, and flat seed-grinding slab and handstone, gathering 
Some Western Shoshoni and Southern Paiute groups made 
a coarse brown-ware pottery; some Northern Shoshoni 
made steatite jars and cups. In fishing areas, lines and 
hooks, harpoons, nets, and willow fish weirs were used.
The Northern Paiute used duck decoys made of tule reeds 
covered with duck skins. Rodents were taken with snares 
and traps or pulled from burrows with long, hooked sticks.
Rabbits were driven into nets and clubbed, or they were 
shot with bow and arrows. Antelope were driven into 
corrals and traps. Waterfowl were netted, trapped, or shot 
with bunt arrows (arrows with rounded heads, intended 
simply to stun). Deer, elk, and mountain sheep were taken 
by individual hunters with bow and arrows.
The people followed an annual round, exploiting plant 

and animal resources as they became available in the



34 American Indians

>haman-
sm

several ecological zones. Well over 70 percent of the food 
supply was vegetal. Over 200 species of plants were named 
and used, principally seed and root plants. Pifton pine 
groves were found in upland areas of Nevada and central 
Utah, and large quantities of pifton nuts were collected in 
the autumn and cached for winter use. Rabbit drives were 
also held in the autumn. The drives provided an occasion 
for larger numbers of people to come together for gam- 
bling, dancing, and courting. Winter was spent in small 
villages, living on cached foods and such game as might be 
taken. Early spring was a poor time; stored resources were 
often exhausted, and the people were forced to seek early 
greens and roots for food. Late spring and summer were 
devoted to collecting seeds, roots, insects, fishing where 
possible, and continued hunting.

Some Southern Paiute bands practiced limited horticul- 
ture along the Colorado and Virgin rivers. Some bands of 
Mono and Northern Paiute reportedly irrigated patches of 
wild seed plants to increase the yield.

The horse-using groups also followed an annual round 
but ranged over a much larger area. In some years, they 
ventured onto the Northern Plains for bison in the au­
tumn, returning to the Bridger Basin, the Snake River 
area, or the Colorado Mountains for the winter. In the 
spring and summer, Shoshoni and Shoshoni-Bannock ob­
tained roots from the Camas Prairie in Idaho and salmon 
from the Snake River, below Shoshone Falls. Deer, elk, 
and mountain sheep were taken when possible. Seed and 
root foods were collected as they became available,

Clothing consisted of sage bark aprons and breechclouts 
and rabbit-skin robes in the winter. The horse-using peo­
ples wore Plains-style, tailored skin garments. Artwork was 
largely confined to basketry decoration. Among the horse- 
using bands, quill and beadwork decorated clothing and 
rawhide shields, and bags and containers were painted.
Trade was minimal among western Great Basin groups, 

although there is some evidence of the use of strings of 
shells as a medium of exchange in aboriginal times. Horse- 
using groups were more active, trading among themselves 
and with other tribes. The Eastern Shoshoni and some Ute 
bands participated in the für trade between 1810 and 1840. 
Between about 1800 and 1850, mounted Ute and Navaho 
bands preyed on Southem Paiute, Western Shoshoni, and 
Gosiute bands for slaves, capturing and sometimes trading 
women and children to be sold in the Spanish settlements 
of New Mexico and Southern California.

Religious concepts. Religious concepts derived from a 
mythical cosmogony, beliefs in “power” beings, and a be­
lief in a dualistic soul. Mythology provided a cosmogony 
and cosmography of the world. Mythical animals, no- 
tably wolf, coyote, rabbit, bear, and mountain lion, were 
believed to be the progenitors of the modern animals. 
They lived prior to Indian life but were anthropomorphic, 
speaking and acting as people do in the present world. 
They created the world and were responsible for present- 
day topography, ecology, food resources, seasons of the 
year, and the distribution of Indian tribes. They set the 
nature of social relations—that is, defined how various 
classes of kinsmen should behave toward each other—and 
set the customs surrounding birth, marriage, puberty and 
death. Their actions in the mythic realm set moral and 
ethical precepts and determined the physical and behav­
ioral characteristics of the modem animals. Most of the 
motifs and tale plots of Great Basin mythology are found 
widely throughout North America.

Power beings were animals, birds, or natural phenomena, 
each attributed with a specific natural power according to 
an observed characteristic. Some such beings were thought 
to be benevolent, or at least neutral, toward men. Others, 
such as Water Babies—small, long-haired creatures who 
lured men to their deaths in springs or lakes and who ate 
children—were malevolent and feared. There were con­
ceptions of various other vague beings, such as the South­
ern Paiute unupits, mischievous spirits who caused illness.

Shamans, or eurers, were prominent in all Great Basin 
groups. Both men and women might become shamans. 
Shamans received their powers to eure disease, foretell the 
future, and, sometimes, to practice sorcery from a power 
being who came unsought to a prospective shaman. It

was considered dangerous to resist being given a shaman’s 
power, for those who did sometimes died. The being be­
came a tutelary spirit, instructing an individual in curing 
and sources of power. Some shamans had several tute­
lary spirits, each providing instmetion for specific types 
of treatment. Among Northern Paiute and Washo and 
probably elsewhere, a man who had received power ap- 
prenticed himself to an older, practicing shaman and from 
him learned rituals, eures, and feats of legerdemain asso­
ciated with curing performances. Curing ceremonies were 
performed with family members and others present and 
might last several days. The widespread American Indian 
practice of sucking an object said to cause the disease from 
the patient’s body was often employed. Shamans who lost 
too many patients were sometimes killed.
In the western Basin, some men had powers to charm 

antelope and led communal antelope drives. Beliefs that 
some men were arrow-proof (and after the introduction of 
guns, bulletproof) are reported for the Northern Paiute and 
Gosiute but were probably general throughout the area.

Among the Eastern Shoshoni, young men sought power 
beings through a visionary experience. The active seeking 
of power beings through visions is a practice the Eastern 
Shoshoni probably learned from their Plains neighbours, 
although the characteristics of the beings sought were those 
common to Great Basin beliefs.

There was a concept of soul-dualism among most, if not 
all, Numic groups. One soul, or soul aspect, represented 
vitality or life; the other was the individual as he was in a 
dream or vision state. During dreams or visions, the latter 
soul left the body and moved in the spirit realm. At death, 
both souls left the body.

MODERN DEVELOPMENTS
Contact with white civilization drastically altered Great 
Basin societies and cultures. The Southern Ute were in 
sustained contact with the Spanish in New Mexico as 
early as the 1600s, but other Great Basin groups had no 
direct or continued contact with whites until after 1800. 
The für trade, between 1810 and 1840, brought new tools 
and implements to the eastern bands. Settlement began in 
the 1840s, as did the surge of emigrants through the area 
on their way to Oregon and California. Mining, ranching, 
and farming activities destroyed or closed off traditional 
Indian food-gathering areas. Pifton groves were cut for 
firewood, fence posts, and mining timbers. The Indians at- 
tempted to resist white encroachment. Mounted bands of 
Ute, Shoshoni, Shoshoni-Bannock, and Northern Paiute 
preyed on ranches and wagon trains and tried to drive the 
intruders away. The struggle culminated in several local 
“wars” and “massacres” in the 1850s and 1860s. After 
1870, Indians were forced onto reservations or into small 
groups on the edges of white settlements, thus reducing 
their land base to a small fraction of its former size. This 
forced the abandonment of aboriginal subsistence patterns 
in favour of limited agriculture or stock raising, where pos­
sible, and wage work, especially as farm and ranch hands.
In 1870 and again in 1890, so-called Ghost Dance 

movements started among the Northem Paiute of west­
ern Nevada. The dances were millenarian in character. 
Prophets foretold that if the Indians danced and prayed, 
the whites would go away and the “old days” would be 
restored. The 1870 dance, led by a man named Wodzi- 
wob, centred in Nevada and California. The 1890 dance, 
led by Wovoka, or Jack Wilson, of Smith Valley, Nevada, 
spread to many Indian tribes in the western United States.
A Peyote Cult was introduced to the Ute and Eastern 

Shoshoni in the early 1900s by Oklahoma Indians. It 
later spread to other Great Basin peoples. Most peyote 
groups became members of the Native American Church, 
a nationally recognized Organization. Great Basin peyote 
rituals are a mixture of aboriginal and Christian elements. 
Ceremonies are led by “road chiefs”; that is, those who 
lead believers down the Peyote Road or Way. A ceremony, 
which lasts all night, includes singing, praying, and eating 
peyote buttons or drinking a concoction made therefrom, 
producing a mild hallucinogenic experience. The tenets 
of the Native American Church stress moral and ethical 
precepts and behaviour.
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In postreservation times, the Eastern Shoshoni and Ute 
adopted the sun dance from the Plains Indians. The four- 
day dance is performed yearly to achieve health and val- 
our for the participants, and partly as a Tourist attraction.
The Indian Reorganization Act of 1934 led to the estab­

lishment of local elected “tribal councils” for the various 
reservations and colonies. Councils have sought to develop 
various economic activities including ranching, light in­
dustry, and tourism.

Indian children were sent to federal day schools and 
boarding schools beginning in the 1880s. These federal 
schools were phased out and Indian children began to 
attend local schools and universities.
Great Basin Indian peoples have retained some of their 

traditional culture in crafts, dances, and visiting patterns. 
Older people speak the native languages, but many of the 
younger people have neither learned nor used them. Many 
people remain on the reservations, but others have moved 
to towns and cities.

(D.D.F./C.S.F.)

Southwest American Indians

More than one-third of the rapidly growing population of 
American Indians live in the southwestern United States, 
mainly in or bordering Arizona and New Mexico. In 
this predominantly arid and climatically unstable region, 
located between the Rocky Mountains and the Mexican 
Sierra Madre, the Continental Divide separates the water- 
sheds of two great river Systems: the Colorado-Gila-San 
Juan, in the west, and the Rio Grande-Pecos, in the east.

From the viewpoint of human habitation, the region’s 
main geographic features are the two river Systems, cycli- 
cal droughts, and arid lands, some low and hot, others 
high and cold. The hot deserts have sparse and irregularly 
occurring rainfall. Their long growing season supports a 
great variety of plant and animal communities adapted to 
desert conditions—creosote, sage, tarbush, and numerous 
cactus species, as well as such small, noctumal, burrowing 
animals as the kangaroo rat. Along the river flood plains 
grow cottonwood, willow, mesquite, and sycamore. Basin 
and range landscape, from about 1,000 to 4,000 feet (300 
to 1,200 metres) in elevation, predominates.
Despite its low moisture content, coarse texture, and oc­

casional salty patches, the soil of most of the Southwest is 
relatively fertile.

The cold semideserts include the Colorado and other 
plateaus of northern Arizona. The frost-free growing sea­
son is relatively short. Much of this plateau area is cov­
ered with scrub or with pifton-j uniper woodland, where 
rattlesnakes, rabbits, coyote, bobcat, and mule deer are 
found. Antelope, American elk, and mountain sheep were 
once plentiful. Bordering the plateau country are sheer 
cliffs, deep canyons, and forested mountains. Ponderosa 
pine, Douglas fir, blue spruce, and alpine meadows shelter 
weasel, deer mouse, porcupine, squirrel, and chipmunk, 
as well as the larger animals of the region.

In the past Century most of the wild mammals have dis- 
appeared from the region. Domesticated species brought 
to America from Europe by the Spaniards during the 16th 
and 17th centuries, such as cattle, sheep, goats, horses, and 
burros, have multiplied and destroyed delicate ecological 
balances, critically accelerating natural erosion processes, 
especially on the Colorado Plateau and in the basin and 
range country.

The Indian tribes that have gained a foothold in the 
Southwest are highly diversified culturally, linguistically, 
and psychologically. From a comparative viewpoint, how­
ever, they fall roughly into four groupings, each of which 
is characterized by living patterns designed to cope with 
the practical problems of communities attempting to sur­
vive and prosper in the diverse geographical zones of the 
region.
The ancient Yuman tribes inhabit the floodplains on 

both sides of the Lower Colorado River (Yuma, Mojave 
[Mohave]) and the Middle Colorado highlands (Havasu- 
pai, Hualapai [Walapai]), as well as the lower Gila (Co- 
copa, Maricopa) and the Rio Verde (Yavapai). The Pirna 
and Papago, constituting the second group, live along the 
middle Gila River and in the basin and range country 
west of the Santa Cruz River, as well as in Sonora across 
the Mexican border.

The Colorado Plateau and the Middle Rio Grande, with 
its tributaries, have long been the home of the third group, 
the Pueblo (village-dwelling) Indians, who, although highly 
diverse linguistically, share many basic cultural traits. 
These form three subgroups: the western Pueblos (Hopi, 
Hano, Zuni, Acoma, and Laguna); the central Pueblos 
(Jemez, Santa Ana, Zia, Cochiti, Santo Domingo, and San 
Felipe); and the eastern Pueblos (San Jüan, Santa Clara, 
San Ildefonso, Nambe, Tesuque, Taos, Picuris, Isleta, and 
Sandia).
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Finally, also on the Colorado Plateau, completely sur- 
rounding the Hopi villages and Hano and separating them 
from the other Pueblos, dweil the fast-growing Navajo, 
a branch of the Athabascan-speaking Apache who are 
relative late corners to the Southwest. Their nearest lin­
guistic relatives are found in parts of California, Canada, 
and Alaska The Apache, inhabiting the mountains of the 
plateau rim, form a wedge between ancient Pueblo in­
habitants of the region and the Pima-Papago. The major 
Apache tribes are the Western Apache, the Chiricahua, the 
Mescalero, the Jicarilla, the Lipan, and the Kiowa Apache.

TRADITIONAL CULTURE PATTERNS
General characteristics: ethos. Even though the four 

native groupings share some patterns of behaviour, they 
also evidence considerable variety in the ways in which 
they adapt to life and perceive life. Moreover, all of the 
distinctively Indian points of view differ radically from 
Euro-American patterns of thought. For example, River 
Yuman tribes, who combined collecting edible fruits and 
seeds with farming rieh bottomland, were relatively free of 
the food anxiety common to most desert dwellers. Yuma 
tended to focus attention on the acquisition of supernat­
ural power by means of singing songs acquired through 
dreaming and illustrative of myth sequences. The individ­
ual’s success in life, including leadership in warfare and 
curing rites, was considered to be entirely dependent on 
this unusual form of solitary dreaming.
On the other hand, the desert-dwelling Papago tempered 

their reliance on magical power achieved through singing, 
vision seeking, and intoxication, with concentration on 
such practical living problems as the defense of village 
communities dependent on flood farming, hunting, and 
collecting wild foods. Their wary approach toward any 
sort of personal commitment and their preference for 
perceiving the world in terms of flexible wholes and a 
continuous range of inductions, rather than the two-sided 
options characteristic of Euro-Americans, directly reflected 
a long-range, successful adjustment to an exceptionally 
inhospitable environment.

The Hopi Indians expressed an extreme Variation of 
Pueblo culture developed in response to their unusually 
dry niche of the high, semiarid Colorado Plateau. The 
Hopi tribe’s solution to the well-nigh insoluble living prob­
lem of village farmers without a permanent water supply 
was embodied in a flexibly balanced social system that 
stressed not only group self-defense, sobriety, and peaceful 
relations but also dry and arroyo flood-farming techniques 
developed to a high degree of skill. Their technological ex­
pertise was supplemented by formal ceremonial activities 
and reinforced by their conception of the world, which re­
quired active collaboration of each individual Hopi, with 
superhuman powers embodied in deities, animals, and 
plants. Consequently, a Hopi tended to develop a special 
type of planning mentality with a complex approach that 
took into consideration well-formulated whole problems 
with their effective parts in balance.

Another version of the Pueblo culture was found at Zuni, 
which differed from Hopi land in having an adequate 
water supply. From the time of its European discovery 
(1539-40), Zuni was under strong pressures from Spanish 
explorers, soldiers, Franciscan missionaries, and governors 
to repudiate its indigenous customs, especially its religious 
beliefs and activities. The Zuni’s solution to this persistent 
cultural harassment was figuratively to draw a magie circle 
around their innermost beliefs and ceremonies in order 
to keep them hidden from prying foreigners. Outside this 
sacred core they allowed certain changes to occur in be­
haviour and attitudes. Thus, the famous dances of kachina 
(masked impersonators of deities) functioned as a screen 
for the perpetuation of ancient rites. When the wholeness 
of their culture was destroyed by the intrusion of out­
side influences, the Zuni became preoccupied with a rote- 
perfect rendition of detailed ceremonial procedures, each 
fraught with magical efficacy. Zuni tended to perceive 
and emphasize tiny details rather than complex wholes, as 
among the Hopi, or global wholes, as among the Papago, 
but this tendency is giving way to a more integrated ap­
proach toward the extemal world.

In contrast to the Pueblos, the Navajo, who entered 
the southwestern region more recently than other Indian 
tribes and settled there by expropriating crops, herds, and 
rangelands, expressed an aggressive, mobile way of life. 
Their culture pattern, bolstered by an animistic concep­
tion of the world, fostered in the individual a matter-of- 
fact mental approach that singled out for attention large, 
discrete details with little interest in relationships between 
them. Such an approach relied both on adjusting to new 
situations by adapting Segments from other cultures and 
on avoiding long-range planning. The Navajo were well 
able to make and carry out complex planning projects, 
however, if they believed such activities would enhance 
their welfare.

Social structures and economic Systems. The most 
favourable habitation sites of the region, from the indige­
nous viewpoint, were probably the basins of permanent 
rivers, especially the floodplains of the Lower Colorado. 
Toward the end of the 18th Century, the most desirable 
patches of bottomland were densely settled by village- 
dwelling Yuma Indians. Each village comprised a relatively 
stable and autonomous band composed of a number of 
large families living in brush shelters or rectangular, sand- 
covered houses. The male head of each family participated 
in an informal village council that settled disputes (often 
over land ownership) and made decisions on community 
Problems. The wisest, ablest, and most powerful senior 
member of the band was its acknowledged leader. A num­
ber of bands constituted the loosely organized but strongly 
identified tribe, which fostered friendly relations and trade 
with neighbouring tribes (Mojave, Yavapai, Papago) and 
maintained a state of hostility or open warfare with others 
(Cocopa, Maricopa).
Unlike most other southwestern tribes, the Yuma did 

not suffer from a water problem, despite a minimum of 
rainfall and a hot desert climate. Although they collected 
edible fruits and seeds, fished, and hunted small game, the 
river was their lifeline. In small, irregulär fields that were 
flooded and silted in spring when the Colorado overflowed 
its banks, they cultivated, with simple hand tools, sev­
eral varieties of rapidly maturing maize, as well as beans, 
pumpkins, melons, and grasses (later, wheat and cowpeas 
acquired from the Spaniards). Such fields were privately 
owned and were inherited in the male line. Abundant har- 
vests, supplemented by gathering and storage of food in 
large baskets, coupled with a simple inventory of material 
possessions, allowed the Yuma to concentrate on a rieh 
world of dream and fantasy.

Although the culture of the Pima-Papago showed a cer­
tain resemblance to that of the Yuma, it represented an 
alternate version of the ancient Southwestern desert tradi­
tion. In the Pima-Papago case this tradition was modified 
and enriched by a prehistorie influx of immigrants who 
built canals to irrigate larger areas of cropland than had 
been possible by flash flooding alone. After the first sum­
mer rains, fast-growing varieties of maize, as well as tepary 
and lima beans, pumpkins, and cotton, were planted to 
take advantage of the moisture beforé it evaporated. Dur­
ing this time (July and August) the Papago lived in several 
(perhaps 50 or 60) scattered rancheria villages near their 
fields. After the harvest, when water and food became 
scarce, each village community moved from its “fields” 
village to its “wells” village in the hills, where fresh water 
and game were obtainable.
Each Papago village was composed of several related 

extended families living in widely spaced wattle-and-daub 
houses and led by the oldest active man. A village council, 
attended by all the adult men of the community, met 
nightly to discuss and resolve local problems, such as land 
distribution and defense. Each village had its “keeper of 
the smoke,” a religious leader (shaman) who presided over 
the village roundhouse and led its communal ceremonies. 
A number of villages formed a dialect group, and six or 
seven such groups constituted the tribe—a nonpolitical 
entity united by traditional, linguistic, and genetic bonds.

Compared to the Pima-Papago and Yuman tribes, the 
Pueblo villages were more independent as well as more 
sedentary, spatially compact, and highly structured both 
socially and ceremonially. Although they shared a com-
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mon theocratie life-style based on complex interweaving 
ties between kinship and religious groups and also a simi­
lar pattem of perceiving the world of nature, they differed 
considerably, both in language and in the way the mem­
bers of each village organized themselves to cope with the 
vicissitudes of their particular environment. Life for the 
western group of Pueblo farmers on the high, semiarid 
Colorado Plateau was particularly hazardous and nowhere 
more so than on the mesas of the Hopi lands. Here the 
well-being, even the survival, of whole communities long 
depended on what seemed to the casual observer to be 
rriinute, even insignificant variations in climate and to- 
pography—especially in the amount and seasonal rhythm 
of precipitation, the configuration of floodplains and ero- 
sion of ephemeral stream beds, the presence and flow of 
freshwater springs, even the piling of sand into fixed dunes 
that conserved moisture.
In all of the western Pueblos the key social grouping was 

the matemal family line, or lineage. This was a kinship 
group centred in a core of blood-related women but con- 
ceived as timeless, extending backwards into the remote 
past and forward through generations yet unborn. Sev­
eral related lineages formed a corporate clan with descent 
through the female line.

Among the Hopi, sets of linked clans, considered to 
be ceremonial “partners,” formed what have been called 
phratries. Under this system a person was not allowed 
to marry into the lineage of his mother, his father, his 
mother’s father, or into his own phratry or set of clans. 
The Hopi clan owned croplands and ritual parapherna- 
lia, and its oldest active woman functioned as its “real” 
head, while her brother assumed the responsibilities of 
ceremonial leader. Although the ceremonial leader super- 
vised the annual reenactment of various ceremonies, the 
performance of a major ceremony was the responsibility 
not o fa  single clan but rather of a voluntary secret society 
that drew its predominantly male initiates from the entire 
pueblo. In each pueblo were several such societies. Their 
elaborate ritual activities were centred in a number of 
kivas (underground ceremonial chambers).

The kinship system was extended symbolically beyond 
the human community into the world of nature, Tinking 
clans with certain kinds of animals and plants as well as 
with other classes of natural and supematural phenomena 
into a supersociety that included all aspects of the Pueblo 
world considered important to its well-being.

The basic local unit in the social Organization of the west­
ern Pueblos was the extended family. This was a female- 
centred group occupying a common household of two or 
more adjoining rooms in a three-storied terraced commu­
nal structure. It was built of stone, faced the sun, and 
partially surrounded a central dance plaza. A household 
normally consisted of a core of women related through the 
female line, together with their husbands and unmarried 
sons (and unattached male relatives of the women), as 
well as their daughters, sons-in-law, and maternal grand- 
children. Among the Hopi the women of the household 
cared for the children, cultivated spring-irrigated gardens, 
produced baskets and pottery, and had charge of the cook­
ing and storage of food as well as of certain clan fetishes. 
On the other haiid, the men of the household raised field 
and dune crops of corn, squash, beans, and cotton (later 
apricots and peaches) and wove clothing. They were also 
the sheep herders. They “belonged ceremonially” to their 
mothers’ households, however, to which they returned fre­
quently to fulfill religious responsibilities.
The Hopi fired their painted clay pots and warmed their 

ceremonial chambers and homes with soft coal, which 
they mined by hand methods from open veins near their 
villages. Coal mining (the Hopi were the only American 
Indians to have discovered it) helped to create favourable 
wintertime conditions for building a surplus of skillfully 
fabricated craft goods—baskets, pottery, cloth woven of 
cotton (later of wool), and ceremonial paraphernalia. Such 
goods formed the basis of a trade network that supplied 
food and other necessities to the mesas.
Except for Acoma and Laguna, the Keresan-speaking 

central Pueblos are located on the banks of the Rio 
Grande and its tributaries, with a permanent and depend-

able water supply that is used for household purposes and 
irrigation. In contrast to the pueblos in the west, the Kere- 
sans and their eastern-Pueblo neighbours inhabited adöbe, 
rather than stone; houses and built circular, rather than 
rectangular, kivas. These villages also cooperated in inter- 
pueblo ceremonies, but each formed an economic unit 
engaged in agriculture, gathering, and hunting.
Except for the Tewa, knowledge of the social structure of 

the central and eastern Pueblos is incomplete and often 
conflicting, partly because, in reaction to the Spanish Sys­
tem of administration, they tended to disguise their native 
rites and beliefs (while still holding on to them strong­
ly). It is known, however, that the Tewa-speaking eastern 
Pueblos exhibited a unique type of dual Organization of 
social and ceremonial life—one division associated with 
summer and the other with winter arid each, on the basis 
of solar observations, regulating various seasonal activities 
and interpersonal village rivalries. In general, they divided 
communal responsibilities.

The most aggressive Southwestern tribes were its most 
recent (about the 1 Ith Century) Indian settlers—the 
Athabascan-speaking Apache and Navajo. (The Navajo 
are generally believed to be descendants of a band of 
hunters and gatherers closely related to the Apache.) By 
the beginning of the 17th Century the Navajo on the 
Colorado Plateau achieved a relatively settled way of life. 
From the neighbouring Pueblos, they had learned to grow 
corn, to weave, and to care for livestock. Toward the end 
of the 17th Century, however, when the Spaniards and 
Pueblo Indians attempted to reestablish themselves in the 
area, the Navajo developed their propensity to spread into 
and prey upon settled communities to acquire food, sheep, 
horses, and cattle. The movement of Navajo groups west­
ward into and around Hopi lands seriously threatened the 
precarious economic Situation of that tribe.
The basic socioeconomic unit of the Navajo was the 

extended family, which consisted of one or more re­
lated women, their husbands and unmarried sons, their 
daughters, sons-in-law, and grandchildren. Certain other 
unattached relatives might also reside with the group. 
Each “nuclear” family of husband, wife, and children— 
or each wife and her children, if a man had more than 
one wife—occupied a separate hogan (circular, earth- 
covered lodge), but the entire extended family cooperated 
in activities such as farming, sheepherding, and family 
ceremonies. Navajo extended families were grouped into 
about 60 clans, with descent reckoned through the female 
line; and marriage within one’s clan was considered in- 
cestuous. Neighbouring extended families cooperated in 
solving land-use problems, such as range management, 
farmland development, and water use, under the direction 
of a noncoercive type of headman chosen for his leader­
ship qualities. Such a community (which might occupy
12,000-80,000 acres [5,000—30,000 hectares]) was called 
an outfit. All the outfits together constituted the Navajo 
tribe, which was not a political unit but was unified by 
traditional, linguistic, and cultural bonds.

The Apache were probably the least understood of 
Southwestern Indians. Their culture ranged from that of 
the Western Apache group, who resembled Pueblos and 
Navajo in the practice of agriculture, in clan Organization, 
and in the elaboration of mythology, to that of the Chir- 
icahua Apache, who retained their mobile, war-geared Or­
ganization and their hunting economy until the late 19th 
Century. The Chiricahua consisted of three bands, which 
were associated respectively with the northern, central, 
and Southern parts of their vast semiarid tribal territory 
ranging from the Rio Grande to southwestern Arizona 
and from northern Mexico to Zuni and Acoma. Within 
each band’s hunting grounds, sites favourable for defense, 
hunting, and food collecting were used as temporary en- 
campments and rallying points for smaller local groups 
the members of which cooperated in such undertakings as 
war and important ceremonies. Each local group consisted 
of a number of widely scattered extended families similar 
to the families of the Navajo, except that descent was 
reckoned through both parents. The Chiricahua family, 
however, was more mobile than that of the Navajo.

As among the Navajo, the family in all the Apache groups

Central 
and eastern 
Pueblo 
social and 
economic 
patterns

Navajo and 
Apache 
social and 
economic 
patterns



338 American Indians

Adoles-
cence

was centred in related women who cared for the children; 
gathered and processed edible seeds and other wild plants, 
such as yucca fruit and mescal; collected firewood and 
water; produced buckskin clothing, baskets, and pottery; 
and constructed the dome-shaped, branch-covered shelters 
that housed the group. The men of the family, on the other 
hand, hunted, fought, raided, and made weapons, such as 
arrows, slings, and shields. The most persuasive, strong, 
and successful family heads became Apache leaders whose 
authority depended primarily on their personal charisma 
and success in warfare.
Socialization and education. In all the Southwestern 

tribes, child training was a serious adult responsibility. The 
Indians were conscious of a maturation process, which 
was regarded in several tribes as a “path” along which the 
individual made his “journey through life.”

Without exception in these tribes* a child was treated 
with warmth and permissiveness during the period of in- 
fancy (which might last from one to three or four years). 
He was given the breast whenever he cried. Weaning was 
gradual, and training in cleanliness was delayed until a 
child could walk or even longer. Care was taken not to 
agitate him unduly, and he was protected from harm (of­
ten by means of magical prophylactics) and accepted as 
an integral part of the family. In some tribes the infant 
spent much of his time laced onto a cradle board which, 
among the Navajo at least, was hung up in the hogan so 
that his head was level with the other members of a seated 
family circle. The effect of this treatment was apparentiy 
to augment the child’s physical safety and to enhance his 
feeling of security. Among the Hopi the use of the cradle 
was viewed as an early conditioning to the restrictions of 
the difficult Hopi way.

After the infancy period, tribal socialization patterns be­
gan to diverge. From the beginning of childhood there 
was a strict sexual division of labour. Little boys were 
given chores appropriate to developing strength, such as 
collecting firewood or tending animals, while little girls 
early began to learn foód processing and child care. But 
the child soon learned that every individual in the group 
was expected to pull his own weight, at every age grade, 
according to his sex, strength, and capacities.
When they were between five and seven years old, the 

boys in all the tribes began to associate almost exclusively 
with the men of their households, who from then on 
directed their education into masculine tasks and lore, 
while the girls remained with their mothers and aunts, 
taking on increasing responsibilities for the exacting tasks 
of the household. Among the warrior tribes the physical 
strength, stoicism, and skill needed for the warpath were 
stressed, and warrior training intensified as the youth grew 
to young manhood. Even among the peace-oriented Pueb­
los, however, boys learned agility, endurance, and speed 
in running. Racing was important ceremonially because 
it was considered to possess magical efficacy in helping 
plants, animals, and human beings to grow.

Among the Papago-Pima a child early learned the fun­
damental principles of family life: the precedence of males 
over females; seniority and respect for age, regardless of 
sex; solidarity among all family members under the lead- 
ership of the oldest active male; and respect for the role, 
function, and opinion of every member of the group. 
Within these limitations the Papago child, male or female, 
was allowed more freedom of action than was customary 
elsewhere among the Southwestern tribes,

By contrast, the Pueblo child, after infancy, was probably 
the most restricted, the degree of harshness in his training 
apparentiy depending on the severity of the living prob­
lem that the particular Pueblo community had to resolve. 
The transition from each phase of the Pueblo life cycle to 
the succeeding one was marked with a major ceremony, 
Any child who failed to move along the path of life at 
the culturally designated pace was pulled or pushed in for- 
malized ways to meet the Standard. For example, during 
the secret kachina ceremony, which marked the initiation 
of all Hopi children into the tribe at about seven years 
of age and their introduction to the Hopi gods (imper- 
sonated as masked dancers), it is reported that all the 
novices were ceremonially whippëd to exorcise evil influ-

ences. “Bad” boys, however, were whipped more severely 
than the others.

Whereas the Pueblos stressed life-crisis ceremonies that 
offered symbolic Solutions to the major problems faced by 
the entire community of humans, animals, and plants, the 
warrior groups in this region emphasized rites by which 
an individual might ward off sickness and acquire magical 
power for personal success in war and the hunt. In still 
another manner, the Papago youth was expected to go 
alone into the desert in quest of a power-giving vision to 
help him through life.
Belief and aesthetic Systems. The life-crisis rites re­

flected the religious belief Systems of the several tribal 
groups. The spectacular, communally centred Pueblo cer­
emonies for rain and growth reflected a conception of the 
universe in which every person, animal, plant, and super- 
natural being considered significant to the Pueblo lifestyle 
had its place and role. Without the active participation of 
every individual in the group, it was believed that the life- 
giving sun would not return from his “winter house” after 
the solstice; the rain would not fall nor could the crops 
grow. In fact, without human help in an annual cycle 
of ceremonies, the cosmic order would be in danger of 
breaking down.
To the Yuma, on the other hand, the universe was per- 

vaded by a single animating principle that was the source 
of all supernatural power. There was only one medium, 
namely dreaming, for the personal acquisition of power 
that was considered necessary for success in life. Sequences 
of traditional myths acquired through dreaming were con­
verted into songs and acted out in ceremonies. So great 
was Yuman interest in this kind of dreaming and the 
power that it could bring to an individual religious or war 
leader that all other activities—farming, food collecting, 
and even hunting—were of secondary concern.

The religion of the Papago seems to reflect their position 
between the Yuman tribes and the Pueblos. Not only did 
they “sing for power” and go on individual vision quests, 
but they also held regulär communal ceremonies to “bring 
down the clouds” and keep the world in order.

By contrast, the Apache conceived of the universe as 
composed of a great many different kinds of power enti­
ties, such as animals, plants, witches, superhuman beings, 
rocks, and mountains. Each power source could exert force 
in the world for good or ill, and each had to be separately 
propitiated. Each was personalized, talked to, sung to, 
scolded, or praised. Apache ceremonies were concerned 
mainly with the magical coercion of these power entities 
for the curing of disease and the acquisition of personal 
success in hunting and warfare.
Navajo ceremonial was apparentiy based on an elabo- 

ration of a similarly animistic view of the universe, with 
the power sources both diffused and specified. Power was 
localized in a great many autonomous personal beings 
who were dangerous and unpredictable. These were of two 
classes: Earth Surface People (human beings, ghosts, and 
witches) and Holy People (supernaturals who could aid or 
harm Earth Surface People by sending sickness).

With the acquisition of techniques of farming, herding, 
weaving, and silversmithing, and the abandonment of 
hunting and warfare, the Navajo turned their attention to 
elaborate and colourful ceremonies (called “sings”) that 
aimed, by means of compulsive magie, to eure sickness 
and bring an individual into harmony with his family 
group, nature, and the supematural.

MODERN DEVELOPMENTS
Heritage of integrating and disintegratingfactors. Each 

local community tried to maintain a delicate balance be­
tween population and natural resources. If the population 
outgrew the capacities of its base within the limitations of 
the group’s technology, a segment or faction might split off 
and form a colony in a favourable habitat resembling that 
of its parent group. Under normal conditions the daughter 
colony was so constituted to reproduce as far as possible 
the parent culture even in its most esoterie aspects. If pro- 
longed drought (as in 1272-99) dried up springs needed 
by Hopi villages for drinking water, an entire community 
might migrate.
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By contrast, human pressures from without, such as 
raids by marauding bands or aggressive missionary activ­
ity, caused some pueblos to consolidate or to move to 
less vulnerable mesa sites. In 1680, for instance, all the 
Pueblos united to kill or drive out the Spaniards (who, 
however, eventually reestablished Roman Catholic mis- 
sions in all the pueblos except those of the Hopi). Papago 
settlements Consolidated into large compact villages for 
defense against the Apache, but they spread out again 
after the raids ceased.

Constant or intermittent efforts by missionaries, educa- 
tors, and administrators to undermine native ceremonies 
and to change indigenous beliefs were resisted in various 
ways. The mobile Navajo-Apache tribes rejected all efforts 
of the Spaniards to reduce or convert them. The more 
accessible sedentary Pueblos employed various devices, 
under cover of practicing the outer forms of Catholicism, 
to hide their sacred religious paraphemalia and to perpet- 
uate their essential beliefs and ceremonies. The Papago 
produced their own Christian sect, a blend of native and 
mission practices known as Sonoran Catholicism.
Unless totally destroyed, a pueblo of the western type, 

which was relatively decentralized, did not surrender struc- 
turally to foreign control. In fact, pueblo Organization was 
characterized by a permanence and continuity that would 
not accommodate extemally imposed social change. Al­
terations in sociopolitical or ceremonial patterns due to 
foreign Intervention occurred only at superficial levels, 
while basic religious beliefs and practices tended to persist 
(even to the present day).

By contrast, pueblos of the eastern type, with more cen- 
tralized control, proved more vulnerable to attack at both 
the sociopolitical and the ceremonial levels. If not utterly 
destroyed, most of them incorporated aspects of the for­
eign system into their own structures so that the result 
was a blend of the two.

The Navajo and the Western Apache adapted their 
mobile hunting cultures by borrowing from the Pueblos 
whole complexes of traits, such as agriculture, herding, 
weaving, and sand painting, and later from their industri- 
alized neighbours, such traits as lumbering, mining, and 
commercial enterprises.

In virtually all the Southwestern tribes, however, the na­
tive languages are still spoken in the family groups, which 
continue to organize themselves according to traditional 
principles and values. Native ceremonies are still prac­
ticed, often secretly, in all the tribal groups, even those 
considered to be at least nominally Christian.

Current cultural conditions. Although the seeds of 
“modemization” probably were sown earlier, the process 
did not get under way until the end of the 19th Century 
and the beginning of the 20th. The isolation of many of the 
tribes, the vastness, aridity, and poor natural endowment 
of many of their lands, and, of course, the ferocity of the 
Athabascans all played a part in delaying modemization 
of the Southwestern tribes. Indeed, military defeat, the loss 
of traditional lands, and missionary efforts to change their 
religious beliefs and practices left a heritage of rejection 
and bitterness among these Indians.
Under the administration of the United States, many 

changes have been made on the reservations in the interests 
of Indian welfare. Tribal government has been developed 
and empowered with legal authority. Schools and hospi­
tals have been constructed. Irrigation Systems have been 
built and crops increased in quantity and quality. Roads 
and high ways have been improved and Communications 
by telephone and radio, bus and airplane inaugurated.

Indian incomes, however, remain generally low com- 
pared to those of the rest of the American population, 
especially among the Papago, Hopi, Fort Apache, and 
some of the highland Yuman tribes. Unemployment is 
high among Indians both on and off the reservations.

In the opinion of some authorities, however, the Indian 
problem in this region is not poverty or lack of industri- 
ousness or even apathy. The primary problem rather is 
biculturalism. In the late 20th Century the tribal reserva­
tions served as the physical and spiritual homes of the 
several Indian groups, although some 50 percent of the 
members resided outside their boundaries. All except a

few who have identified with the surrouriding American 
culture periodically returned to their family households 
on the reservations for ceremonies and for deep religious 
and social nourishment.

(L.Th./Ed.)

North American Plains Indians

The Indians of the North American Plains are popularly 
regarded as the typical American Indians. They were es­
sentially big-game hunters, the buffalo being a primary 
source of food and equaliy important as a source of ma- 
terials for clothing, shelter; and tools. Until supplanted 
by the white man from the 16th Century onward, they 
occupied the area between the Mississippi River and the 
Rocky Mountains, which includes portions of both the 
United States and Canada. It is a vast grassland Stretching 
from northern Alberta and Saskatchewan in Canada to 
the Rio Grande border of Texas.

The climate is in general a Continental one, with a wide 
seasonal range. Temperatures in winter may go below 0° 
F (—18 ° C) and in summer as high as 110° F (43° C). 
The plant cover varies with the amount of moisture, the 
tall grass of the prairies in the east giving way at about the 
lOOth meridian to the shorter grass of the High Plains in 
the west. The area is drained principally by the Missouri- 
Mississippi river system.
The peoples of the Plains are designated by the lan­

guages they speak. It is permissible to call them “tribes” or 
“nations,” bearing in mind, however, that in some cases, 
for example the Dakota (popularly known as Sioux), the 
designation covers several completely autonomous polit­
ical divisions. The northem and southem divisions of 
the Cheyenne retained their unity as a tribe, while the 
Pawnee on the other hand comprised at least four inde­
pendent groups. Many of the tribes of the Plains, such as 
the Cheyenne, migrated into them from the prairies and 
woodlands of the east. In addition, some of the tribes to 
the west of the area—the Ute and Jicarilla Apache, for in­
stance—were influenced to a degree by the Plains culture 
and can be regarded as marginal to the area.
Six distinct language families or stocks were represented 

in the Plains area, although none of them was confined 
to it. The speakers of the several languages within a stock 
might or might not be geographically contiguous. Some of 
the languages, moreover, were more closely related to each 
other than to others within the same stock. Thus languages 
belonging to the Algonkian stock included the Black- 
foot (Piegan-Blood-Northern Blackfoot), Arapaho-Atsina 
(Gros Ventre), Plains Cree, and Plains Ojibwa, all in the 
Northern Plains, while Cheyenne, also an Algonkian lan­
guage, was in the central part of the area. The Siouan lan­
guage stock embraced Mandan, Hidatsa, Crow, Dakota- 
Assiniboin, Omaha-Ponca-Osage-Kansa, and Iowa-Oto- 
Missouri. The Pawnee-Arikara and Wichita were Cad- 
doan languages, whereas Wind River Shoshoni and Co­
manche were of the Uto-Aztecan stock. The Athabascan 
(Na-Dené) stock was represented by the Sarcee (Sarsi) in 
the northern part of the area and by the Kiowa-Apache 
in the Southern. Finally the Kiowa-Tanoan stock was rep­
resented in the area by one language, Kiowa.

Sign language provided a common, if limited, means of 
communication among tribes speaking different languages. 
This was a system of fixed hand and finger positions sym- 
bolizing ideas, the meanings of which were known to the 
majority of the tribes of the area.

TRADITIONAL CULTURE PATTERNS
In aboriginal times the only domestic animal was the dog, 
which served some tribes for food but was in general use as 
a pack animal. Dogs were also made to draw the travois, 
a vehicle consisting of two poles in the shape of a V, the 
point of the V dragging on the ground; the ends were 
attached to the animal, and a platform was put across to 
carry the burden. The Spaniards introduced the horse in 
the 16th Century, in the Southwest, and its use gradually 
spread north ward. By the middle of the 18th Century or 
earlier, all of the Plains Indians were equestrian. There was 
also a flowering of what one authority has termed luxury
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developments—“showy clothing, embroidered footgear, 
medicine-bundle purchases, elaborate rituals [culminating 
in the sun dance], [and especially] gratuitous and time- 
consuming warfare.” The fighting seldom involved major 
tribal forces; it was carried out mainly by raiding parties 
of a few warriors, to avenge a death, to steal horses, and 
especially to gain glory. Touching an enemy’s body was 
considered among many groups of greater moment than 
killing or scalping him.
In many of its aspects, Plains culture emphasized intense 

individualism and aggression, placing a high valuation 
on violent experience. Rivalry and hostility between men 
were part of the pattern, so much so that military organi­
zations had to be established to maintain order at tribal 
assemblies. Nevertheless, a man who became eminent in 
war could enhance his status by showing generosity to the 
poor, sharing his goods with relatives, engaging in lavish 
hospitality, and behaving cooperatively with others.

The tribes who were marginal to the Plains generally 
borrowed only the external traits of Plains culture and not 
the religious, ceremonial, or social customs. On the other 
hand, the Southern tribes of the Siouan language family, 
along with the Pawnee, Mandan, Hidatsa, and Arikara, 
while possessing most of the typical Plains Indian cultural 
traits, had a number of others, such as horticulture, pot­
tery, and residence in fixed villages for part of the year; 
they may be said to constitute a subculture within the 
Plains Indians.

Social Organization. Local and territorial units. Among 
the nomadic tribes the local units were bands—i.e., groups 
of people wandering together in search of food. The size 
and composition of the bands varied. Comanche bands 
were loosely organized, each centring its activities in a

vaguely defined area within the tribal territory. Only the 
larger bands received permanent recognition and a name.
The bands did not fight one another, but neither did 
they act in concert as a tribe. The Teton Dakota tribe 
comprised seven independent bands, the largest being the 
Oglala. The Cheyenne, however, were more highly orga­
nized than the Teton; their ten bands sent representatives 
to a council of 44 peace chiefs, whose decrees were bind­
ing on all the bands. Only in late spring and summer, 
as a rule, did the nomadic band or tribe come together 
as a unit on the open Plains, when they engaged in the 
communal hunt and held major ceremonies. During the 
remainder of the year, the members dispersed in small 
groups to more sheltered areas.

The semi-sedentary prairie dwellers lived in villages. The Villagers 
three Hidatsa villages were each independent of the oth­
ers, whereas the Skidi Pawnee villages were united. The 
seasonal round of the village peoples may be illustrated by 
the Arikara, who spent the period between planting their 
crops and harvesting them on the summer hunt living as 
nomads. After the harvest small groups went to the Plains 
for another hunt, returning not to their permanent villages 
but to protected areas in the bottomlands, going back to 
the permanent villages to plant their crops in the spring.
Family and kinship units. Each local band or village 

was composed of families and wider kinship units. Every 
group had regulations governing the mating of kin. Some, 
such as the Atsina and Blackfoot, did not tolerate marriage 
between consanguineal relatives, no matter how distant 
the tie, and others proscribed marriage within varying 
degrees of relationship. On the other hand, marriage be­
tween those who were already relatives by marriage was 
often prescribed or preferred; the custom of a man marry- 
ing the widow of his deceased brother was widespread, as 
was also the replacement of a deceased wife by her sister.
Most marriages were monogamous, but a man might have 
several wives, sisters being preferred.

Ideally, marriages were arranged between the families of 
the bride and groom, the latter usually paying a bride- 
price; sometimes, as among the Mandan, each side pro­
vided exactly equivalent gifts. Virginity was highly prized 
among most of the tribes, particularly the Cheyenne.
Among the Blackfoot, women known to be chaste were 
selected for roles in important ceremonies. The double 
Standard prevailed, however, and men in all of the tribes 
were expected to make sexual conquests. A husband who 
had evidence of his wife’s infidelity might disfigure her by 
cutting off her nose or demand compensation from her 
lover. Romantic love and elopement were not unknown, 
but attitudes varied; the Teton tolerated the couple on 
their return, while the Cheyenne considered the girl dis- 
graced forever.

Most Plains tribes had definite rules governing conduct 
between in-laws, such as the widespread “mother-in-law 
taboo” in which a man and his wife’s mother showed 
their mutual respect by not speaking to, or in some cases 
not even looking at, each other. In some tribes, as among 
the Arapaho, the taboo was extended to include a woman 
and her father-in-law. The Atsina and a few other tribes 
required brothers-in-law to be very circumspect in their 
speech, avoiding any reference to sex no matter how indi­
rect. Yet many of the tribes adhering strictly to this respect 
taboo permitted the greatest freedom between a man and 
his sister-in-law. Among the Crow they were expected to 
romp with each other and to talk to each other in vile 
language; the Atsina encouraged mutual practical joking 
and teasing; the Blackfoot allowed the same freedom as 
between man and wife. It is notable that, according to 
marriage rules on the Plains, the parties to this joking 
relationship were potential mates.

While some of the Plains societies reckoned descent bi- Family 
laterally—that is, equaliy in both the male and female lines 
lines—others reckoned descent exclusively in either the 
male or female line. This did not mean that there was 
no recognition of the other parent and his or her rela­
tives. The Hidatsa had a matrilineal clan system (i.e., they 
traced their descent through females back to a common 
ancestress), yet there were important relationships to the 
father and his clansmen; they were always treated with
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respect and often presented with gifts; before battle a man 
would ask his clan father to paint his face; the clan father 
would give personal names to a clansman’s son; and cer­
emonially the father’s clan folk played an important part 
in performances such as the sun dance.
The Mandan and Crow also had matrilineal clan Systems. 

The Oto and Missouri are reported to have had them 
as well, but there is little information on these groups. 
The patrilineal clan system was characteristic of the Iowa, 
Kansa, Omaha, Osage, and Ponca. There is some question 
as to whether or not the Blackfoot and Atsina had clans, 
since there was a tendency for the child to be ä member 
of his father’s subdivision, and marriage within this subdi- 
vision was frowned upon. The Organization of the eastern 
Dakota and the Assiniboin is likewise in doubt.
Among some groups certain clans regarded themselves 

as more closely related to each other than to other clans. 
Among the Kansa the 16 clans were grouped into seven 
larger units. Often the larger units, or phratries, had no 
important function, although presumably in some cases 
they regulated marriage. Occasionally there was a fur­
ther, higher grouping of phratries into two complementary 
units, or “moieties,” as anthropologists call them. The 
Ponca moieties were composed of two phratries; each com 
sisting of two clans. A similar dual division also existed 
among societies lacking clans and phratries. The Pawnee, 
for instance, were divided into the Summer People and 
the Winter People.
Social rank and warfare. There were no hereditary so­

cial classes, but there was ranking of individuals. A poor 
man, with the help of supernatural power, could win 
wealth and standing, mainly through prowess at war; but 
the son of a wealthy family would have an advantage 
over an orphan.

Most tribes ranked war exploits, but they did not all 
evaluate particular deeds alike. The taking of scalps was 
common, but many tribes considered scalping of lesser 
merit than counting coups—touching one’s enemy. Steal- 
ing a valuable horse that had been picketed at its owner’s 
lodge was considered a feat.

Most tribes had a number of clubs or associations, re­
ligious and secular. Among the latter were the military 
societies that often functioned as police for the tribal 
hunt. Some organizations were rivals. Among the Crow, 
for example, there were two outstanding societies, the 
Lumpwoods and the Foxes, that were of equal rank but 
competed violently in feats of war. The Arapaho, Atsina, 
Blackfoot, Mandan, and Hidatsa differed from the other 
Plains tribes in that their military societies were ranked 
in an ordered series. Distinctive regalia and membership 
privileges in each society were purchased collectively by 
one group of roughly the same age from an older group. 
Then the sellers as a group bought from the next older 
group, the exchange continuing until the oldest group sold 
out completely and retired from the system. The number 
of societies varied. The Hidatsa at one time had as many 
as ten military societies.
Women participated in many of the associations, often 

playing important roles. Among the Mandan and Hidatsa, 
women’s societies existed similar to the men’s graded 
societies.

Child Socialization and education. Training began early for
rearing Plains children, as part of their play. A very small boy 

would be given a bow and blunt arrows; as he grew 
stronger, he would receive larger, heavier bows and be 
shown how to stalk small game and to hit moving targets. 
Groups of boys engaged in shooting matches and sham 
battles, the winners receiving acclaim from their elders; 
the losers were praised if they had fought bravely. Com- 
petition marked almost all of the boys’ games.
Girls were taught domestic skills. A father might make 

toy scraping tools for a girl, which her mother would teach 
her to use. She would learn to sew by making clothes 
for her doll and be given a toy tepee to put up while 
her mother was erecting the big one. In general the line 
between work and play was not sharply drawn.

The young were encouraged to behave in desired ways 
by praise and reward, special attention being given in 
many of the tribes to the first success. Thus an Oto father

publicly gave away property to honour his son when the 
boy first walked, when he brought in his first small game, 
when he killed his first deer, and when he returned from 
his first war party. When a Crow boy killed his first big 
game animal, he was given public recognition; a song cel- 
ebrating the achievement was sung at a ceremony similar 
to that which would mark his return from a first war 
party. Progress toward maturity was generally rewarded 
by removing restrictions and granting special privileges.
Blackfoot boys who won shooting matches were allowed 
to wear feathers in their hair. As soon as he went on 
his first war party, the Cheyenne boy was relieved from 
the duty of herding horses and also from the necessity of 
listening to long lectures on proper behaviour.

Relatives helped to train children. Grandparents were 
often Consultants and advisers. In a number of tribes, the 
mother’s brother and the father’s sister played important 
roles as mentors and disciplinarians. Among the matrilin­
eal Hidatsa, the maternal uncle was responsible for the 
direction and supervision of his nephews; he guided them 
and punished them, but also praised them. Arapaho par­
ents relied on the father’s sister to instruct a girl in proper 
behaviour and to reprimand her when necessary. Physi­
cal punishment was seldom employed. Praise and reward 
for achievement seem to have been generally emphasized 
more than ridicule and admonishment for failure.
Though the quest for supematural power through a vi­

sion or dream was important among all of the Plains 
tribes, the experience was not sought primarily at puberty, 
as was the case in other areas. Again, while fear of men­
strual blood was universal, only a few tribes, including the 
Cree, marked the occurrence of the girl’s first menses with 
an adolescent rite.

Economic S ystem s. The nomadic tribes lived through- Housing 
out the year in portable dwellings, while the semi-sedentary 
peoples used them only seasonally. The tent, or tepee, 
was conical in shape, the foundation being either three or 
four poles with other poles placed around them to form 
a circular base. The cover was made from dressed buffalo 
skins carefully fitted and sewn together. Since the fireplace 
was in the centre, a smoke hole was left at the top that 
could be closed in bad weather.
When the whole tribe assembled, a camp circle was usu­

ally formed, leaving the space in the centre for ceremonial 
structures. Among some peoples, such as the Cheyenne 
and Atsina, each subgroup had a defined place in the cir­
cle. Among many tribes, too, the Orientation of the lodges 
and the opening of the circle was toward the rising sun.

The earth lodge of the semi-sedentary peoples was a 
permanent structure much larger than a tepee; it was 
dorne shaped, roofed with earth, and entered by a covered 
passage. The Pawnee, the Mandan, and some other tribes 
excavated the floor so that their dwellings were partly sub- 
terranean. The Osage and Wichita houses differed from 
those of the other horticultural tribes; the dwellings of 
the Osage were oval in ground plan, composed of up- 
right poles arched over on top, interlaced with horizontal 
withes, and covered with mats or skins, while the Wichita 
houses were conical in shape and thatched with grass.

The nomads depended for subsistence primarily on big Tech- 
game: buffalo, antelope, deer, and elk. These were also nology 
important in the diet of the semi-sedentary tribes. While 
the animals could be hunted by individuals, the usual 
methods involved the whole tribe in driving the game 
down a cliff or into a corral or encircling it by fire. The 
introduction of the horse increased hunting efficiency, al- 
lowing larger numbers of game animals to be killed more 
quickly. The mounted hunter continued to prefer the bow 
and arrow over guns.
The semi-sedentary tribes practicing horticulture raised 

principally maize (corn), but also beans, squashes, and 
sunflowers. The plots were cultivated by the women, using 
only a rake, a digging stick, and a hoe made from the 
shoulder blade of an elk or a buffalo.

Animal skins were used for clothing. On the Northern 
Plains, men wore a shirt, leggings reaching to the hips, 
moccasins, and a buffalo robe—the role being painted to 
depict the war deeds of the owner. Women’s clothing con­
sisted of a long dress, leggings to the knee, and moccasins.
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Among the villagers and some Southern nomads, men 
traditionally left the upper part of the body bare. Clothes 
were decorated with porcupine-quill embroidery, fringe, 
and, in later times, beadwork. Ordinarily the head was 
not covered, the feathered warbonnet and other elaborate 
headgear being reserved for ceremonial occasions.

Receptacles of various kinds were made from rawhide 
and leather. Traditional tools were of bone, horn, antler, 
and stone—before the introduction of metal by Euro­
peans. Pipes were usually of stone. Basketry and pottery 
were characteristic products of the villagers; some of the 
nomads, including the Cheyenne, Comanche, and Ara­
paho, were said to have made flat coiled gambling trays, 
while the Atsina, Blackfoot, and Cree, among others, had 
traditions of having once made earthenware.

Some anthropologists have argued that Indians could not 
have lived on the Plains before the introduction of the 

Property horse. Others, pointing to the fact that Francisco Väzquez
ind de Coronado’s expedition in 1541 encountered fully no-
ïxchange madic buffalo-hunting tribes on the Southern Plains who 

lacked horses and depended on dogs for transport, claim 
that the acquisition of the horse produced only minor 
changes. One consequence of the horse was the creation of 
great differences in wealth. Horse stealing became a major 
motive for warfare. The man who had horses to give away 
or to offer as bride-price was at a distinct advantage in 
social prestige.
There was very little intratribal trade in material goods, 

although there was much exchange of intangibles. The 
transfer of war medicine and of curing rites brought high 
prices in horses and other goods among practically all 
of the tribes. For the spiritual benefit believed to accrue 
from viewing the contents of a sacred pipe bündle (i.e., 
a pack containing various sacred objects) of the Mandan, 
the individual had to pay, in the 1830s, the equivalent of 
what was then $100. Among the Hidatsa a person wish- 
ing to learn to chip flint and make arrows had to buy 
the rights and receive the instructions from those with 
ceremonial rights who possessed bundles carrying arrow- 
making songs.

Intertribal trade was fairly common, one form being that 
between nomads and villagers; e.g., the exchange of skin 
robes for grain. The Cheyenne were middlemen in the 
trade of horses between the Indians of the Southern Plains 
and those of the north central Plains. Guns and other 
materials such as blankets, beads, cloth, and kettles, intro­
duced into the northeast by the British and French, were 
highly valued by the Comanche, Kiowa, and other groups, 
who were willing to give horses in exchange for them. 

Communi- Belief Systems. The Plains Indians did not distinguish 
Nation with sharply between the sacred and the secular nor between 
spirits religion and magie. They attached much importance to 

visions. Success in life was believed to depend in large 
measure on the Intervention of friendly spirits. The usual 
procedure for obtaining spirit help was to go to some 
lonely spot to fast, mortify the flesh, and beg for aid. If 
the suppliant was successful, the spirit would appear to 
him or be audible to him and would give him detailed 
instructions to follöw to win immunity in battle, ability 
to eure illness, or various other kinds of power. The spirit 
might assume the form of an animal or a bird. Not ev- 
eryone was successful in this quest, and, among the Crow 
and some other tribes, those with power were permitted 
to transfer it to others less fortunate. Among the Atsina 
and Teton Dakota, women might be vouchsafed visions, 
although they did not usually seek the experience.
All of the tribes had medicine men, or shamans, who 

had received supematural powers. Arapaho, Atsina, and 
Cheyenne medicine men would walk on fire as a proof of 
their powers. More important was the ability of the shaman 
to eure illness. While, in most of the groups, ordinary 
illnesses such as dysentery or headaches would be treated 
with herbal remedies, a shaman was called in to diagnose 
and treat more serious illnesses. It was widely believed 
that illness was caused by intrusion of a foreign substance 
in the body and that the medicine man could eure the pa­
tiënt by extracting the object. If the medicine man failed, 
the reason was that there had been some unwitting infrac- 
tiori of the rules as laid down by his supernatural sponsor.

He was not required to take every case; among the Teton 
Dakota he could refuse after examining a patiënt. Other 
services a medicine man might render included locating 
enemies and game animals and even finding lost objects.

In some tribes it is difficult to distinguish the role of 
medicine man, who had direct contact with the supernat- 
ural, from that of the priest who obtained his knowledge 
from other practitioners. The Cheyenne medicine man is 
thought to have been more of a priest than a shaman, 
since his main road to supernatural power was through 
acquisition of ritual knowledge from one who was already 
a priest, although some did seek power through visions.
The same individual may have acted in some situations 
as a shaman and in others as a priest.

Among the tribes having a clear belief in a spirit superior 
to all other spirits were the Cheyenne, the Atsina, and the 
Pawnee. The Cheyenne, for instance, held that “the Wise 
One above” knew better than all other creatures; long ago 
he had left the Earth and retired to the sky. In smoking 
ceremonies the first offering of the pipe was always made 
to him. Some of the other tribes, such as the Crow, are 
not known to have believed in such a supreme deity.
Ceremonial and ritual were well developed on the Plains.

They ranged from very simple rites to complicated pro- 
ceedings requiring weeks of preparation, the final per­
formance lasting for days. A number of common ritual 
elements were used alone or combined in various ways by 
the several tribes. Medicine bundles figured prominently 
in rituals throughout the area. In some cases the bün­
dle was a personal one, the contents of which had been 
suggested to the individual by a supematural sponsor, 
while in others it was a tribal property originating in the 
mythological past. It was handled reverently and opened 
according to definite mies. The opening of the Cheyenne 
sacred arrow bündle, for instance, was the focus of an 
elaborate tribal rite extending over four days.

The sacred number for most tribes was four, entering 
into the rituals in many ways. A less common number 
was seven. Many rituals centred on a kind of altar, a 
specially prepared space in a ceremonial structure for ar- 
ranging sacred objects or smoking them with incense. The 
dimensions of the altar and the symbols that were used 
varied with the ceremony. Ritual purification in a sweat 
lodge was a widespread practice, required in connection 
with many ceremonies.

One important ceremony found among about 20 tribes is The sun 
known inaccurately in English as the sun dance. The na- dance 
tive terms varied: the Cheyenne phrase may be translated 
as “New Life Lodge”; the Atsina term means “Sacrifice 
Lodge.” While the central features were the same among 
all the tribes, there were many differences in detail. The 
sun dance was always held in summer, when the whole 
tribe gathered, and was usually performed in fulfillment 
of a vow by someone who had promised it if he were 
relieved of some grave difficulty. The ceremony was an 
annual event among the Teton Dakota but occurred at 
quite irregulär intervals among the Crow. The pledger was 
instructed by a priest or medicine man, and some weeks 
were needed for gathering food and other preparations. A 
ceremonial structure was built in the centre of the camp 
circle, and, before it was erected, offerings were placed 
in the fork of the central log. Within the structure was 
an altar upon which buffalo skulls were laid. The pledger 
and other participants fasted and danced for several days, 
praying for power. A widespread, though not universal, 
feature of the ceremony was self-torture by some of the 
participants. The skin of the breast or back was pierced, 
and a wooden skewer inserted. One end of a rope was tied 
to the skewer, the other end being attached to the centre 
pole. The dancer leaned back until the line was taut and he 
strained until he tore himself loose. The Teton elaborated 
on this torture by dragging around buffalo skulls attached 
to skewers on the dancers’ legs.

MODERN DEVELOPMENTS
With the coming of the white man, the Plains Indians Cultural 
began to acquire manufactured articles such as guns, changes 
metal Utensils, axes, knives, blankets, and cloth. This led 
to a decline of the native arts and crafts. Paradoxically,
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however, some aspects of social life were intensified as a 
result of the für trade. Since women dressed the hides, 
the successful hunters secured more and more wives to do 
the dressing for them, and therefore polygyny increased 
on the Northem Plains. Religion was affected insofar as 
wealth brought by the für trade encouraged more frequent 
transfer of medicine bundles, at higher prices.
With the coming of immigrant wagons, the building of 

railroads across the Plains, and the eneroachment of white 
settlements, warfare became a unifying force. During the 
latter half of the 19th Century, tribes that had formerly 
been hostile to one another often united against the intrud- 
ers. Not infrequently the Indians were successful, although 
in the end they were overwhelmed. Eventually the buffalo 
disappeared, the system of status and rank collapsed, and 
the tribes were placed on reservations. The culture of the 
Indians was radically changed.
The United States government hoped to make the In­

dians into literate farmers, but the agents sent to teach 
them encountered many obstacles. The nomadic groups 
were loath to settle down, looking upon cattle as a poor 
substitute for buffalo. The reservation land was often un- 
suitable for agriculture, The semi-settled village peoples, 
among whom digging-stick cultivation was traditionally 
considered women’s work, resisted the change in division 
of labour brought by the plow. Much confusion resulted 
when officials insisted on listing families by surnames, 
which Indians did not possess. Many misunderstandings 
arose among the matrilineal tribes when inheritance rules 
were changed so that land passed from father to son.

Schools were established on and off the reservation. 
Boarding schools had the advantage of facilitating the 
leaming of the white man’s language and customs. While 
some individual Indians adapted to the new conditions 
and were able to make their way among whites, those 
who returned from school to the reservations often found 
themselves in a difficult and marginal position.

Many Indians were Christianized. A new religious move­
ment known as peyotism, combining pagan and Christian 
elements, spread among the Plains Indians in the latter 
part of the 19th Century. It centred on a species of cactus

that when eaten or imbibed caused hallucinations. Since 
it was considered dangerous by the government as well as 
by the missionaries, efforts were made to suppress it. But 
groups practicing the peyote religion were incorporated in 
1918 as the Native American Church. (R.F.-He.)

Eastern Woodlands Indians

At the time of the European discovery of North America, 
the area Stretching from Lake Superior to the Atlan­
tic coast was occupied by many different Indian groups 
speaking languages that belong to three distinct language 
families: Iroquoian, Algonkian* and Siouan. The major 
speakers of northern Iroquoian languages include the Iro- 
quois confederacy (Mohawk, Oneida, Onondaga, Cayuga, 
Seneea, and, later, Tuscarora), the Huron confederacy, 
Tionontati (Petun or Tobacco Nation)* Wyandot (a group 
of Hurons and Tionontati), Neutral, Wenrohronon, Erie, 
Susquehanna (Conestoga), and Laurentian Iroquois. The 
major speakers of Algonkian languages include the Pas- 
samaquoddy, Malecite, Abnaki, Penobscot, Pennacook, 
Massachuset, Nauset, Wampanoag, Narraganset, Niantic, 
Pequot, Mohegan, Nipmuc, Pocomtuc, Mahican, Wap- 
pinger, Montauk, Delaware (Lenni Lenape), Powhatan, 
Ojibwa (Chippewa), Menominee, Sauk (Sac), Kickapoo, 
Miami, and Illinois. The Winnebago, who also lived in 
the eastern woodlands, spoke a Siouan language.

Although the area generally was a wooded one, it was 
in the open spaces in the forests that many of the best 
natural resources were to be found. In consequence, the 
heaviest population concentrations were near or along the 
seacoast, lakes, ponds, marshes, creeks, and rivers. There 
animals could be hunted, fish caught, birds taken, leaves, 
seeds, and roots of wild plants gathered, shellfish collect­
ed, and crops grown. Certain areas were favoured with 
resources not found elsewhere in the region. In certain 
parts of the upper Great Lakes area, wild rice (Zizania 
aquatica) grew in abundance, and the Menominee espe­
cially depended on it. Buffalo (bison) roamed the plains- 
prairie area, and such groups as the Sauk, Fox, Illinois, 
and Miami, who lived near the prairie, hunted them. On

Adapted from In te rn a t io n a l J o u r n a l o f  A m e r ic a n  L in g u is t ic s  (1953)
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the Atlantic coast, shellfish were plentiful and played an 
important part in the diet.

TRADITIONAL CULTURE PATTERNS
Economic Systems. Food production and consump­

tion. Except in the northem part of the upper Great 
Lakes area and the northem part of the Eastern Sea- 
board—areas that do not have a growing season long 
enough for corn (maize) to mature—some agriculture was 
practiced. The three principal plants cultivated were corn, 
beans, and squash, plants the Iroquois termed the three 
sisters because they were to be found like sisters together 
in the fields. Generally, it was the women who cultivated 
the fields, planting the seed, weeding, and harvesting the 
crops. Men, however, usually aided in clearing the land 
preparatory to planting. The type of agriculture practiced 
is often termed horticulture, as domesticated draft animals 
were not used. The implements used in planting were the 
hoe and the digging stick (dibble stick), a wooden stick 
pointed at one end that was used to make a hole in 
the ground into which the seeds cóuld be dropped and 
then covered.

Of all the groups in the area, the Iroquoian tribes were 
probably the most dependent on agriculture, but even 
they did not rely wholly on it. The population of the area 
was never great enough to have exhausted the supply of 
wild plants and animals, and as a result the Indians living 
there did not have to expend the time and effort necessary 
for intensive agriculture. They also could avoid a dull 
and monotonous, though balanced, diet confined to corn, 
beans, and squash and could enjoy a rich and varied diet 
merely by travelling to the proper places at the proper 
times of the year to collect food. Leaves of wild plants 
were gathered in the spring and cooked as greens. Later in 
the year, berries and other seeds were gathered. Fish were 
caught in the spring, summer, and fall—different species 
being plentiful at different times of the year. Birds were 
taken, and in certain areas the spring roosting places of 
pigeon provided virtually unlimited amounts of squab. In 
early spring, the maple trees were tapped for their sap. Fall 
was the best time for hunting, and numbers of families 
went into the forests at this season of the year to hunt. 
The seasonal round of activities was, then, a varied one 
and one that, contrary to common opinion, afforded a 
great deal of leisure time, for the Indians did not wander 
aimlessly around, barely avoiding starvation by collecting 
what few eatable foods were available. They relied, instead, 
on their knowledge of the country to provide them with a 
diverse diet and diverse experiences in obtaining it.

Some cooking was accomplished by roasting over the 
fire or baking in the ashes, but the most populär method 
was boiling. The typical meal included soup cooked in a 
pottery or bark vessel. Dishes, however, were made not 
of pottery but of bark or of carved wood, as were the 
spoons used in eating. Each individual had his own bowl 
and spoon, and so an invitation to a feast was likely to 
include the invitation to “Come, and bring your bowl and 
spoon.” Corn was generally prepared by pounding it with 
a wooden pestle in a wooden mortar hollowed out of a 
tree trunk. Before pounding, the corn was usually soaked 
in ashes to make removal of the huil easier. Occasionally, 
however, the com was ground between two flat stones.
Housing, transportation, and weapons. As the land 

provided the Indian with food, so also it provided him 
with other necessities of life. The culture of 19th-century 
white American farmers has been labelled a “wood cul­
ture,” and the earlier Indian cultures of the area may 
also be so characterized: the forest provided the Indian 
with many of the raw materials that he used to make his 
houses (as well as the food implements described above). 
Two types of houses were built: the wigwam by the upper 
Great Lakes and Eastern Seaboard Algonkians and the 
longhouse by the Iroquoians. The wigwam was made by 
driving a number of pointed poles into the ground to 
make a circular or oval floor plan. These poles were tied 
together with strips of bark and reinforced with other poles 
tied horizontally to make a dome-shaped framework that 
was covered with bark, reeds, or woven mats, the type of 
covering depending on the availability of materials in the

area. A fire in the centre provided heat for cooking and 
for warmth. Although the Iroquoian longhouse, like the 
wigwam, was made of a framework of poles covered with 
bark sheets, it was arbor-shaped rather than dome-shaped, 
having straight sides and an arched roof. After European 
contact, the roof shape often was of the gable type. Rather 
than being circular or oval, the longhouse was rectangular 
in floor plan and had a door at either end. A longhouse 
was approximately 20 feet wide and ranged from less than 
50 feet to more than 200 feet in length, depending on the 
number of families living in it. Down the middle of the 
house were the fires, two families on either side sharing 
the fire in the middle. The average longhouse probably 
had five fires and ten families.
The forest also provided materials for the dugouts and 

bark canoes commonly used for transport in this area of 
many lakes and streams, the birchbark of the northem 
portions of the area making the best canoes. The forest 
also provided materials for the frames of the snowshoes, 
which made travel in the winter easier and which were 
essential in the north (a man on snowshoes could outrun 
a moose or other large animal in the snow and take 
him with an ease that was not possible in more clement 
seasons). The bows and arrows and the spears used in 
hunting and warring were also made of wood provided by 
the forest. Points for the arrows and spears were chipped 
from flint or other suitable stone, as were the knives and 
other sharp-edged implements.

Clothing. Animals of the forest provided the skins from 
which the women made clothing. The basic item of men’s 
dress was the breechclout, a strip of skin drawn between 
the legs and held in place by looping it over a belt at 
the waist. For protection from the cold or while travelling 
in the forest, leggings (basically, two tubes of skin also 
attached to the waist belt) were added. A cape or robe of 
skin or für was also worn in cold weather. The basic item 
of women’s dress was a skirt, to which might be added 
leggings tied at the knee and a cape or robe. Both men and 
women wore moccasins, the soft-soled and heelless shoe 
adapted, among other things, for use with the snowshoe. 
The clothing of both sexes might be deeorated with paint­
ing, porcupine-quill embroidery, shells, or shell beads. For 
special occasions, such as feasts and war expeditions, the 
body might also be deeorated with paint and jewelry. (The 
face might also be tattooed.) Long hair was admired and 
might be greased to give added lustre. A number of men 
plucked out some hair and cut the remainder to form 
roaches or other distinctive styles.

Social Organization. The relatively small numbers of 
Indians who lived in the area and their particular man- 
ner of obtaining the essentials of life—food, clothing, and 
shelter—did not require an elaborate social organization 
to coordinate their activities. Rather, it was a way of life 
that tended to foster individual self-reliance. Division of 
labour was simple: women took care of the children, did 
the cooking and other household tasks, made the clothing 
and basketry containers, and did much of the agricul­
tural work; and the men hunted, fished, traded, warred, 
and made the houses and the implements that they used. 
Beyond this division of labour by sex, there was little 
specialization.

Bands, tribes, and confederations. An important unit 
of social organization was the band, a loosely organized 
collection of people who occupied a particular tract of 
land and who recognized a common identity, including 
a name for themselves. A number of names now known 
locally as Indian tribal names were band names. Several 
bands comprised a tribe, which, like the band, was loosely 
organized and which in many parts of the area was not so 
much a political unit as a cultural one—a group of people 
who spoke a common language and had similar customs. 
(It is the names of tribes rather than of bands that are 
listed at the beginning of this article.)

Although chieftainships often were inherited, personal 
ability was the basis for the influence that was exercised 
by a chief (sometimes termed sachem, especially in the 
eastern part of this area). The man who had the requisite 
abilities was chosen to succeed. Particularly important to 
a chief was his ability to persuade. As one result, oratory

Leaders
and
councils



American Indians 345

was highly valued and developed into a fine art; even in 
English, the power of Indian oratory is evident. Typical­
ly, the councils of the Indians involved the making of 
Speeches, but the intent of this oratory was not to impress 
others with mere rhetoric but to find a solution to the 
issue at hand that all could agree to. If unanimity was 
not achieved, no action could be taken. The dissidents 
would either continue to express their Opposition or with- 
draw; in either case, the effectiveness of the group would 
be weakened. Speech making, then, served as a means 
of ascertaining the diversity of opinion within the group 
and the manner in which consensus could be reached, for 
commonly each speaker summarized the opinions pre- 
viously expressed before offering his own. Councils often 
were lengthy affairs.
Councils (including some religious councils—the Indians 

typically did not draw a sharp distinction between sacred 
and secular affairs) normally opened with the smoking 
of a pipe. In the Midwest, this practice was elaborated 
into the calumet ceremony used to greet foreigners and 
on other occasions. It is from this custom that the phrase 
“smoke the peace pipe” is derived.
The most elaborate and powerful political organization 

League developed in this area was that of the League of the
of the Iroquois, but even this league rested on the political prin-
Iroquois ciples to be found elsewhere. Unanimity was required (the 

failure to achieve this unanimity being one of the reasons 
for the Iroquois defeat at the hands of the Revolutionists 
during the Revolutionary War), and oratory was highly 
regarded. Tradition has it that the league was formed as a 
result öf the efforts of Dekanawida and Hiawatha probably 
sometime in the 15th or 16th Century. The intent of the 
league was to establish peace among the five tribes of the 
Iroquois (the sixth member of the league, the Tuscarora, 
was to join it in the early part of the 18th Century); and 
thus one of the most important parts of the Constitution 
of the league established the price for murder: ten strings 
of wampum (shell beads) for the life of a man and 20 
strings of wampum for the life of a woman, to be paid to 
the kinsmen of the murdered person. (If a man murdered 
another man, the total paid by the relatives of the mur- 
derer was 20 strings of wampum—ten for the murdered 
man’s life and ten for the murderer’s life, which had been 
forfeited by the act of murder; the total for murder of 
a woman by a man was 30 strings of wampum, and so 
on.) Before the establishment of the league, tribes might 
go to war if the compensation was not considered just, a 
common custom in the area. (Witchcraft, not murder, was 
the most serious crime among Indians and evoked Capital 
punishment.) The fixing of the price prevented war from 
occurring between members of the league, although not 
between members of the league and other tribes.
If the League of the Iroquois was a league of peace to its 

members, it was not to other Indian groups. In the 17th 
Century, beaver had become scarce in Iroquois territory. 
They began a series of wars with their neighbours, defeat- 
ing and dispersing the Hurons and Tionontati in 1649-50 
(a number of Hurons and Tionontati were to join forces 
to become the Wyandot), the Neutrais in 1651, the Erie in 
1656, and the Susquehanna in 1675. Earlier, about 1638, 
the Wenrohronons had joined the Hurons in consequence 
of Iroquois attacks on them. The Iroquois then took on 
still more distant Indian peoples.

The founding of the League of the Iroquois has been 
dated variously from about 1460 to about 1600, but, re- 
gardless of whether the date is pre- or post-Columbian, it 
seems likely that its strength and effectiveness increased 
as a consequence of European influence on the continent. 
Somewhat similarly, loose confederacies of various Indian 
bands were established along the Eastern Seaboard after 
European contact, in part to counter the force of the 
whites. Later, diverse groups of Indians living in the upper 
Great Lakes area banded together in a like manner, under 
the leadership of particularly influential chiefs, in order to 
affect events in that region.

Warfare It seems likely that warfare among Indians increased in 
the years following European settlement and the establish­
ment of trading posts. War parties were, typically, groups 
of men gotten together for the purpose of raiding for loot

or for captives. For example, if compensation for murder 
had not been agreed on, a war party might be raised to 
avenge the murder and might include the taking of a cap- 
tive to replace the murdered person. Before setting out, 
there might be a ceremony in which the men would boast 
of previous exploits, both to gain recruits and to rouse 
feelings to the proper pitch.
Among the Iroquoian, captives taken during war might 

be killed or brought back to the village, where they were 
either tortured to death or adopted into the tribe. If the 
captive was taken to compensate for a previous murder, 
he was often given to the family of the murdered person, 
and that family decided whether the captive was to be 
tortured to death or adopted as a member of the family. If 
the decision was for torture, members of the community 
tried to excel each other in the invention of tortures. The 
captive tried to accept these tortures without crying out— 
a practice that has contributed to the white stereotype 
of the stoic Indian. A captive who was killed might be 
scalped. Scalping may have been introduced by the Eu­
ropeans, but the evidence is not conclusive. It may have 
been merely an elaboration of the old Indian custom to 
take a piece of hair or clothing of the killed person as a 
trophy of the event.

Clans. An important kind of social group in the area, 
particularly in the more southerly parts, where agriculture 
was relatively more important and population density 
higher, was the clan (sometimes now termed sib). The 
division of a tribe into clans served both to divide the 
community into smaller cooperating units and to provide 
a means of uniting it with others. Members of the same 
clan had certain obligations toward one another, regardless 
of tribal or community affiliations. They were expected to 
provide hospitality to visitors of the same clan, for exam­
ple. Loyalty to clan often overshadowed that to the nuclear 
family, but the marriage tie among Indians often was a 
relatively unstable one and frequently was marked by little 
or no ceremony. In contrast, clan affiliation continued for 
life. On occasion, clan membership was as important as 
tribal, band, or village membership.

Clans often have names that refer to an animal. The Names 
Seneca clans, for example, are Turtle, Bear, Beaver, Wolf, and rela- 
Snipe, Hawk, Deer, and Heron. The animal, or totem tionships 
(a word adopted into English from the Algonkian word 
meaning “kinsmen”), had a special relationship to the 
clan. Members of a clan considered themselves to be re­
lated, whether an actual genealogical relationship could be 
traced or not. Partly because of this view, the members of 
a clan were not permitted to marry within the clan (that 
is, clans were exogamous).
Among the Iroquoians and the Delawares, a child auto­

matically belonged to the clan of his mother (that is, the 
clans were matrilineal). Among the Winnebago and many 
other upper Great Lakes (Central) Algonkians, a child 
belonged to the clan of his father (that is, the clans were 
patrilineal—such patrilineal clans sometimes being termed 
gentes; singulär, gens). Thus, for example, an Iroquois 
child of a father who belonged to the Wolf clan and a 
mother who belonged to the Turtle clan was a member of 
the Turtle clan, the clan of his mother. Further, he could 
not marry (without being accused of committing incest) 
a girl who also belonged to the Turtle clan. And if he 
married a girl, say, of the Bear clan, she did not become 
a member of the Turtle clan but remained a member of 
her own clan, the Bear clan, because clan membership 
was for life. (In a few instances, an individual might be 
adopted into another clan, but this had nothing to do with 
marriage.) In tribes that had clans, everyone in the tribe 
belonged to a clan; and, if a captive or other person was 
adopted into the tribe, he was also adopted into a clan 
of that tribe.
Commonly in this area, each clan owned a number of 

names, and a newborn child was given one of the clan’s 
names that was not currently in use (that is, a name 
belonging to someone then deceased or a name that had 
been given up for a new name by someone still living).
Certain names carried special responsibilities, such as those 
belonging to the 50 chiefs of the Iroquois League. When a 
chief died, the women of his clan decided on a successor,
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who was a member of the same clan. If the successor was 
approved by the other chiefs, he was given the name of 
the deceased chief in the condolence ceremony, in which 
the chief was “raised up” and resuscitated by giving his 
name to his successor.

Among many upper Great Lakes tribes, the clan owned a 
bündle of sacred objects, with which there was associated 
a ritual that was performed periodically by members of 
the clan. At least in recent times, the Iroquois had no 
comparable clan ceremonies; rather, a significant part of 
their ritual life centred on ceremonies in recognition of 
foods as they matured. These rituals included the maple, 
strawberry, bean, green corn, and harvest festivals, as well 
as the midwinter ceremony.

In some groups, such as the Winnebago and the Iro­
quois, the clans were grouped into two sides or moieties 
(“halves”), which had reciprocal obligations. Among the 
Iroquois, for example, members of a moiety buried the 
dead of the opposite moiety. Traditionally, the moieties 
were exogamous, and thus, in a sense, they provided wives 
for each other.
Medicine societies. Also often important in Indian re­

ligion are the medicine societies, so termed because one 
of their important functions was curing and because their 
membership consisted of individuals who had undergone 
such eures. The most famous medicine society among the 
upper Great Lakes Indians was the Mide Society (Mi- 
dewiwin, or Grand Medicine Society), a society that held 
elaborate annual or semi-annual meetings during which 
various magical feats were performed. Of the various Ir­
oquois medicine societies, the False Face Society is most 
familiar to whites because the carved wooden masks worn 
by members of this society during their rituals often are 
to be found exhibited in museums and pictured in books 
on Indian art.

Belief Systems. Not all curing was performed by mem­
bers of medicine societies. Certain individuals (often 
termed medicine men or shamans in anthropological lit­
eratures or powwows in the literature on New England 

Dreams Indians) had the power to eure, a power that was often
and visions indicated in a vision or dream. Dreams were especially

important, because, generally among the people of this 
area, dreams indicated not only the causes of illness and 
an individual’s power to eure but also the means of main- 
taining good fortune in various aspects of life. So much 
attention was paid to dreams that, among some Indians, a 
mother customarily asked her children in the morning if 
they had dreamed, for dreams were to be cultivated and 
attended to. Dreams could also influence the decisions
of councils; as some early writers said, “The dream is
the God of the country.” Although the vision had some 
importance and although boys in the various tribes might 
seek a vision experience (particularly about the time of 
puberty), the vision quest (and the concomitant acquisi­
tion of a guardian spirit) was not as important in the area 
as a whole as it was among the Plains Indians.
The reliance on dreams, on the other hand, should not 

be interpreted as meaning that these Indians lived in a 
fantasy world. In these societies in which great emphasis 
was placed on self-reliance and on individual competence, 
attention to the content of dreams provided a means of 
understanding oneself and of bringing to consciousness 
knowledge stored in the unconscious, including knowledge 
as to where one’s greatest abilities lay; for dreams and 
visions might indicate whether one had special ability in 
warfare, hunting, and the like.

Indians, moreover, did not lack real knowledge of herbal 
medicine. Indeed, it was the reputed success of their med­
icine that added credibility to the value of bottles of “In­
dian oil” and other medicines sold by the touring “Indian 
shows.” Certain other practices, such as the sweat baths 
taken in small structures built for the purpose, also were 
beneficial in the treatment of others. The Indian practice 
of soliciting the aid of medicine societies and shamans to 
eure illnesses not cured by “natural” means is not unlike 
the modem-day treatment of psychosomatic illnesses.

More difficult for a member of Western civilization to 
comprehend is the “spirit world” of the Indian, for it ap­
pears to the outsider as if the Indian world was populated

by a number of spirits, including spirits of such natural 
objects as the sun, the moon, thunder, and the trees. Some 
anthropologists have interpreted these beliefs as meaning 
that the Indians believed in pure supematural power— 
that is, a force in the universe that, like electricity, could 
attach itself to certain persons and things. The Algonkian 
word manito, the Siouan word wakan, and the Iroquoi­
an word orenda have been interpreted as referring to 
such supematural power. There is some recent evidence, 
however, suggesting that this difference between Western 
and Indian thought rests on a different Classification of 
the animate and inanimate worlds. The Indians classed 
as animate such things as the sun and the moon. And 
even those things that they regarded as inanimate they 
treated as “beings”—to be feasted as human beings are, to 
be called by kinship terms as human beings are, and in 
general to be paid attention to. Their exploits, like those 
of human beings, are reported in tales and myths.

MODERN DEVELOPMENTS
When the whites arrived on the North American conti­
nent, they brought manufactured goods that the Indians 
wanted and new diseases that they did not. Certain of the 
new diseases proved particularly virulent among Indians 
because they did not have the immunity that the whites 
had developed through centuries of exposure. At one time 
or another, all the Indian tribes were decimated by epi- 
demics. In one notable instance, an epidemie swept over 
New England, killing many Indians in 1616—17, just a 
few years before the Pilgrims landed at Plymouth, a ca- 
tastrophe that the Pilgrims saw as a sign of God’s favour.
(One reason that the Indian Squanto was so friendly to 
the Pilgrims was that he had been taken as a captive to 
Europe, spent some time in England, and had returned 
after the epidemie.)
The extensive trade that developed between the Indians Trade 

and the Europeans (French, English, and Dutch) rested 
on the European desire for fürs, particularly for beaver fur 
(beaver fur makes a fine feit, and beaver hats were the 
rage in Europe), and on the Indian desire for European- 
manufactured objects, particularly guns, kettles, needles, 
fishhooks, other metallic objects, and beads.
The Europeans soon discovered the Indians’ desire for 

wampum (tubular beads made of shell) and thus estab­
lished “wampum factories” in New Jersey and on Long 
Island. The Indians used wampum for jewelry and for gifts 
or signs to mark significant occasions. Important messages, 
for instance, were accompanied by strings of wampum; 
the making of treaties involved the exchange of wampum 
beits to confirm the sincerity of the parties and to serve as 
reminders of the agreement. They also were used on other 
political and religious occasions and kept as reminders of 
the occasions. Because it was valuable, wampum became a 
medium of exchange not only between Indians and white 
traders but also among the colonists. Because the coinage 
in common use in the colonies was already various, in­
cluding Spanish, Portuguese, French, and Dutch coins as 
well as English ones, the adoption of wampum as another 
medium of exchange was an easy matter. Wampum, how­
ever, was not used as money before European contact.

The initial European settlement clung to the Atlantic Indian 
coast—the sea providing the lifeline to the European resistance 
homeland that the colonists needed—and thus the Eastern to the 
Seaboard Indians were first affected by the neweomers’ settlers 
desire for land. They were ill equipped to counter the in- 
vasion. Not only were their numbers relatively small and 
made even smaller by the epidemics, but their political 
organization was not of the kind that easily led to unified 
action of numbers of men. Friction between Indians and 
colonists did occasionally erupt, however, as in the Pe- 
quot War (1637) and King Philip’s War (1675-76). Such 
resistance could not be maintained long, and these eastern 
Indians, as other Indians after them, began to adopt Eu­
ropean ways as a means of survival. Such adoption often 
involved the acceptance and practice of Christianity as 
well as other features of European life. Some missionaries 
were especially influential. John Eliot, for example, ac- 
complished the monumental task of translating the Bible 
into Algonkian and Publishing it. There remain in New
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England and on Long Island some few reservations on 
which the Indians still are to be found. Further south, 
however, the Delawares gradually sold their land in the 
18th Century and began to drift west, becoming involved 
in the affairs of the country there.
The Iroquois fared somewhat better than the coastal Al- 

gonkians. In the 17th Century and in the 18th Century, 
they lived too far inland for European settlement, and 
only parts of their eastern territory were settled by whites. 
Also, the Europeans wished to maintain their trading re­
lations with them and, through them, with Indians living 
farther west. The Iroquois themselves took advantage of 
this Situation, engaging in war and diplomacy to maintain 
their position of power in the Northeast. Their power was 
finally broken in the American Revolution when George 
Washington, aware of the alliance of a number of Iroquois 
with the British, sent a puhitive expedition into what is 
now upstate New York. After the Revolution, a number 
of Iroquois moved to Canada, though many remained in 
New York state. With the exception of many Oneida who 
moved to Wisconsin, those who remained in New York 
successfully resisted 19th-century efforts to move them 
(along with other eastern Indians) west of the Mississippi, 
and a number of them still live on the six Iroquois reser­
vations in the state.

Like the Indians farther east, those of the upper Great 
Lakes area were greatly affected by the fur trade. The 
French established a series of trading posts, and the En­
glish challenged them for control of the area. Indians 
from the east, such as the Delawares, Wyandots, Ottawas, 
and Shawnee, drifted into the area seeking fürs and land. 
The result was a series of wars and skirmishes between 
the English and the French and the Indians. Among the 
Indians, there emerged a series of prophets who attempted 
to revitalize Indian society and a series of chiefs who at­
tempted to unite the Indians for the purposes of war. No­
table among these were the Delaware Prophet, the Ottawa 
Pontiac, the Miami Little Turtle, the Shawnee Tecumseh 
and his half brother, the Shawnee Prophet (Tenskwatawa), 
and the Sauk Keokuk and Black Hawk. The upper Great 
Lakes Indians responded to various pressures put on them 
by whites, and many of them moved west. They are now 
to be found on reservations and other settlements of the 
more western States, though some still live in the upper 
Great Lakes area.

If there is any single thread that runs through the com­
plex history of Indian-white relations, it is probably that 
of ambivalence. The Indians had certain resources that the 
whites wanted, and the whites had certain items that the 
Indians wanted. At times, these interests could be pursued 
to the benefit of all involved, but too often the interests of 
the various groups were in conflict. Emotionally, too, the 
attitudes have offen been those of ambivalence: the Indi­
ans both wanting acceptance by whites and wanting their 
own separate identity and the whites both wanting to be 
rid of the Indians and admiring them. This ambivalence is 
likely to continue, for their histories and cultures are now 
so entwined that it is impossible to separate them.

(E.To.)

Southeast American Indians

The Southeastern American culture area is bounded on 
the east and south by the Atlantic Ocean and the Gulf 
of Mexico (though some scholars would place the south­
em portion of aboriginal Florida within the orbit of the 
circum-Caribbean culture area). To the west, the South- 
eastem area merges with the Southern Plains and the ex­
treme easternmost part of the Southwestern culture area. 
To the north, the Southeast blends into the northeastem 
woodlands area with no discernible break in cultural tra­
dition (see also above North American Plains Indians and 
Eastern Woodlands Indians.)

Physiographically, the Southeast is characterized first by a 
coastal lowland beit broadly encompassing the subtropical 
zone of southem Florida; the scmb forest, sandy soil, and 
savannah grassland of the Atlantic and Gulf coastal plains; 
and the alluvial floodplains of the Mississippi drainage. 
Second, there is the piedmont of the midland interior,

where the landscape changes to rolling hills, crisscrossed 
by several major river Systems and covered predominantly 
with oak-hickory forest. Third, there is the Southern Ap­
palachian Mountains area of eastern Tennessee and the 
western Carolinas, a land of high peaks and deeply etched 
valleys, containing hardwood forests and, at high eleva­
tions, flora and fauna typical of more northerly regions.

The Southeast was one of the more densely populated 
areas of native North America, having an aboriginal pop­
ulation conservatively estimated at 120,000. The bulk of 
this population resided inland, where advantage could be 
taken of extensive game resources, wild plant foods, and 
an abundance of arable land. Only the non-horticultural 
peoples of south Florida appear to have satisfactorily ad- 
justed to a basically maritime way of life.

Population was distributed among a large number of sep­
arate groups—independent villages, autonomous village 
clusters, and “tribelets.” Most of those tribelets disap- 
peared soon after white contact and left only faint tracés 
in recorded history. They perished through the lethal 
combination of newly introduced diseases, removal into 
slavery, and direct warfare with white invaders or intertri- 
bal conflicts generated by white pressure. The survivors, 
if any, were assimilated into such larger, more powerful 
tribes as the Choctaw and Cherokee and various member 
tribes of the Creek Confederacy. These latter tribes persist 
to the present as distinctive peoples possessing a rieh his­
tory and viable cultural heritage. Other intermediate-sized 
groups, such as the Houma, Catawba, and Chickasaw, 
survive as marginal enclaves but have lost much of their 
historie Indian identity. Such groups as the Seminoles (a 
branch of the Creek that migrated to Florida in the 18th 
Century) and the Lumbee (a large group of Indians in 
Robeson County, North Carolina, whose precise Indian 
ancestry is unknown) appear to be entering an active phase 
of retribalization in which their Indian identification is 
being reasserted.

Muskogean-speaking peoples constituted the major lin­
guistic family in the aboriginal Southeast. The Muskogean 
family included the following five main subdivisions: (1) 
Choctaw and Chickasaw, two different dialects of a single 
language, found in Mississippi and western Tennessee; (2) 
Apalachee, a long extinct language of northwestem Flori­
da; (3) Alabama and Koasati, two closely related languages 
spoken in the central Southeast; (4) Hitchiti and Mikasuki, 
two related dialects, formerly spoken in Georgia; and (5) 
Creek and Seminole, also closely related dialects, spoken 
in eastern Georgia and later in Florida.
Four Lower Mississippi Valley languages, namely Natch- 

ez, Tunica, Chitimacha, and Atakapa, are thought to have 
distant affinity to Muskogean, but they show sufficiënt 
divergence both from the main Muskogean languages and 
from each other to warrant semi-independent status as 
linguistic isolates. Timucua, the major language of ab­
original north Florida, was once thought to be related 
to Muskogean, but its present status is problematic. One 
linguist believes it may be related to a language spoken in 
Venezuela, while others feel it may bear ultimate relation­
ship to Siouan.
There are four definite representatives of the Siouan 

family in the Southeast: Tutelo, Biloxi, Ofo (Mosopelea), 
and Catawba. These tribes were widely scattered and, with 
the exception of Biloxi and Ofo, show little relationship to 
one another and probably represent different prehistorie 
penetrations of Siouan speakers into the Southeast. Yu- 
chi, the language of a major tribal group once residing in 
eastern Tennessee and later in Georgia, also demonstrates 
distant affinities to Siouan but is sufficiently distinctive 
to be classified as an isolate. Many small piedmont tribes 
were probably Siouan speaking, but surviving data are 
insufficiënt to make definite identifications.

The Cherokee represent the sole member of the Iroquoi­
an family in the presently demarcated Southeast, though 
the Iroquoian-speaking Tuscarora, Nottaway, and Meher- 
rin, residing on the margin of the area, are included in 
the Southeast in some culture area maps. The Caddoan 
speakers on the western boundary of the Southeast be­
long to a distinctive language family that shows distant 
relationships to the Siouan and Iroquoian families. The
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Distribution of Southeastern American Indian cultures.
From H. Driver et al., Indiana University Publications in Anthropology and Linguistics (1953)

affiliations of many of the smaller coastal and piedmont 
tribes are unknown. Mention should also be made of 
Mobilian, an important trade language containing many 
Choctaw components, which served as a lingua franca in 
the Mississippi Valley.

TRADITIONAL CULTURE PATTERNS
It is difficult to describe the Southeast in terms of a to­
tal cultural pattem or dominant ethos. The environment 
provided possibilities for such different ecological adapta- 
tions as the dependence on maritime resources and the 
wild zamia root by the Calusa of south Florida and the 
seasonal buffalo hunts of the horticultural Caddoan tribes. 
Besides the internal diversity, the extemal relations of 
the Southeast are also complex. The lack of geographic 
barriers to the north and west allowed significant cultur­
al interchange between the Southeast and adjacent areas. 
There is evidence of overseas cultural connections with 
the Antilles; however, the dominant thrust of this diffu- 
sion seems to have been from the mainland to the islands. 
Such individual culture traits as the cane blowgun, double- 
weave basketry, fibre-tempered pottery, and miscellaneous 
musical, ritual, and mythological details suggest at least 
limited contact with northem South America. More def­
inite is prehistorie cultural contact with Meso-America. 
Not only did such basic cultivated plants as maize, beans, 
and squash ultimately derive from Meso-America, but 
numerous symbolic motifs in Southeast religious art have 
close analogues in ancient Mexico.

The picture of the Southeast that emerges at the time öf 
first European contact is one of intensive cultural change. 
One senses a period of cultural levelling marked by consid­
erable population movement, warfare, and the formation 
of confederacies, all of which was accompanied by large- 
scale technological and ideological diffusion. A distinctive 
Southeastern cultural tradition or style was in the process 
of being forged, but this fusion was far from complete on 
the eve of European contact.

Social organization. Settlement patterns. The basic 
political unit for most Southeastern tribes was the lo­
cal village or town. This basic unit varied in size and 
configuration depending on differences in local ecological 
potential and cultural preference. Some towns attained

populations of over 1,000 individuals, but the more typ­
ical Southeastern village numbered less than 500 people. 
Settlement patterns conformed to two basic types: (1) 
dispersed hamlets, with households strung out for several 
miles, usually following valley bottoms or streams, and 
(2) tightly nucleated settlements often surrounded with 
protective timber palisades. The heart of the local town 
was a ceremonial centre consisting of a central council 
house or temple, which in the interior region might be 
semisubterranean or located on a pre-existing mound; a 
central plaza or square, which, among the Muskogean- 
speakers, was usually surrounded by three or four benches 
or arbours oriented in the Cardinal directions; a ball pole 
or scalp post sometimes culminating in a carved animal 
emblem; the residences of the chief and other important 
local dignitaries; and sometimes storage structures for 
communal produce.
Considerable Variation in house types existed. In much 

of the area, the Indians constructed circular, conical- 
roofed winter “hot houses,” sealed tight, except for an 
entryway and smoke hole. Summer dwellings tended to 
be rectangular, gabled structures made from a framework 
of upright poles, lashed together and covered with lath, 
grass, cane matting, or bark and plastered with clay. To 
the south, housing tended to be more flimsy, with raised 
floors, palmetto thatched roofs, and, often, open sides. To 
the west, the Caddoans lived in domed “grass houses.” A 
homestead might contain auxiliary storage buildings and 
a special cookhouse.

Each town or village was fairly autonomous. Superor­
dinate control at the tribal level tended tö be weakly 
developed, although pressure for tribal consolidation and 
even the formation of intertribal confederacies was greatly 
increased with the coming of Europeans. A village might 
be liriked to other villages in the same area by ties of kin­
ship, language, and shared cultural traditions; nevertheless, 
each village claimed sovereignty Over its local area and 
was govemed by its own chiefs and war leaders.

Stratification. Óver most of the Southeast, chieftainship 
tended to be hereditary within certain lineages. The de­
gree of chiefly power and authority varied, however, from 
the almost divine kingship of the Great Sun among the 
theocratie Natchez to the self-effacing status of the peace-
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making, consensus-seeking micos and ukus among the 
more egalitarian Choctaws, Creeks, and Cherokees. War 
leaders normally achieved their positions on the basis of 
past accomplishment. War chiefs tended to be active and 
assertive Personalities and younger, by about a generation, 
than the peace chiefs.
The alternation between peace and war or the occurrence 

of such competitive activities between alien groups as ball 
games, communal hunts, and trading expeditions helped 
to imbue much of Southeastern social structure with a 
characteristic dualism. The peace chief held sway in the 
domestic village, whereas the war chief was ascendant in 
areas external to the village, except when the village was 
under threat of imminent attack. Young men in the village 
alternately adjusted to roles appropriate to war and peace, 
often symbolically represented as red and white activities, 
and these transformations were usually effected through 
extensive ritual. This dualistic emphasis was also frequent­
ly expressed in the organization of clans, subtribes, and 
villages into complementary social divisions.

Social stratification was highly developed in some parts 
of the Southeast, while its significance in other subareas 
was minimal. Although much has been written about the 
supposed caste Systems among the tribes of the Low­
er Mississippi, the Chitimacha appear to have been the 
only society to have possessed true castes in the sense of 
ranked groups that practiced strict endogamy (marriage 
within the group).

Social The elaborate rank system of the Natchez consisted of
ranking four groups: three upper classes, composed hierarchically 
among the of the suns, the nobles, and the honoured people, and 
Natchez a lower class of commoners (or stinkards, as they are

referred to in the early French sources). Upper class in­
dividuals were required to marry into the lower class of 
commoners, and many commoners also married other 
commoners. Offspring of males in the upper classes would 
assume a rank one step below that of their fathers (thus, 
the child of a sun father and commoner mother would 
become a member of the noble class). The progeny of 
upper class females, however, would retain the rank of 
their mothers rather than descend to a lower station. The 
system, as described, would be unstable, since the supply 
of available commoner women would soon be depleted 
after several generations. Many explanations have been 
advanced to explain this so-called “Natchez paradox,” but 
the difficulties probably reside in the inaccuracies or in- 
completeness of the original French sources.
Social stratification also was highly elaborated among the 

aboriginal inhabitants of Florida. Among the Timucua, for 
instance, the “king” enjoyed an elevated status consider­
ably above that of his followers and was sometimes carried 
about in a litter. In many other Southeastern societies 
there was a trend toward the ranking of towns or clans. 
Member towns of the Creek Confederacy were sometimes 
ranked in terms of their tribal affiliations or on the basis 
of outcomes of inter-town ballgames. The Caddo were 
said to have ranked their clans on the basis of the reputed 
strength of the totemic animal ancestor in a kind of natu­
ral “pecking order.” In other tribes, such as the Cherokee, 
stratification was only weakly developed, though certain 
clans might possess special ceremonial prerogatives and 
recruitment to certain offices might be determined on the 
basis of clan.

Kinship and marriage. In the Southeast, descent was 
almost universally reckoned in the female line, though 
not all societies possessed matrilineal clans. Clans, where 
they existed, were apparentiy not restricted to nor local- 
ized within specific villages. The resulting dispersal of clan 
members throughout a tribe or nation thus served as a kind 
of social adhesive binding together the larger body politic. 
Certain ceremonial knowledge and privileges might also 
be passed down along clan lines, and clans were also im­
portant as mechanisms of social control, since vengeance 
for serious crimes was frequently a clan responsibility. 

Marital Marriage was often marked by a symbolic ceremonial ex- 
customs change whereby the groom presented his bride with game 

and the bride reciprocated with vegetable food. Because 
residence after marriage normally found the man moving 
into the wife’s natal household, the husband was expected

to contribute to the economic maintenance of his wife’s 
family, as a form of bride service. After a few years the 
couple might leave to form their own household. Most 
Southeastern tribes permitted and some even encouraged 
pre-marital sexuality. After marriage, however, adultery— 
especially on the part of the wife—was often severely pun- 
ished. Nevertheless, divorce seems to have been a frequent 
and, often, almost casual event. Polygamy was permitted 
in most groups, although a man usually had to gain the 
assent of his first wife before taking on a second spouse.
The levirate, a custom by which a widow was remarried 
to her deceased husband’s brother, was fairly common, 
particularly as male mortality increased during the wars 
of the European period.

Socialization. During a woman’s late pregnancy, both 
she and the father were often subjected to various dietary 
taboos and restrictions on their activities. Children were 
nursed until they tired of the breast or until the mother 
again became pregnant. Responsibility for the child’s early 
education was vested in the mother. Later, a young boy 
received instmetion in male skills from his father and his 
mother’s brother; in many Systems the mother’s brother, 
as the senior male in the matrilineage, assumed consider­
able importance as a disciplinarian, tutor, and sponsor for 
his sister’s son. Young girls remained at their mother’s 
side and were trained in various duties associated with 
the domestic household. Behaviour considered proper was 
reinforced with praise and encouragement, as when a boy 
killed his first deer or a young girl manufactured her first 
basket; behaviour considered improper might be greeted 
with mild rebuke, ridicule, or shame. Children were rarely 
subjected to physical punishment. In those few instances in 
which punishment was deemed necessary, it was generally 
meted out by someone other than the parents. A popu­
lär method of chastisement throughout the Southeast was 
raking the skin with briars or a special pointed scratch- 
ing instrument, but, even here, such action was regarded 
as strengthening or toughening the youth, rather than as 
delivering direct retribution for misdeeds. Young boys en­
joyed considerable permissiveness. They spent much time 
with their peers in wrestling, playing games imitative of 
adult activities, and stalking rabbits, squirrels, and birds 
with blowguns and scaled-down bows and arrows. The 
freedom and wide behavioral space permitted the young 
boy contrasted markedly with the restricted sphere, close 
surveillance, and early responsibility training that charac­
terized the daily routine of his sister.
Puberty rituals were either absent or only weakly devel- Rites of 

oped in the Southeast. Girls were secluded during their passage 
first menstruation, but this event occasioned no public 
celebration. (Menstrual blood, though, was regarded as a 
potent and polluting substance, and women either absent- 
ed themselves from the household during their periods or 
were subjected to restrictive taboos.) Similarly, no special 
rituals attended the transition from boyhood to manhood.
A boy might receive instructions from tribal elders in 
esoterie lore or in preparation for special ritual offices, but 
graduation from such training seldom was marked by a 
formal commencement. A young man’s first participation 
in a war party and the achievement of military honours 
were, however, given public recognition. Probably the 
clearest marker of the passage from adolescence to adult- 
hood was marriage.

Economic S y stem s. As already implied, the primary 
division of labour was by sex. Women were responsi- 
ble for cultivating the fields, gathering wild-plant food, 
cooking and preserving food, rearing the young children, 
and manufacturing such basic domestic items as cordage, 
baskets, pottery, and clothing. Men assumed the primary 
roles of warriors and hunters, occupations that often took 
them away from the village for extended periods of time.
Men also cleared the fields by girdling trees, assisted 
in the harvest, constructed houses and public buildings, 
and manufactured ceremonial objects and implements for 
personal use.

Except for the marginal groups on the western Gulf 
Coast, villages were semipermanent and located near rieh 
alluvial soil or, in the Lower Mississippi region, near nat­
ural levees. Such land was easily tilled, possessed adequate
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drainage, and enjoyed enduring productivity. Fertility was 
enhanced by the custom of annually burning off the brush. 
The length of the growing season in most regions of the 
Southeast allowed multiple crops. Planting was done in 
spring, and some produce was available by mid-summer. 
The major harvest time, however, was late summer and 
early fall, a time of plenty when most of the major cer­
emonies were celebrated. Many villages became deserted, 
except for older people, during the winter months, when 
families took to the woods in search of game. Men also 
departed for a shorter hunt in late spring and early sum­
mer, after the crops had been planted.
Principal foods and goods. The economic mainstay of 

the Southeast was maize, the cultivation of which was well 
established in most areas by the time of first European 
contact in the mid-16th Century. Several varieties of maize 
were grown, including “little com” (related to popcorn); 
flint, or hominy, corn; and flour, or dent, corn. Early corn 
was baked as roasting ears; later corn was pounded into 
hominy or commeal in wooden mortars made of large, 
upright, partly hollowed logs. Associated in the maize 
complex were varieties of beans and squash. Fields were 
prepared with mattocks and hoes and planted by punching 
holes in the ground with dibbles (digging sticks), inserting 
seed, and covering the holes with earth to form a small 
mound. Cornfields belonged to individual househoids, but 
among some tribes communal fields were also cultivated, 
with the produce going to the chiefs for support of the 
civil-religious hierarchy or for redistribution to the needy.
The importance of maize cultivation to the way of life of 

the southem Indians cannot be overemphasized. Not only 
did maize provide a high yield of nutritious food with 
a minimal expenditure of labour, but maize, beans, and 
squash could be easily dried and stored for later consump­
tion. This reliable food base enabled men to spend much 
time away from their villages on hunting, trading, and war 
expeditions. It was not fortuitous that the Standard war 
ration was parched corn.

Secondary cultivated plants included the sunflower (pro- 
cessed for its oil), chenopodium or orache (spinach-like 
greens), and tobacco. Many additional plants, such as 
species of wild grapes, plums, and perhaps walnut and 
pecan trees, can be regarded as being in a condition of 
incipient domestication, since there is evidence to suggest 
that Indians exerted some effect on selection. Important 
wild-plant foods were various types of berries, nuts and 
acorns, wild potatoes and amaranths, smilax, zamia root, 
and maple sugar or honey locust sap. The economic 
botany of the Southeastern Indians can be expanded to 
encompass the vast array of plants utilized for cordage, 
clothing, dyes, fish poisons, medicines, building materials, 
and various tools and Utensils. Perhaps mention should 
be made of the distinctive Southeastern use of two species 
of holly (Ilex cassine and Ilex vomitoria) as ingredients in 
a special decoction, the “black drink,” to induce sweating 
and vomiting in ceremonial and medical contexts.
The only native domesticated animal in the Southeast 

was the dog, which was used to a minor extent in hunting 
and was probably more important as a sentinel to warn 
of the approach of strangers. In accounts of the Hernando 
De Soto expedition (1539-43), there are several references 
to small, fat, barkless dogs that were served to the Spanish 
visitors by their Indian hosts. Spanish trail hogs, brought 
by De Soto to feed his troops, became wild and were 
ancestral to the modern mongrel razorback hog. Horses 
were introduced later, mostly through the intermediacy of 
tribes to the west.

The aboriginal Southeast also teemed with wild game: 
deer, black bears, bison, elks, beavers, squirrels, rabbit, 
otters, and raccoon—some of which were used for their 
hides, bone, or fat as well as for food. In Florida, turtles 
and alligators played an important part in subsistence. 
Among birds, wild turkeys were the principal quarry, but 
partridges, quails, and seasonal flights of pigeons, ducks, 
and geese also contributed to the larder. The feathers of 
eagles, hawks, swans, and cranes were highly valued for 
omamentation, and in some tribes a special status was 
reserved for an eagle bunter.

Both on the coast and on inland rivers, streams, and

lakes, a wide variety of fish were taken in weirs, fish 
traps, and dip nets and dragnets and by hooks and lines, 
bows and arrows, and spears. In the interior, poison was 
administered in ponds and sluggish or dammed streams to 
gather a rieh harvest of stunned fish. Coastal groups gath­
ered oysters, clams, musseis, cockles, and crabs. Interior 
groups found freshwater musseis and crawfish.

Economic organization and ecology. In the well- 
endowed Southeastern area, each household group was fair­
ly self-sufficient. The economic specializations and trade 
networks that did develop tended to centre on subsidiary 
and luxury items. Salt deposits were unequally distributed 
and formed one basis for trade. There also was regulär 
trade between the coast and interior, with shells, which 
were used for beads, pendants, and horns, exchanged for 
soapstone, flint, fürs, and other inland resources. The 
presence in the Southeast of artifacts made of imported 
copper and certain types of red clay suggests important 
trade Connections with the western Great Lakes tribes.

Indians are popularly viewed as living in a primeval or 
virginal territory. Such was not the case in the Southeast. 
Indians maintained a delicate balance with their environ­
ment, and their presence was a vital link in a complex 
ecological chain. By tillage, controlled use of fire, and 
hunting, they altered the landscape significantly. Large 
areas of secondary re-growth favoured certain types of ber­
ry bushes and groundnuts. The presence of this secondary- 
growth flora was, in turn, essential for supporting large 
populations of browsing deer, squirrels, rabbit, and wild 
turkeys on which man depended for a large measure of 
his sustenance. In this process and in combination with 
hunting, the decline of other animals, such as the wood 
bison, was probably accelerated. In areas where intensive 
maize cultivation had already taken hold, such as in the 
Lower Mississippi, game animals had become scarce in 
historical time. In the central Southeast, however, the very 
diversity of plant and animal resources and the highly 
generalized adaptation of the Indian in exploiting these 
resources seems to have resulted in maintenance of an 
equilibrated balance between man and nature.

Belief S ystem s. World views. The delicate man-nature 
relationship is well expressed in what is known of South­
eastern religion and world view. The world was perceived 
as animated by a proliferation of ghosts, witches, and 
spiritual essences of animals, plants, and natural objects 
or phenomena. As can be inferred from the frequent 
elaboration of funerary practices, most groups professed 
belief in an afterlife. The location of the resting place for 
deceased souls was either in the direction of the westem 
setting sun or up above in a celestial firmament. It was 
generally thought that the souls of the recently deceased 
would hover around the community and try to induce 
close friends and relatives to join them in their joumey to 
eternity. The elaborate funerary rites and the extensive ta­
boos associated with death were as much a protection for 
the living as a commemoration of the dead. Death was no- 
where considered a natural event but always the result of 
malevolent animal spirits or witches or the deadly mach- 
inations of sorcerers. If death was thought to be caused by 
human agents, the soul of the deceased would never rest 
until vengeance had been secured by living relatives.
It was also believed that animals possessed souls. Slain 

animals sought vengeance against man through the agen­
cy of their species “chief,” a mythological animal with 
great supernatural power. Hunting thus became a sacred 
act, much imbued with taboos, ritual, and sacrifice. Most 
disease was attributed to failure to placate the souls of 
slain animals.

The plant world was considered friendly to mankind, 
and the Cherokees thought that every animal-sent disease 
could be cured by a plant antidote. The economic signif­
icance of maize was memorialized by the near universality 
of the Green Com, or Busk, ceremonies throughout the 
Southeast. This major ceremonial was suffused with an 
ethos of annual renewal in which the sacred fire was re- 
kindled; old debts and grudges were forgotten; and a sense 
of community was regenerated.

Spiritual power might also reside in physical objects. 
Medicine men possessed sacred stones, quartz crystals, and
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Mythology

other mystically endowed paraphernalia. Other objects 
were consecrated to symbolize the collective solidarity of 
the group. The Cherokees made use of a palanquin or 
litter within which were placed revered objects; the Tuka- 
bahchee Creeks possessed sacred embossed copper plates; 
the temples of several Lower Mississippi tribes contained 
an assortment of idols and icons. Natural objects could 
be infused with sacred power in a variety of ways: contact 
with thunder, as in lightning-struck wood; immersion in 
a rapidly flowing stream; exposure to the smoke of the 
sacred fire or of ritually prepared tobacco.

Remnants of a formal theology can be reconstructed 
from early accounts of some of the stratified societies and 
of tribes who survived the immediate ravages of Euro­
pean contact. Most groups possessed origin myths, often 
involving a primal deluge into which prototypical beings 
from on high plunged to secure a portion of mud that 
magically expanded to create the Earth island. The subse- 
quent course of mythological history is frequently related 
in terms of a cosmic struggle between good and bad cul­
ture heroes, one of whom bestows boons on mankind, the 
other serving as the source of the fatality and misfortune 
inherent in the human condition. Southeastern myths and 
folktales are populated by an incredible host of nature 
spirits, monsters, tricksters, giants, and little people.
Among many tribes, evidence survives that suggests be­

lief in a supreme being, or master of breath. This ultimate 
divinity was frequently associated with the sun and its 
earthly aspect, fire. In addition, the world was viewed as 
divided into four quarters defined by the Cardinal direc- 
tions; each section had a presiding deity and appropriate 
colour symbolism. Concern with the remote supreme 
being seems to have rested more with the priesthood than 
with the everyday activities of the average man. The life of 
the latter was more intimately tied up with more proximal 
spiritual beings who were feit to intervene more directly 
into human affairs.
Priests and diviners. In some of the wealthier stratified 

societies, priests were given specialized training and be­
came full-time religious practitioners responsible for the 
spiritual health of the community and assuming responsi­
bilities for conducting the major collective religious rituals 
that punctuated the annual cycle.

Complementary to the priesthood were various individual 
magico-medical practitioners, such as sorcerers, conjurors, 
diviners, and medicine men, who were generally only 
part-time specialists and catered to individual needs and 
crises, especially the treatment of illness. Medical therapy

was intricately enmeshed in the magical view of the world 
but might include such practical procedures as isolation, 
sweating, bathing, bloodletting, sucking, vomiting, and the 
internal and external application of herbal medicines.

MODERN DEVELOPMENTS
The complex history of the Southeastern Indians after 
contact with Europeans can be outlined here only briefly. 
The 16th Century witnessed European exploration of the 
Southeast, though without permanent settlement. During 
the 17th Century, settlement was begun on the coastal 
fringes, and the deerskin trade made the Indians increas­
ingly dependent on whites for firearms, metal tools, and 
luxury items. By the 18th Century the Southeastern Indians 
became counters in the struggle between France, Spain, 
England, and the nascent United States for control of 
North America. With the ascendance of the United States, 
the military threat of the Indians became gradually neu- 
tralized, and Indians ceded large tracts of their land in an 
attempt to placate the insatiable appetite of land-hungry 
frontiersmen and the ensuing waves of white settlers.

A short-lived Indian renaissance occurred during the 
first third of the 19th Century, when the major surviving 
Southeastern groups became known as the Five Civilized 
Tribes. Unabated pressure for Indian land continued, 
however, and federal policy eventually culminated in the 
1830s in the removal of the Cherokees, Choctaws, Creeks, 
Chickasaws, and Seminoles to the Indian Territory west 
of the Mississippi. Allotment of tribal lands to individual 
Indians, which paved the way for Oklahoma statehood, 
began in the 1890s; some of the land was also opened to 
white homesteaders, held in trust by the federal govern­
ment, or allotted to freed slaves. It was originally agreed 
that tribal governments would be dissolved in 1906, but 
they continue to exist in a limited form.

Most of the surviving Southeastern Indian population re- 
sides in Oklahoma. Although this population reflects a full 
Spectrum of assimilation—from oil Company executives 
to culturally conservative “full bloods”—the increasingly 
numerous segment of people occupying the culturally con­
servative end of the continuüm exists in poverty. Small 
contingents of Cherokee, Seminole, and Choctaw who 
managed to escape the general removal of the 1830s live 
on tribal landholdings in their traditional homelands. In 
addition, several remnant groups, such as the Catawba, 
Lumbee, and Houma, remain in the Southeast, though 
much of their cultural distinctiveness has disappeared.

(R.D.Fo.)

MIDDLE AMERICAN PEOPLES AND CULTURES
The physical spine of Middle America is the broad moun­
tain chain extending from the Southern end of the Rockies 
to the northern tip of the Andes, with Middle America in 
the area from northern Mexico to Nicaragua. The moun­
tain chain marks off the area into four major regions. 
The heartland of Middle America is the central valley 
of Mexico. A second region is the highlands along the 
southem Pacific slope of Mexico. Beyond the Isthmus of 
Tehuantepec are the southeastern highlands in the Mexi­
can state of Chiapas and in Guatemala. The arid region 
in the northwest of Mexico is a fourth region.

Within these four major geophysical regions there is tre- 
mendous variety in ecology, climate, soil, and the possibil- 
ities of human life. The mountains crumple the face of the 
land into a multitude of valleys and microenvironments; 
the result is a mosaic of crops, peoples, and settlements 
about which it is difficult to generalize. The high valleys 
of central Mexico, Oaxaca, Jalisco, and Guatemala have 
been the most densely settled parts of Middle America. 
But the lower slopes of mountains near the seacoasts have 
also carried substantial populations. The steamy tropics of 
the Isthmus of Tehuantepec and the hot limestone thumb 
of Yucatan have also been heavily populated.

The Indians of Middle America live almost everywhere 
in the region. The basic requirement for human settle­
ment is water. The major river Systems and the high

valley lakes have been the primary settlement sites since 
prehistorie times.

THE PEOPLE
The Indians of Middle America are all descended from 
Asiatic forebears who crossed the Bering Strait and moved 
south ward. They tend, except in the Isthmus of Tehuan­
tepec, to be small in stature (155-160 centimetres or a 
little over five feet on the average), with brown to cop- 
pery skin, straight black hair, and dark-brown eyes often 
set above high cheek bones, sometimes with epicanthic 
folds. The Maya facial features are particularly distinctive, 
being flatter than those of the other groups; the Maya also 
have more prominent noses, and a tendency to rounder 
heads. Mexico is basically a mixed (mestizo) nation; there 
has long been extensive interbreeding between Indians 
and non-Indians. In Guatemala there has been much less 
interbreeding. But the term “Indian” is not a biological 
designation so much as a social, cultural, economie, and 
linguistic summary of the differences between some rural 
ways of life and the dominant national culture. Race in 
and of itself is not socially as important as it is in other 
parts of the world. The usual census definition of “Indian” 
is based on linguistic criteria, and the population figures 
for Indians must therefore be read as figures for speakers 
of Indian languages.

Removal 
to Indian 
Territory
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Cultural areas. While the social heritage of Middle 
America is highly complex, within the broad historical 
flow five separate cultural areas can be distinguished. They 
are regional configurations of the basic Middle American 
cultural patterns. One cultural area is that of the Maya. 
The Southern, highland Maya were and are concentrated 
in westem Guatemala and the state of Chiapas in Mexico. 
The northem Maya inhabited the Yucatan Peninsula of 
Mexico and the jungle of Petén in Guatemala. The Maya 
of these two regions form a continuous territorial and 
historical entity. (There are also Contemporary Maya peo­
ple in Veracruz and San Luis Potosi in Mexico, known 
as the Huastec.) The monumental mins left by the pre- 
Columbian Maya are one of the puzzles of anthropology; 
theirs is the only civilization known to have flourished in 
a tropical rain forest.
The Southern Mexican highlands and the adjacent Coast­

al regions form a second cultural area within the basic 
Middle American pattem. This region covers most of 
the present Mexican States of Guerrero and Oaxaca, the 
southeastern part of Veracruz, and parts of Puebla and 
Morelos. Its highland people developed the traditions of 
the Mixtec and Zapotec, whose mins survive at Mitla and 
Monte Alban, whereas the coastal people seem to have 
been somewhat isolated from them.

A third cultural area is the central Mexican highlands, 
including the valleys of Puebla, Toluca, and Morelos, 
along with the eastern slopes of the Mesa Central and 
parts of the Balsas River Basin. This area was the centre 
of the Aztec Empire. Mexico City is built on the mins of 
the Aztec Capital of Tenochtitlän, and descendants of the 
Aztecs still live in the area.

The mountain chain around the high lake of Patzcuaro, 
in present-day Michoacan, forms another cultural area. 
The relative isolation created by the mountains permitted 
the Tarascans to work out their own cultural variant. 
They reached a level of social and political organization 
comparable to that of the Aztec and the Maya.

A fifth cultural area is northwest Mexico. This region is 
not historically or culturally a single unit; it exhibits three 
major types of ecology and three major types of human 
adaptation. The high mountains provided possibilities for 
simple agriculture without irrigation, whereas the desert 
required settlements around valley bottoms dependent on 
floodwaters in the rainy season. In the west the abundant 
shellfish were the basis for a coastal culture. The historical 
forces at work in the northwest area were different from 
those in the four other cultural areas. The population was 
taken over by the Jesuits, who built mission communities. 
The relative isolation of the region following the collapse 
of Spanish power, together with the weakness of the suc- 
ceeding Mexican governments, permitted the survival of a 
blend of Spanish-Indian culture.

Language groups. Hundreds of languages were spoken 
in Middle America. Some linguists have grouped them in 
a number of phyla, or superfamilies, each phylum being at 
the same classificatory level as, say, Indo-European. The 
Hokaltecan superfamily includes the Yuman family (four 
surviving languages, two extinct); the Serian family (one 
surviving language, four extinct); the Coahuiltecan family 
(four extinct languages); the Tequistlatecan family, with 
one living language; the Supanecan family (one surviving 
language, two extinct); and the Jicaquean family, with one 
living language. A second phylum, Uto-Aztecan, com- 
prises the Piman family (four surviving languages, eight 
extinct); the Taracahitian family (two surviving languages, 
39 extinct); and the Aztecoidan family (three surviving 
languages, 18 extinct).

Attempts have been made in the past to associate the large 
family of Mayan languages (about 27 living languages) 
with several other Meso-American Indian languages (the 
Mixe-Zoque and Totonacan families, primarily) as the 
Macro-Mayan or Macro-Penutian languages; the latter 
term supposes an association also between the Mayan 
languages and the Penutian phylum of North American 
Indian languages. These groupings are not generally ac­
cepted by modem linguists.

The Oto-Manguean phylum includes the Oto-Pamean 
family (six surviving languages, one extinct); the Chinan-

tecan family (one living language); the Zapotecan family 
(two surviving languages, one of which, Zapotec, is so 
diversified that its many dialects constitute mutually un- 
intelligible languages); the Mixtecan family (three living 
languages); the Popolocan family (four surviving lan­
guages, one extinct); the Chorotegan family (eight extinct 
languages); and the Amuzgo family (one living language).

In addition to the four phyla there are the Tarascan 
family of one living language; the Huavean family of one 
living language; and the Xinca-Lenca languages spoken in 
small enclaves in the Southern part of the region. Finally, 
there are also 39 extinct languages that linguists have not 
been able to relate to each other or to any other (see
LANGUAGES OF THE WORLD).
Characteristics of Indian cultures. This linguistic vari­

ety shows how diverse were the aboriginal cultures. Even 
though it is possible to generalize broadly about cultural 
resemblances or patterns, the actual cultural unit was lo­
cal or regional. This is true despite the existence of larger 
political units, such as the Quiché of classical Guatemala, 
or the Aztec Empire. The broad characteristics of the In­
dians of Middle America may nevertheless be sketched in 
profile, with the caveat that the profile is everywhere var­
ied by local circumstance. When the Spaniards conquered 
the Indians, they removed the indigenous ruling class and 
placed themselves at the apex of society. They also brought 
Roman Catholicism, horses, cattle, wheels, iron, and new 
forms of political and economie organization. The Indian 
culture of today is a blend of indigenous elements, the 
culture of the Spanish, and the historical precipitate of the 
500 years since the conquest.

Middle American cultures exist in located, named com­
munities, each of which has a physical centre housing the 
patron saint of the community. The basis of subsistence 
is maize (corn), cultivated in small plots; but there is a 
myriad of crafts and artisans, and communities tend to 
be economically specialized. The family is the basic social 
unit, each living in a separate structure. Males and fe- 
males wear distinctive costumes; where they have adopted 
modern dress, it is chiefly among the men rather than the 
women. Men do the heavy agricultural tasks and women 
the domestic chores. Men are in charge of the indigenous 
cults; women are more prominent in the Catholic aspects 
of religion. There is little restriction on any economie 
activity, and no taboos hedge occupational choice; but 
modern economie organization is little developed. The 
marketplace is the focus of economie life.

Families are intemally hierarchical, with males and el­
ders dominating. Both the father’s and the mother’s kin 
are recognized in tracing relatives, but there is a patrilineal 
emphasis in the transmitting of names and of some real 
property. Marriages are arranged for sons and daughters 
by their elders, who negotiate among themselves through 
a series of fixed visits and gift exchanges. Often the groom 
must perform service for his in-laws; during this period 
he may reside with them, later to set up his own abode. 
Marriages are easily dissolved in the absence of children, 
and a man may have a succession of wives; when children 
arrivé, however, they stabilize a marriage.
The community’s political organization is housed in a 

central building, usually opening upon a plaza. The per- 
sonnel of the political organization form a hierarchy, with 
its top members recognized as spokesmen or representa­
t ie s  of the Indian community by the national govern­
ment. The political offices are closely interwoven with a 
similar hierarchy, whose personnel serve the local church 
and the religious brotherhoods (cofradias), and plan the 
annual festal cycle. The personnel of the two hierarchies 
tend to altemate their periods of service between the civil 
and the religious wings. All adult men serve in this civil- 
religious hierarchy; in small communities they eventually 
reach the top posts and retire to become respected elders 
(principales). The annual change of personnel is accom- 
panied by ritual.
There are no social classes in the Indian communities, 

but there are considerable differences in prestige, wealth, 
and individual achievement. There is an age hierarchy, 
especially among males, largely based on previous public 
service in the civil-religious hierarchy.

Com­
munity
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In the life cycle o f these Indians, the important events 
are baptism and marriage. There are no puberty rites; and 
death is accepted matter-of-factly, followed by a Catholic 
wake. The concepts of sickness and disease are various. 
Illness is often thought to be caused by invasions of wind 
(iaires) into the body or by disturbed emotional States, or 
it is thought to be most likely to strike during certain 
periods. Foods and natural substances are thought to be 
hot and cold, strong and weak; these conceptions are used 
both in diagnosis and in curing. Those who eure are spe­
cialists or semispecialists, frequently believed to perform 
witchcraft or other noxious magie.

In the realm of the sacred there are a large number of 
supematural beings and places. The deities are arranged 
in a vague hierarchy, sometimes with the Christian God 
at the apex. Christian saints are the chief focus of wor­
ship, but with them are associated various pagan attributes 
and forces, including the natural forces of wind, rain, 
and lightning. Some saints have strong cults, their effigies 
being housed in a cult house or special temple and cared 
for on a daily basis. Liquor is consumed during sacred 
ceremonies and in that context is itself sacred.

The annual cycle is regulated by the European calendar. 
There is a series of religiously derived festivals, the chief 
of which are All Saints’ Day, All Souls’ Day, Easter week, 
and the Day of the Cross (in September). At least 82 dif­
ferent Indian communities still use the old pre-Conquest 
calendars in some agricultural rituals and for purposes 
of divination.

The world view is animistic in the sense that the Indians 
see the world as peopled by spirits, souls, ghosts, and 
witches capable of inflicting harm if the proper ritual pre- 
cautions are not taken. Omens, dreams, and talismans are 
of great importance. People are also believed to transform 
themselves into animals and mystically eat the life from 
a victim. Some communities execute witches. In religious 
practice, ritual conformity is more important than inner 
piety; if a person does not hold a ritual office, he engages 
in very little daily religious activity.
Slander, gossip, and envy are strongly condemned, al­

though they are an important means of influencing social 
behaviour. In general, however, the rule of law, as ex­
pressed in the formal organization of the civil-religious 
hierarchy, is much more important than personal lead­
ership. Great ambition is discouraged, but industry and 
diligence are much lauded.

This generalized profile of Middle American cultures 
fits most closely the areas of the former high cultures— 
the Aztec, Maya, Zapotec, Tarascan, and Mixtec areas. It 
needs modification for the northwest culture area, where 
the communities have less economie specialization and 
interdependence. It also does not fit some coastal Indians 
who have become part of the export economy, such as the 
vanilla-growing Totonac of Veracruz, or the Indians who 
work on the sisal plantations of Yucatan, where many 
approach the status of a rural Proletariat.

THE PREHISTORIC PERIOD
More than 10,000 years ago, the Middle American Indians 
were hunters who roamed the country in bands of four to 
ten persons. Their quarry were mammoths, Harnas, bison, 
and wild horses, as can be seen from the remains found at 
Tequixquiac, north of the central valley of Mexico. Some 
also hunted small game and gathered the seeds of wild 
plants. The seed gatherers and the big-game hunters coex- 
isted for thousands of years, until a climatic shift around 
7500 bc favoured the seed gatherers.
About 4500 bc, cultivated squash and gourds became 

part of the subsistence of the Indians, and they adopted 
a seasonal nomadic pattern. Around 3500 bc the basic 
crops were domesticated: maize, beans, and squash have 
been found in remains at Tehuacan. The Neolithic Period 
was beginning. By 2500 bc farming supplied about 10 
percent of the food intake of the people, and by 2000 bc 
the first permanent settlements based on farming had been 
established, apparentiy villages of fewer than 100 persons. 
After 2000 bc farming became of major importance, and 
in the main areas the people were fully sedentary. They 
now produced forms of pottery.

From 1500 bc to the beginning of the Christian Era 
(often called the Formative period), the basic techniques 
of intensive agriculture were worked out, the füll range 
of cultivated plants was developed, the pottery and art 
styles were formed, and the transition from small villages 
to ceremonial towns of 5,000 inhabitants was complet­
ed. The archaeological evidence of this may be seen in 
the central valley of Mexico at El Arbolillo, Zacatenco, 
Tlatilco, and, finally, Ticoman. The same developmental 
sequence occurred in the Formative period of highland 
Guatemala, as shown in the excavations at Kaminaljuyü 
near Guatemala City.

From the beginning of the Christian Era to about ad 
1000 the cultures of Middle America passed through their 
Classic, or Florescent, period. In the Pyramids at Teoti- 
huacän and at Cholula, in the Oaxaca valley at Monte 
Alban, in the ruins at Tikal and Uaxactün in Petén, 
and at Copän and Piedras Negras, there is monumen­
tal testimony to the rise of theocratie civilizations. The 
differentiation between the earthbound peasants and the 
class of priests is marked by the spread of the hieratic 
art called by archaeologists the Olmec style, the greatest 
example being at La Venta in Tabasco, Mexico. Olmec 
art made much use of carved jade and the symbol of the 
jaguar. In the symbolic vocabulary of Middle America, 
the jaguar is associated with Tlaloc, the god of rain and 
fertility, and therefore represents the forces of nature that 
make the crops grow. Tlaloc also dwells in caves from 
which lightning is thought to come; caves mean towns and 
settlements, so the jaguar probably represents the control 
of society as well as of nature. Jaguars are carved on axes, 
pots, and human likenesses; men wear jaguar skins; and 
human faces are depicted with jaguar-like mouths.
This symbolism fitted well the new theocratie societies 

of the Maya—the Nahuatl, the Zapotec, and the Mixtec. 
Large raised pyramids were built for the public enactment 
of religious rites by the ruling priestly class. These struc­
tures were ceremonial centres where priests and specialists 
lived, and where the populace assembled for periodic rit­
uals. The priests were important in the agricultural cycle, 
for which the ancient calendars were first devised. These 
calendars evolved into precise instmments for the mea- 
surement of time and came to express the philosophical 
ideas of the priestly intellectuals. The füll poetry of Middle 
American calendrics is expressed in the Maya calendar 
“long counts,” for which stone pillars were erected.
The ceremonial centres of the Classic period produced 

many luxury items made from imported goods such as 
seashells, feathers, obsidian, fine flint, jade, cotton, and 
cocoa beans. The centres paid for these imports by ex- 
porting finished ceremonial objects to the peripheries. The 
economy of the city-states of this period depended on 
the intensive cultivation of maize and on huge drafts of 
peasant labour for the building of the temple complexes. 
The building was done with a rather simple technology 
for beasts of burden, a functional wheel, and metal tools 
were lacking. The major achievements of the Classic pe­
riod were its calendrics and its religious thought, which 
represented the efforts of the priestly class to systematize 
the universe and make it predictable.

Around the end of the Classic period a warrior group 
came into power. With the coming of the warriors a 
period of militarism began. War gods replaced the rain 
gods, and the jaguar symbolism gave way to the eagle 
complex in iconography. Human sacrifice, an occasional 
thing in the Classic period, became a mass phenomenon 
under the warlords of the Toltec and Aztec empires. The 
Toltecs, and later the Aztecs, were expansionist. When the 
Spaniards arrived, the Aztec Empire extended over most 
of Middle America, from the central valley to Yucatan, 
with garrisons, frontier fortifications, and foreign colonies. 
With the fall of the Aztec Capital in 1519, the Guatemala 
conquest of 1524, and the long-drawn-out battles with the 
Indians of the northwest region, the Spaniards ended the 
isolation of Middle America.

EVOLUTION OF CONTEMPORARY CULTURES
The Conquest and its effects. The Spaniards overthrew 

the urbanized, class-structured high civilization of the

Mayan
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Aztecs and established a system of alliances with the.trib- 
utary States. The conquerors decapitated native society, 
substituting the Spanish for the Indian nobility. They in­
troduced a host of new agricultural techniques and crops, 
along with steel, horses and cattle, mines, European crafts, 
and new forms of social organization. They also created 
dichotomies between ethnic and racial groups, giving them 
different rights and obligations.

In the early colonial period following the conquest, a 
small minority of Spaniards administered and controlled 
vast Indian populations. The religion of the conquerors 
spread rapidly, as did many of their domesticated plants 
and animals. In this period the Indians were grouped into 
villages modelled on the grid plan, with a central plaza 
on which stood the church and town hall. The basic eco­
nomic institutions were the encomienda and the religious 
reservation: the encomienda was an allotment of land and 
labour to a Spanish overlord, used in the densely peopled 
areas of the former high civilizations; the religious reser­
vation was established by the Jesuits in the northwest.
The later colonial period saw the abolition of the encom­

ienda and the secularization of the religious reservation. 
Where previously the upper strata of the Indian popula­
tion had intermarried with the Spanish, the later colonial 
period brought a more rigid Separation of the Spanish and 
the Indians. Although the encomienda was legally dead, its 
economic consequences persisted: the colonial-plantation 
economy developed, along with the cattle ranch and the 
mining complex. Indian lands were taken over at an in­
creasing rate, and the Indians gave up whatever illusion 
they may have had as to the benefits to be gained from 
the white man’s culture.

Mexico and Guatemala became independent of Spain in 
1821. The early republican period inVolved the Indians 
only marginally. As the native Spanish and mestizos threw 
off European domination with the slogans and banners of 
the French Revolution, they neither considered the Indi­
ans nor involved them in their struggles. For the Indians 
it was a time of cultural and social consolidation, spent 
in the building of defenses against land encroachment and 
in the erection of communication barriers to protect their 
cultural heritage.

The later republican period was for Mexico and Guate­
mala a time of nation building, of moderate industrializa- 
tion, and of commercial agriculture. The Indian was seen 
as anachronistic, an obstacle to the march of triumphant 
nationalism. For the Indian, the consequences were dras­
tic. The national and international economy led him to 
develop a social structure and cultural pattern that would 
keep the Indian community intact, even at a low economic 
level. The strong corporate Indian community reached its 
most definitive form under the pressures of land-grabbing 
and anti-Indian social policies.

The 20th Century. In the Mexican revolution that began 
in 1910, the Indians won a place in the political structure. 
The official policy became pro-Indian. This policy exalts 
the Indian heritage and makes it the root of the national 
heritage. In its economic and political aspects it aims at 
“incorporation” of the Indian into national society on 
terms set by the Indians themselves. It also provides special 
services to Indians, as demonstrated in the many programs 
of the Institute Nacional Indigenista de Mexico in health, 
road building, agriculture, and literacy. It employs themes 
from Indian culture, as in the murals of the Mexican neo- 
Realists and the music of modern Mexican composers. In 
Guatemala a similar policy had a brief vogue, but it was 
reversed following the counterrevolution of 1954.

But the forces shaping Contemporary Indian life lie large­
ly outside these official policies. Population increase, the 
expansion of physical and cultural communication, indus- 
trialization, urbanization, and the power struggle between 
factions of the left and right are the basic forces that 
influence the lives of the Indians of Middle America.

(Ma.N.)

North Mexican Indian cultures

The generally accepted ethnographic definition of north­
em Mexico includes that portion of the country roughly

north of a convex line extending from the Rio Grande de 
Santiago on the Pacific coast to the Rio Soto la Marina 
on the Gulf of Mexico. This Southern boundary coin- 
cides in a general way with the northern margins of pre- 
Columbian Meso-America. Northern Mexico is more arid 
and less favourable for human habitation than central 
Mexico, and its native Indian peoples have always been 
fewer in numbers and far simpler in culture than those 
of Meso-America. Today, the native peoples are extinct 
over all of northeastem Mexico; the only Indians present 
in that area are a group of Kickapoo who immigrated to 
Coahuila from the United States in the 19th Century. In 
the west the Sierra Madre Occidental, a region of high 
plateaus that break off toward the Pacific intp a series of 
rugged barrancas, or gorges, has served as a refuge area 
for the Indian groups of the northwest, as have the deserts 
of Sonora. At present only the northwestem States of Baja 
California, Sonora, Sinaloa, Nayarit, Jalisco, Chihuahua, 
and Durango have Indian populations.

Although accurate population data is lacking in parts of 
this region, estimates place the total population that is still 
Indian in language and culture at approximately 130,000, 
a tiny minority among the several million non-Indians of 
northwest Mexico.
Surviving Indian peoples of northern Mexico today fall 

easily into two divisions. By far the greater number are 
members of the first type, the ten groups which speak 
some language of the Uto-Aztecan linguistic stock and are 
traditionally agriculturists. The second type is now reduced 
to four groups—the descendants of nomadic bands who 
resided in Baja California and coastal Sonora and lived by 
hunting and gathering wild foods. The second type spoke 
various languages not related to Uto-Aztecan.
Uto-Aztecan peoples of northern Mexico have been 

divided into three branches—Taracahitian, Piman, and 
Aztecoidan. The Taracahitian branch consists of the 
Tarahumara of the southwestern Chihuahua; the Varo- 
hio, a small group which borders the Tarahumara on the 
northwest and are closely related to them; the Yaqui, in 
the Rio Yaqui valley of Sonora and in scattered colonies in 
towns of that state and in Arizona; and finally the Mayo 
of Southern Sonora and northern Sinaloa. Another Tarac­
ahitian group, the once prominent Opata, have lost their 
own language and no longer maintain a separate identity. 
The Piman branch consists of three groups: the Pirna Bajo 
of the Sierra Madre border of Sonora-Chihuahua; the 
Papago of northwest Sonora, identical with a much larger 
portion of the same tribe in Arizona; and the Tepehuän, 
one enclave of which is located in southem Chihuahua 
and another in the sierras of southem Durango and Na­
yarit. The third branch of Uto-Aztecan is the Aztecoidan 
family, including the Cöra located on the plateau and 
gorges of the Sierra Madre of Nayarit and the Huichol in 
similar country of northem Jalisco and Nayarit. A final 
member of this branch, locally called the Mexicanero, in­
cludes speakers of Nahuatl, remnants of central Mexican 
Indians introduced into the area by the Spaniards. The 
Mexicanero number only a few hundred and live in the 
mountains of Nayarit and southem Durango.
The remnants of the Baja California Indians—the Tipai 

(Diegueflo), Akwa’ala (Paipai), and Kiliwa—live in ranch 
clusters and other tiny settlements in the mountains 
near the American border. Speaking Yuman languages 
of Hokan stock, they are little different today from their 
relatives in American California. A small number of Co- 
copa in the Colorado Delta in like manner represent a 
southward extension of Colorado River Yumans from the 
American Southwest. The remaining Seri are found along 
the desert coast of north central Sonora. This famous 
group also speaks a language of Hokan origin and is prob­
ably related to now extinct peoples who lived across the 
gulf in Baja California two hundred years ago.
Missions and isolation helped to preserve the several 

surviving Indian groups of northwest Mexico through the 
colonial period (1530-1810), but all underwent consider­
able alteration under the influence of European patterns. 
Nearly all the agricultural tribes adopted some form of 
Roman Catholicism and much Spanish material culture. 
It was at this time that the traditional cultures of northern
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Mexico were formed, the basic patterns continuing until 
the present. Many groups faded away—gradually losing 
their languages and identities in the emerging mestizo, 
or mixed-blooded European and Indian population, the 
predominant people of present-day Mexico. Only the Hui- 
chol, Seri, and Tarahumara remained primarily aboriginal 
cultures, but even these groups adopted many items and 
ideas from the Spanish invaders.

Today, all these peoples exist as ethnic enclaves sur­
rounded by, and in most cases sharing their lands with, 
non-Indians and manifesting some of the characteristics 
of ethnic minorities everywhere. There is competition for 
lands with mestizo ranchers and, in most groups, a con- 
scious desire for survival as distinct cultural entities.

TRADITIONAL CULTURE PATTERNS
Although in some aspects of culture the Indian groups 
share much with other rural Mexicans, psychologically 
they tend to be very distinct. The basic orientation of life 
of the traditional Indian cultures is primarily religious in 
that they look to the supematural to solve their problems 
and tend to see their own lives as requiring continuous 
service to the deities. This is in strong contrast to the 
practical and materialistic orientation of other northern 
Mexicans. The average Uto-Aztecan Indian in this area 
is reserved toward outsiders, especially non-Indians, and 
prefers not to be too much in evidence. The ideal per­
son is industrious, carries out his religious obligations, 
and does not seek change in his traditional lifeways. In 
contrast, the Seri and Yuman groups, being of another 
tradition, are less inclined to secrecy and more aggressive 
toward outsiders.

Social structures. The social structure of the Uto- 
Aztecan peoples of northwest Mexico are variations of 
one basic type, while those of the Seri and Baja California 
remnants follow other forms.
The Uto-Aztecan agriculturalists of modern times possess 

only two real social units, the family and the Indian village 
community. No real tribal organizations exist, and only 
among the Cora and Yaqui are there strong feelings of 
tribal solidarity. For all these peoples the community is the 
society, and there is little movement in or out—or even 
interaction with other communities of the same “tribe.”

The traditional Indian community is largely the result 
of colonial missionary efforts to concentrate the scattered 
rancherias, or hamlets, of aboriginal times into Spanish- 
type villages in which the natives could be more easily 
administrated. Usually furnished with land grants, these 
communities survived the close of the mission period and 
remained viable social units. The modern Indian com­
munity is built around a political and religious structure 
having its origin in the village organization set up by early 
missionaries to carry out church fiestas. It consists of a 
series of cargos, or civil and religious offices, in which 
most males of the village participate, the higher offices 
being achieved with age and experience. Some version of 
this structure or copy of it is or was present among all 
these groups. Today, among most groups it is still the 
backbone of the community, serving to produce the vil­
lage fiestas as well as settle disputes among the people. 
While serious crimes or major issues are now handled by 
the Mexican government, in most situations the Indian 
gobernador (governor) and elders are consulted as well.

Kinship patterns. The family is of one type for all the 
agricultural peoples. Kinship is based largely on descent 
from both parents, though with some orientation toward 
the authority of the father. The judgment of the elder 
males is highly respected, and in most groups the advice 
and permission of family elders is sought on all important 
occasions—to produce a ceremony, seil a cow, contract 
a marriage. Everywhere, however, the role of women is 
more nearly equal to that of men than is the case among 
the heavily male-dominated rural mestizo families. Need- 
less to say, there is little of the famous Mexican machismo 
(cult of the male) among the aboriginal peoples of north­
ern Mexico. The normal system of Spanish Christian and 
family names is present in all these groups.
Marriage is primarily monogamous, though some infor­

mal polygyny occurs. Polygyny is most common among 
the Huichol (constituting about 5 percent of the mar­
riages), which suggests that it was more common in 
northern Mexico in aboriginal times. Marriage tends to 
be brittle, and many unions are not permanent. Parents 
commonly arrange a match, though the custom is not 
uniform over the area. Among the Cora and Huichol, 
the boy’s parents must make a series of ritual requests
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before the match is accepted. In most cases there is little 
or no ceremony; a few seek church marriages and have 
wedding fiestas. Among the Cora, the young couple are 
given formal advice by family elders in thè manner of 
ancient Mexico.
There is a strong tendency for marriages to take place 

within the community. In most areas intermarriage with 
the mestizo population is not approved but occurs to a 
small degree. Among the Mayo and Tepehuän, however, 
there has been so much outside marriage that the ethnic 
status of many individuals is uncertain. In most of north­
em Mexico the offspring of mixed marriages pass easily 
into mestizo society and tend to ignore their Indian origin.

The Seri have an elaborate system of gift exchange for 
marriage in which the groom is expected to furnish the 
family of the bride with certain valuable gifts, such as a 
rifle, fishing canoe, or, more recently, a pickup truck. His 
services to the bride’s family may continue for several 
years.

The institution of compadrazgo, or coparenthood—that 
complex of ritual relationships between parents, godpar- 
ents, and child set up at the baptism of a child—has been 
deeply integrated into the traditional cultures. Indeed, a 
copy of it occurs among such non-Christians as the pagan 
Tarahumara and Huichol. Many minor variations of com­
padrazgo occur among the Indians. It serves everywhere 
to extend the kinship stmcture and provide “spiritual” kin 
on which one can call in times of need. Some Indians 
may choose mestizos to serve at the baptism of their child; 
others, such as the Cora, do not favour this.

Egalitar- None of the Indian peoples of northem Mexico shows 
ianism even minimal evidence of social stratification. Egalitarian 

societies exist everywhere, and historical accounts suggest 
that this has always been the case. Only among certain 
extinct coastal peoples of southem Sinaloa and Nayarit is 
there found some mention of stratification on the Meso- 
American pattern. Prestige accrues to wealth and cere­
monial knowledge, but this seldom passes to the children.

Socialization and education. Socialization and native 
education follow traditional patterns. A child is given little 
formal training, but is often admonished by his elders as 
to proper behaviour. Training in household tasks for the 
girls and men’s work for the boys is through observation 
and gradually increasing participation until the techniques 
of maintaining oneself and family are mastered. Both 
boys and girls are expected to contribute their work as 
soon as possible. At an early age, children haul water, 
gather wood, or herd sheep. Small Seri boys spear crabs 
with miniature turtle harpoons as training for their adult 
pursuit of the sea turtle. Among the farming peoples all 
ages take part in the work during critical periods, such as 
periods of weeding and harvesting.

Rites of passage survive for children among several of the 
least Hispanicized groups. Cora, Huichol, and Tepehuän 
have rites in which a newborn is introduced to the gods. 
The Cora have a ceremony in which children are symbol- 
ically introduced to the use of alcoholic drinks.

Today, all Mexican Indian groups have access to schools, 
usually federal mral schools, and most attend to some 
degree, though the remote areas in which most Indians 
live and their lack of interest in education designed for 
the mestizo world does not make for the most effective 
program. In some areas native Indians have been trained 
as teachers with somewhat better results. The Kickapoo 
have steadfastly refused schools, seeing in them a strong 
threat to their cherished way of life.

Economie Systems. Settlement pdtterns and housing. 
The aboriginal settlement pattem of the agricultural Indi- 

Villages ans centred on the rancheria, which consisted of a number
and of household units clustered in spots convenient to culti-
rancherias vation sites or water. When colonial missionaries incorpo­

rated these into larger villages, the lowland peoples, such 
as the Yaqui, Mayo, and Opata, accepted this arrange­
ment. They continue to live in concentrated settlements 
today. In the Sierra Madre, subsistence patterns did not 
lend themselves to such towns, and the Indians returned 
to their rancherias when the missionaries withdrew.
As a result, all Contemporary Indians of the mountain 

regions live in scattered ranch clusters using the village

itself as a religious and political centre. Most Indian vil­
lages have a church (often the original mission structure), 
a school, government buildings used for courts or meet- 
inghouses, and small mestizo-operated stores as well as 
a few houses owned by Indians who spend most of the 
year at their ranches. In many areas the once exclusively 
Indian village has acquired a non-Indian population that 
resides there permanently. Communities of the Tarahu­
mara, Pirna, Tepehuän, Cora, and Huichol follow this 
pattern. Yaqui and Mayo settlements are more like towns.
Many Mayo settlements are now on the outskirts of 
Mexican towns.
The originally nomadic Hokan peoples now tend to live 

in small permanent settlements. The Seri have coalesced 
into two fairly permanent settlements, though they still 
move about to fish, hunt sea turtles, or sell their crafts.
Housing utilizes the available local material, be it stone, 

adobe, wattle and mud, planks, bamboo, or even caves, 
which are occupied seasonally by some of the Tarahumara 
and Pima. Dwellings primarily consist of one room with a 
dirt floor and no chimney. The kitchen tends to be an aux- 
iliary structure as does the com crib. Many Indians sleep 
on the floor on mats and blankets, but crude bamboo or 
rawhide beds are also used. Fumiture is seldom more than 
a stool or two, although a few may possess tables. In most 
areas Indian housing is more primitive than that of other 
poor rural people. Water, lights, and sanitary facilities are 
nonexistent.

Patterns o f production. All the Uto-Aztecan peoples Sub- 
of northem Mexico are subsistence agriculturalists raising sistence 
maize, beans, squash, a few other plants, and some live- agricul- 
stock. Maize remains the basis of life and everywhere is ture 
a sacred substance, considered, for instance, as a deity by 
the Cora and Huichol. Cultivation methods range from 
the primitive digging stick used in slash-and-bum plots on 
hillsides and ox-plow agriculture in level fields, to some 
mechanized agriculture among the Yaqui. Characteristi- 
cally, farm technology is primitive and of low yield. Few 
of the Indians have any considerable amount of good 
productive land, and there is competition with mestizos 
for even the poor mountainside plots of the Sierra Madre 
Occidental. The com supply seldom lasts out the year, and 
in many areas it is significantly supplemented by gather­
ing wild plants, cactus fruits, wild greens, maguey, and the 
usually abundant seedpods of mesquite, guamuchil, and 
other treelike legumes. The cash needed for outside items 
comes from the occasional sale of a young buil or from 
sporadic wage work in which many Indians engage. Deer 
and other game once abundant both in the siërra and in 
the desert are now rare. All the Uto-Aztecan tribes still 
hunt, but scarcity of game makes hunting relatively un- 
important. The rivers yield a few fish and crayfish, which 
are much esteemed. Among the Seri, hunting of deer and 
sea turtles as well as fishing is still common but, even so, 
is of decreasing importance.

For centuries individuals from all these groups have Wage 
worked for wages first in Spanish and then in Mexican labour 
mines and fields. The great silver mines at Hidalgo del 
Parral, Chihuahua, in colonial times made use of Tarahu­
mara, Pima, Opata, and Yaqui labour. Yaqui and Mayo 
have long laboured on ranches and railroads and in mines 
away from their own country, even in the United States.
Today, wage work is a factor in every Indian community 
in northern Mexico with some members of every group 
working for wages in the new agricultural areas of the 
Mexican west coast. The typical pattern is for young men 
or whole families to go to the coast for a few weeks to 
piek cotton or harvest corn or tobacco, returning to their 
own homesteads to plant and care for their maize. Some 
Tarahumara and Tepehuän work in lumber camps. No 
matter how important wages are as supplementary income, 
these peoples all prefer their own agriculture in their own 
communities, and few are drawn away permanently. It is 
rare indeed for siërra Indians to live and work in cities.
This is not as true for the Yaqui, who have permanent 
settlements in several large Sonora towns.
About 1930 the Seri adopted commercial fishing and de­

veloped a mixed economy that included traditional hunt­
ing and gathering. Since 1965, however, a new industry
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has grown up in which the Indians have learned to carve 
animal figurines from the dense wood of the palo fierro, 
a desert tree. A large number of Seri families turned to 
production of the figurines for sale to tourists and ap­
peared to be abandoning gathering and fishing as primary 
means of livelihood.
Property and personal customs. The Indian market Sys­

tem of central Mexico does not exist in northern Mexico. 
All Indian areas are served by small rural stores almost en­
tirely owned by non-Indians. Here the few but important 
necessities such as cloth, metal tools, soap, salt, tin cups, 
and matches are purchased. Money, in use everywhere, is 
completely a part of modern Indian culture.
Clothing combines the older styles of rural Mexico with 

modern lower dass dress. Only the Tarahumara, some 
communities of whom still wear a type of loincloth, and 
the Huichol, with a colourful embroidered costume, have 
retained forms that stand out as distinct. Some, like the 
Cora and Tepehuän men, favour the pajama-like muslin 
garments of two generations ago and today consider them 
Indian dress. All others wear modern clothing with few re­
minders of earlier attire. Huaraches (sandals) are generally 
worn, as are homemade or commercial hats, usually made 
of palm; people near the United States border, however, 
prefer modern shoes and cowboy hats. Women’s dress 
throughout tends toward a skirt and blouse with a rebozo, 
or head scarf.
Long hair is worn by males in some Tarahumara and 

Huichol communities and by many adult Seri. Elsewhere, 
short hair is the custom. Women wear the hair loose or, 
among the more Mexicanized, in braids.

Food is largely vegetable and consists of local varieties of 
the rural Mexican staples—tortillas, tamales, beans, and 
cheese. Indians, however, make much use of atole (corn 
mush) and pinole (ground parched corn) both of which 
were aboriginal favourites and are not as populär with 
the mestizos.

Crafts, nearly everywhere disappearing, are very largely 
limited to household necessities and are seldom made 
primarily for sale. Wool blankets are produced by the 
Mayo, Tarahumara, and Cora and woven shoulder bags 
by the Cora and Huichol. Utilitarian pottery and twilled 
Containers and mats are still made in most groups, using 
native Indian techniques. The only objects produced for 
the tourist market are copies and elaborations of colourful 
ceremonial material by some Huichol and the figurines 
and Shell beads produced by the Seri.

Other technology differs but little from that of other rural 
Mexicans of the northwest. Ranch tools and the parapher- 
nalia used in handling livestock are identical. None of the 
siërra Indians possess automobiles. Some individuals in 
the other groups, including the Kickapoo, have acquired 
motor vehicles.

Religion. The northern Mexican tribes, like all Mexi­
can Indians, have had contact with Christian missionaries 
for centuries, and all the agricultural Indians of northem 
Mexico are nominal Roman Catholics except for a few 
communities of pagan Tarahumaras, called “gentiles,” and 
the majority of the Huichol. Even pagan groups, however, 
have incorporated Christian ideas and ritual practices. It 
can be generally stated that all the Uto-Aztecan speakers 
of northern Mexico today practice some form of Roman 
Catholicism blended with native religion. The extent of 
aboriginal retentions varies from group to group, with 
the Huichol approximating pre-Columbian patterns to the 
greatest degree, keeping their gods, pilgrimages to sacred 
places, and native religious concepts almost intact. Others 
like the Cora have fused these, retaining native gods but 
equating them with Christian personages. The Yaqui and 
Mayo, both with a strong religious orientation to their 
culture, have an even more homogenous mixture. It is 
doubtful, though, whether any of the groups have absorbed 
Christian philosophy or belief Systems to any great degree. 
Religion retains its aboriginal functions of protecting one’s 
health, bringing the rains, and insuring the abundance of 
agriculture, rather than as a means to a glorious afterlife.
The relationship of many of these peoples to the modern 

Roman Catholic Church is tenuous. Modern priests tend 
to discourage folk observances such as the fiestas; the Indi­

ans, by and large, produce them without help of a priest. 
In the Southern Sierra Madre, among the Cora, Huichol, 
and Tepehuän, there are modern Franciscan missionaries, 
while in the Tarahumara area there are Jesuits. Among 
all the Uto-Aztecans, religion remains central to the tra­
ditional culture, and it is an area in which there is great 
resistance to outside pressure for change.

Protestants have been active among the Seri and Yu- 
mans, achieving their greatest success with the Seri, who 
in the 1950s were all converted by an evangelical sect 
and largely abandoned their non-Christian practices. The 
Kickapoo, though also contacted by Protestants, remain, 
for the most part, followers of their aboriginal religion.
The shaman, or medicine man, still exists in most of 

these groups. Called a curandero in Spanish, he uses su- 
pernatural means to eure illnesses, to insüre the success 
of crops, or to assist in other situations requiring divine 
aid. He is very distinct from the mestizo curandero, who 
utilizes European folk medicine. Huichol medicine men, 
or marakame, are especially famous among the tribes of 
the Sierra Madre for their knowledge and power. Belief in 
witchcraft still exists among all these peoples. A shaman 
himself may be accused of being a witch.

MODERN DEVELOPMENTS
The traditional Indian cultures of northern Mexico that 
emerged from the Spanish colonial world remained re- 
markably stable throughout the 19th Century. Combina­
tions of isolation, poverty, and conservatism resulted in 
what were essentially static societies. There were sporad- 
ically some uprisings, but it was not until the Mexican 
Revolution of 1911 and after that most Indian cultures 
were significantly affected by changes taking place else­
where in Mexico. All these peoples took part in the revo­
lutionary conflicts, and some disorganization took place 
everywhere. Thousands of individual Indians followed the 
armies, many never to return. The aftermath of the rev­
olution marked the beginning of governmental concern 
with the Indians. The Institute Nacional Indigenista was 
established and took upon itself the task of raising living 
Standards and gradually integrating the Indians into the 
national life. Some groups benefitted significantly by the 
revolution and its results. Many Yaqui and Mayo escaped 
from haciënda peonage, and the Yaqui had a large portion 
of their ancestral lands restored to them.

It has been only since World War II that real changes 
have been taking place in the cultures themselves. There 
are multiple reasons for increased pressures from the out­
side world, but the primary cause is simply the develop­
ment of modern transportation and a corresponding loss 
of centuries-long isolation. A major factor has been the 
construction of dams in the rivers flowing out of the Sierra 
Madre and the development of major irrigation projects 
and large modern cities on the coastal plain. There is 
now greater interest in the resources of the mountain 
hinterlands on the part of non-Indians, and there are op- 
portunities for the mountain and desert peoples to engage 
in migrant farm labour.
Opening of the Mexican west coast highway brought 

major changes in the whole area. The desert lands of the 
Papago, the Sonoran seacoast of the Seri, and the thorn 
forests of the Yaqui and Mayo were penetrated by paved 
roads. A railroad across the Sierra Madre from the city of 
Chihuahua to Los Mochis on the Pacific bisects the Tara­
humara country, and roads have made numerous villages 
of this tribe accessible to truck traffic. Truck roads are 
approaching even the gorges of the Cora and the Huichol. 
Many parts of the Sierra Madre previously accessible only 
by animals or by foot are served by local airlines that 
fly small planes hauling freight and passengers to most of 
the mountain communities. It is a common sight at the 
airport in Tepic, Nayarit, to see rural mestizos, Cora, and 
Huichol Indians waiting to board a plane for airstrips near 
their remote homes. Although there are still vast areas in 
these mountain regions not reached by modern transpor­
tation, the outside world has become more accessible, and 
all of these peoples have been affected to some extent.

Development of modern transportation has greatly in­
creased the possibility that many Indian communities in
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time will cease to exist. There is growing competition 
for lands in all areas as non-Indian cattlemen, lumber- 
men, and farmers exploit these regions more intensely. 
Almost everywhere Indians find themselves being pushed 
or crowded out of ancestral lands by more sophisticated 
forces who have use for their resources. The Institute Na­
tional Indigenista has come to the aid of some, such as 
the Tarahumara and Huichol, and given them legal assis­
tance in securing land titles. In most areas, though, Indi­
ans, having no legal knowledge and lacking sophisticated 
leadership, are severely handicapped in dealing with these 
Problems. Without a land base it is doubtful that com- 
munally oriented societies such as these can long survive.
The basic strength of the Indian groups in the late 20th 

Century is found in their village organization and associat­
ed ceremonial structures that effectively preserve ethnic 
boundaries. Those retaining the strongest organized com­
munities—the Tarahumara, Yaqui, Cora, and Huichol— 
while threatened, appear to be in no immediate danger 
of cultural disintegration. Others, few in number (such as 
the Pima) or lacking well preserved independent village 
structures (such as the Mayo), appear less likely to survive 
the impact of modemization.

Fear of alienation of lands and ultimate loss of ethnic 
identity has led to avoidance of innovations in many cas­
es. Most still continue to resist social and religious change 
and avoid too close contact with non-Indians. There is, 
it is true, less reluctance to adopt material objects. The 
spread of modern Communications media, even to the 
depths of the Sierra Madre, has resulted, among other 
things, in the increased learning of Spanish. The cast-iron 
corn mill is now used to grind masa (tortilla dough), sav- 
ing hours of kneeling at a metate, or millstone, grinding 
by hand. Pedal sewing machines and metal containers are 
common. Nevertheless, most northern Mexican Indians 
express concern that their lifeways are dying. They fear 
that loss of community lands and the cultural seduction of 
their youth will mean that their days as separate peoples 
are indeed numbered.

(T.B.H .)

Meso-American Indian cultures

Indigenous to Mexico and Central America (roughly be­
tween latitudes 14° N and 22° N), Meso-American Indian 
cultures had a common origin in the pre-Hispanic civili­
zations of the area. Most Meso-American peoples belong 
to one of three linguistic groups: the Macro-Mayan (or 
Mayan), the Oto-Manguean, or the Uto-Aztecan. Macro- 
Mayan peoples, with the exception of a northeastem en­
clave, the Huastecs, live at the southeastern extremity of 
Meso-America. Oto-Mangueans are to be found in a wide 
area of Meso-America between Uto-Aztecan peoples to the 
north and east and Mayan and other peoples to the south. 
Oto-Manguean languages (now extinct) were spoken south 
of the Mayan area along the Pacific coasts of El Salva­
dor, Honduras, and Nicaragua; and one Oto-Manguean 
language, North Pame, spoken in the central desert of 
highland Mexico, is outside Meso-America to the north. 
The main branches of the Oto-Manguean family are Oto- 
Pamean, Amuzgoan, Popolocan, Chinantecan, Mixtecan, 
Zapotecan, Manguean, and perhaps Huave and Tlapanec. 
The Tlapanec and Chontal languages of Oaxaca, spoken on 
the Pacific coast of Mexico, are held by some scholars to 
be related to the Hokan Coahuiltecan (sometimes termed 
the Hokaltecan) languages farther north. As a result of the 
expansion of the Aztec Empire centred in the valley of 
Mexico, Uto-Aztecan enclaves are found throughout the 
area. Tarascan, a language the filiation of which is still in 
doubt, is spoken in the highlands of Michoacän, Mexico. 
(See also languages of the world.)

TRADITIONAL CULTURE PATTERNS
Settlement patterns. The territorial unit that has prime 

importance for most Meso-American peoples is the mun­
icipio, a unit roughly corresponding to a county in Great 
Britain or the United States. Each municipio has a mu- 
nicipal centre where most civic, religious, and marketing 
activities take place. In the modern pattern, this centre

is the largest settlement in the area. The usual elements, 
which vary according to the size and importance of the 
community, are laid out according to the Standard pattern 
imposed by early Spanish administrators throughout New 
Spain: a plaza surrounded by public edifices (church or 
chapel, curacy, jail, perhaps a school, and a meeting place 
for civil authorities). Houses nearest the plaza are those 
of the principal persons. Larger communities are often 
divided into sociopolitical enclaves called barrios.

An older pattern, still fourid in some areas (as among 
some Mayan peoples of the south and among the Huichol 
of the north), is for the municipio centre to be an empty 
town, occupied continuously only by civil and religious 
authorities and perhaps a few merchants. The bulk of the 
population resides in hamlets or on individual farms most 
of the year, moving to town residences only for short 
periods either to transact business or to participate in a 
religious festival.

Social, political, and religious institutions. The basic 
social and economie unit of Meso-America is the extend­
ed family of from two to four generations. There is a 
strong tendency for the extended family to fragment into 
individual nuclear families, each consisting of one couple 
and their children. Kinship is reckoned bilaterally, no 
distinction being made between kinsmen related through 
males and those related through females. Such distinctions 
are made in a few Mayan and Zoque communities, and 
they are common immediately north of Meso-America. 
These and other facts have led some anthropologists to 
suggest that small preconquest communities were patri­
lineal clans or lineages. Named clans and lineages have 
actually been reported in a few present-day Tzeltal (May­
an) communities.

Throughout Meso-America generally, newly married cou­
ples tend to locate near the groom’s family in a slight 
majority of cases. Inheritance also generally favours the 
male line, including family names, which are almost in- 
variably inherited from males. Inherited names are now 
most commonly of Spanish origin, but native surnames 
are known among some Mayan groups. In certain Mixtec 
(Oto-Manguean) communities, a man’s first name be- 
comes the surname of his offspring.

Marriage, traditionally an alliance between two families, 
is initiated by the groom’s parents and arranged by them 
directly or through the services of a go-between. A period 
of bride service by the groom, often involving at least 
temporary residence with the bride’s family, is not un- 
common. Polygyny is known and socially acceptable but 
is not common.

Political and religious institutions are traditionally bound 
together into a complex of hierarchically arranged year- 
long offices through which adult males may attain status 
and power in the community. All males must serve in the 
lower ranked offices at one time or another, but only the 
most successful attain the highest positions.

Progress through the ranks typically involves an alterna- 
tion between civil and religious offices. Successful passage 
to the highest ranks results in election to the position of 
elder. Elders form a more or less informal group of senior 
men to whom the community looks for experienced guid- 
ance in policy matters and in times of crisis.

Meso-American religion, called Christo-pagan by anthro­
pologists, is a complex syncretism of indigenous beliefs 
and the Christianity of early Roman Catholic missionar­
ies. A hierarchy of indigenous supematural beings (some 
benign, others not) have been reinterpreted as Christian 
deities and saints. Mountain and water spirits are appeased 
at special altars in sacred places by gift or animal säcrifice. 
Individuals have companion spirits in the form of animals 
or natural phenomena, such as lightning or shooting stars. 
Disease is associated with witchcraft or failure to appease 
malevolent spirits.

Economie institutions. The cultivation of Indian eom, 
as well as of a number of secondary crops, provides basic 
subsistence for all Meso-America. Secondary crops include 
the bean, the squash or pumpkin, the chili pepper for 
seasoning, and tomatoes of both cooking and eating vari­
eties. Additional foods with a limited distribution because 
of differing climates and terrain are the pineapple, sweet
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From H. Driver et al., Indiana University Publications in Anthropology and Linguistics (1953)

potato, cassava (manioc), chayote, vanilla, maguey, nopal, 
mesquite, cherimoya, papaya, and avocado. Pre-Hispanic 
commercial plants included cotton, tobacco, henequen for 
its fibre, and cocoa beans, which served as a medium 
of exchange. Important commercial crops that have been 
introduced since European contact include Old World 
cereals (wheat, barley, oats), bananas, coffee, sugarcane, 
sesame, and the peanut.

Traditional slash-and-bum agriculture persists in the 
most isolated areas, but plow agriculture has replaced it 
in many places. Chinampa agriculture is limited to the 
valley of Mexico: small artificial islands are built up about 
one foot above the level of shallow waters of a freshwater 
lake, formed from the mud and Vegetation of the lake 
floor. After settling, this serves as a rieh bed for mixed- 
crop rotation, nurseries, and seed plots.
All Meso-American communities are tied to national and 

international markets, but the extent of this relationship 
varies considerably. The Lacandón of the Chiapas low- 
land jungles bordering Guatemala lie at one extreme. If 
the machete, ax, rifle, matches, and similar items from 
the outside became unavailable to the Lacandón through 
some catastrophe, they, of all Meso-Americans, would 
have perhaps thé least difficulty in adjusting to the chal­
lenge of their ecological Situation. Living members of the 
community still retain personal knowledge of such tradi­
tional skills as working flint and stone and the making of 
fire, cloth, and pottery.
A larger segment of Indian populations is tied to the 

outside cash economy by one or more products, such as 
coffee, citrus, vanilla, livestock, or manufactured goods. 
Specialization is not the norm, but from pre-Hispanic 
times certain communities have developed products and 
skills that depend upon trade relations. An entire com­
munity may be known for its pottery, weaving, or basketry.
Markets are typically organized into a network in which 

each of several towns hosts the market in its central plaza, 
a different town each day of the week. The network may 
or may not include a central market that is held every 
day of the week. Such a market consists of a core of 
local merchants the ranks of which are swollen once a 
week by merchants from the outlying hamlets of the area. 
All of the merchants, whether from the central market

or from outlying markets, tend to be organized in single 
household units.

Craft specializations that figure in marketing operations Arts and 
are also widely practiced to meet family needs only. Be- crafts 
fore the appearance of inexpensive commercial cloth, it 
was the norm throughout Meso-America for every young 
girl to learn to weave cotton cloth and, as a married 
woman, to provide clothing materials for her family. This 
skill is declining in the face of easy access to materials 
of cotton, wool, silk, and synthetic materials and blends.
The introduction of the treadle loom by the Spaniards 
brought men into the weaving industry, especially as a 
commercial Operation.
Both men and women are hat and basket weavers. Com­

mercial products are produced from grasses, reeds, and 
palms, and lowland peoples also produce baskets of vine 
for local use.

A variety of pottery-making techniques is known in 
Meso-America. Before Hispanization, female potters made 
most ware, forming vessels by hand modelling, by building 
with coils, or by using a wooden paddle or molds. The 
Spaniards introduced the potter’s wheel. Present-day tech­
niques are a synthesis of indigenous and Spanish methods.

A lacquering art, now an integral part of the tourist 
trade, was practiced at the time of the conquest. A variety 
of gourd vessels of many sizes and shapes are artistically 
painted, using local materials and techniques. Thé beau- 
tifully deeorated vessels serve a range of purposes, from 
simple utilitarian items, such as dippers, to elaborate cer­
emonial bowls.

The life cycle. Christian baptism is the first major event 
in the life of an individual. Indeed, among Chinantecs, a 
child is not considered fully human until the rite has been 
performed. If an unbaptized infant dies, the body is buried 
immediately without the usual ritual observances—ring- 
ing of the church bells, burning of incense, and reading 
and singing of prayers in the home, at the church, and at 
the graveside.

Nursing may continue for as long as three or four years, 
and childhood is a period of little discipline except for the 
responsibility placed on older children to care for their Formal 
younger siblings while the parents work. Formal schooling education 
is now available in most areas for at least a few years, but
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monolingualism in less acculturated areas severely limits 
the efficacy of the training, which is almost always con­
ducted in Spanish only. There is no puberty rite, so that 
the transition from infancy to adolescence is unmarked 
ritually.
A girl becomes an adult at marriage, but a boy becomes 

an adult in two ways: through marriage and through citi­
zenship attained when he reaches the proper age, usually 
14 or 15 years. At this time he must enter the labour 
pool of adult men who maintain community property and 
must contribute his share of any assessment the citizenry 
may impose upon itself to cover community expenses. 
He becomes eligible (and obligated) to serve in the lowest 
ranking offices of the political and religious institutions of 
the community.

Death is marked by ritual and burial within 24 hours of 
death, with repetition of the ritual at periodic intervals af­
ter death, sometimes ending on the ninth day, sometimes 
repeated on the anniversary. An All Saints feast of several 
days’ duration is prepared annually in the fall of the year 
for all of the dead.

MODERN DEVELOPMENTS
Indigenous communities have in most cases made a 
healthy adjustment to the larger non-Indian community 
around them. Although this has and will continue to 
involve many kinds of cultural change, the indigenous 
communities have been able to maintain their cultural in- 
tegrity with little sign of the kind of disorganization leading 
to cultural collapse that is often found when two cultures 
meet. And though, in the late 20th Century, the Spanish- 
speaking community has come to accept (even to take 
pride in) its Indian heritage, its direct attempts to bring 
the Indian way of life more in line with that of its own 
have met with much resistance. While it has been possible 
to introducé technological changes that have improved 
the economic position of Indian communities, attempts to 
change those parts of the culture that have symbolic val­
ue—political and religious ideologies that tend to preserve 
indigenous social svstems—have met with less success.

(Ed.)

Central American and Northern 
Andean cultures

The Central American and Northern Andean culture 
area comprises most of Central America (south from 
Guatemala) and the northern coast of South America (in­
cluding the northern drainage of the Orinoco River); the 
West Indies are also customarily included. Although the 
area has meaning in terms of the distribution of indige­
nous cultures and languages, it does not coincide with any

Distribution of Central American and Northern Andean cultures.

named region in a geographic sense, nor does it coincide 
with Contemporary national political boundaries.

The area is situated entirely within the tropics, and the 
seasons are marked more by differences in precipitation 
than in temperature. Lowlands tend to be hot, but eleva- 
tion tempers the climate on some of the islands and along 
the mountain ranges that run through Central America, 
Colombia, and Venezuela. Areas of heavy rainfall support 
dense forest, whereas a few dry regions support little more 
than sparse grass.

In archaeological terms, this area is of strategie signifi­
cance for various reasons. First, as the relatively narrow 
corridor between the northern and southem Continental 
land masses, Central America is a promising area in the 
search for remains of the ancient culture of the palaeo- 
Indians, of a generalized Mongoloid stock, who moved 
into South America at least 10,000 years ago. Second, an 
exceptionally rieh and diverse variety of local cultures had 
evolved in the area by 500 bc. Third, between ad 1000 
and 1500 the area was intermediate between the major 
centres of high civilization in Mexico and Peru.
In this region, unlike much of Latin America, most 

native cultures did not long survive the arrival of the Eu­
ropeans, and there is controversy among anthropologists 
over whether many of the indigenous groups may. by ref­
erence to such criteria as language, patterns of beliefs and 
behaviour, or political affiliation, be justifiably designated 
tribes. Almost 200 “tribes” were reported in early Spanish 
documents, but descriptions of most are imprecise.

Native languages spoken in the area at the time of Eu­
ropean conquest were many and varied. Although some 
historical and structural linkages can be traced with other 
groups in North and South America, individual languages 
reflect millennia of relative isolation (see languages of
THE WORLD).

TRADITIONAL CULTURE PATTERNS
Accounts of the indigenous cultures are fragmentary and 
based largely on occasional reports by missionaries, ex- 
plorers, and soldiers. In some instances. widespread and 
apparentiy important cultures are represented by little 
more than archaeological evidence, but it is possible to 
note a series of characteristic patterns and variations on 
those patterns that recur in the area.

With respect to basic subsistence, for example, inten­
sive horticulture by the slash-and-burn (swidden) method 
was general. A variety of crops, including manioc, maize, 
sweet potato, bean, and others, were staples in various 
regions. Numerous other vegetables, as well as tropical 
fruits and sometimes cotton, were also grown in some 
areas. This form of horticulture was far more efficiënt 
than is popularly believed and produced abundant food

The people

Economic
practices
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without enormous or constant effort. In the cultures of 
this region, unlike many of those in the Amazon Basin, 
such intensive farming was usually done by the men. Im­
provements on the basic slash-and-burn pattern have been 
rare throughout the world, but in this area they included 
irrigation, and even occasional terracing, by the Antillean 
Arawak, Arhuaco, Chibcha, Jirajara, Päez, and Timote, all 
of whom showed evidence of other cultural elaborations 
as well. In contrast with such highly developed groups, a 
few cultures in the area were based more on hunting or 
fishing than on even simple farming; among those were 
the Antillean Carib, Choco, Ciboney, and Motilón.
The form and scale of communities tended to be closely 

linked to economic activities. Those groups, for example, 
whose subsistence base was fishing or gathering, had the 
smallest houses and most dispersed settlement patterns 
in the area. Similarly, the largest and most permanent 
buildings, as well as the most densely populated villages, 
occurred among those tribes that had the most intensive 
and varied food production, including some with highly 
developed agriculture. The warring expansionist groups, 
such as the Chibcha and Guayml, even built palisades 
around their larger towns, many of which included palaces 
and temples. Ball courts and large ceremonial plazas were 
constructed only among the Antillean Arawak, who were 
unusual in having communities with as many as 3,000 
people.

Arts and The high degree of regional Variation in crafts is proba-
crafts bly related to the small scale of political organization, in

which regional chiefdoms predominated. The hammock 
apparentiy originated in this area and was widespread; 
little other fumiture was used. Houses varied consider­
ably in size and shape, although virtually all had palm- 
thatched roofs and walls of thatch or adobe. A wide va­
riety of baskets was made, usually by women; bark cloth 
was made in those few regions where loom weaving was 
unknown. Clothing was simple, usually comprising no 
more than a breechclout for men and a short skirt for 
women, and few remains of textiles have survived. Most 
of the Indians adomed their bodies richly, however, with 
painted designs, tattooing, and a wide variety of jewelry 
and feathered Ornaments.
Nearly all of the peoples in the area made at least some 

pottery, and a few of the mainland groups produced ex- 
ceptionally abundant, fine, and varied ceramics. Excellent 
in their own right, some of these wares reflect styles, me­
dia, and techniques from both the Andean and the Mex­
ican centres of high civilization. The same few groups— 
notably the Chibcha, Chorotega, Guayml, and Nicarao— 
carved jade and other stones and worked copper, gold, 
and several alloys with an unusual combination of techni­
cal skill, imagination, and aesthetic sensitivity. Abundant 
Ornaments were made of metal and of precious and semi- 
precious stones, both for adomment and for interment 
in the graves of distinguished men, but few utilitarian 
tools are known.

Overland transportation was by foot, and widespread 
trade was carried on throughout much of the area without 
the benefit of either draft or pack animals. Dugout canoes, 
often of considerable size, provided transportation from 
island to island and along rivers.
Outposts of the sophisticated and warlike Aztec Empire 

extended as far south as the region inhabited by the 
Nicarao, where military and commercial operations linked 
what is now Costa Rica with Mexico. In the south the 
Colorado and Päez peoples of the northern Andes simi­
larly faced the frontier of an empire—that of the Incas— 
and carried on trade with the centre of high civilization in 
what is now Peru. The Chibcha proper (also called Muisca) 
comprised several feudal States, among whom war and 
tribute were commonplace, and their fine manufactures 
of gold, copper, and pottery became widespread through 
extensive trade. Not only were there regulär markets but 
in some regions even a Standard of exchange (namely 
cacao) was recognized.
The majority of the cultures of this region, however, 

were small chiefdoms, in which a single village or a small 
group of nearby communities was led by a chief whose 
semidivine position was inherited through the maternal

line of descent. Such men were powerful within limited 
regions, but widespread confederations of such chiefdoms 
were rare, and warfare among them was typical in some 
areas. The Antillean Caribs, for example, had been en- 
croaching on the peaceful Antillean Arawaks just prior 
to the arrival of the Europeans, taking both territory and 
captives. In general, it was the cultures with more highly 
developed agriculture that had the greatest degree of po­
litical integration, whereas those with the simplest subsis­
tence economies rarely had any organization beyond the 
local community.

The practice of shamanism for curing and sorcery, as Religious 
well as the populär worship of natural phenomena, was practices 
widespread. In areas of relatively dense population there 
were full-time religious practitioners who maintained tem­
ples dedicated to idols at ceremonial centres. The elaborate 
and bloody state religion of the Aztec Empire extended 
as far south as the Nicarao region; the Chibcha practiced 
large-scale human sacrifice; and the cannibalism of the 
Antillean Caribs also apparentiy had some religious sig­
nificance. A trait distinctive of the Antillean Arawaks was 
the zemi, a triangulär carved stone that represented the 
hierarchically ranked individual guardian deities of each 
household in the society.
Social stratification varied in much the same way as po­

litical organization. It ranged from virtually absent among 
the nonagricultural Ciboney to fairly complex among the 
warring tribes that had highly developed agriculture. At 
most, four classes were differentiated: semidivine chiefs 
(whose Arawakan name, cacique, has come through Span­
ish into English), who usually enjoyed considerable power 
and luxury; nobles (usually by descent but sometimes on 
the basis of wealth or military exploits), whose prestige and 
perquisites included little political authority; commoners; 
and often slaves. The meaning of slavery in this context 
is somewhat different from the Western tradition of using 
human beings as chattel. In many instances, women taken 
in warfare were kept as low status wives or concubines, 
their children not being slaves. Captive men were usu­
ally slain in religious sacrifice, as human trophies, or for 
cannibalism.

The idea that a man should have many wives was 
widespread, especially among chiefs and nobles, and de­
scent was often reckoned through the maternal line, but 
there is no firm basis for populär accounts of female- 
dominated societies that were given by some early writers.
An unusual outcome of the pattern of marriage with pris- 
oners was the use of Arawak as “the language of women” 
in Carib society, illustrating how a vanquished people can 
change the customs of their conquerors.

MODERN DEVELOPMENTS
The coming of Europeans resulted in the downfall of most 
of the cultures of the Central American and Northern 
Andean region. Few of the chiefdoms survived beyond 
the 17th Century, and none exists in similar form today.
Many of the cultures summarily described above are now 
extinct, including all of those in the West Indies and most 
of those in Central America. Vestiges of some cultures 
remain, significantly transformed, in a few areas remote 
from cities and roads.
Although this was the area first explored by the Spaniards, 

it was soon surpassed in importance by Mexico and Peru, 
both of which were rieh in minerals and had large na­
tive populations accustomed to paying tribute in wealth 
and labour. Shallow sources of gold in the Antilles were 
quickly exhausted, and neither Central America nor the 
northern coast of South America offered much of interest 
to the conquistadors. None of the peoples of the region 
worked effectively under the Spaniards.

One striking feature that characterizes the history of con- Disintegra- 
tact with European culture in virtually every one of these tion of 
instances is the disintegration or impoverishment of the indigenous 
indigenous culture. Whereas many observers might have cultures 
expected new and increasing elaborations in those cultures 
that survived, the opposite has occurred. Agriculture is 
less varied and less productive; pottery and weaving are 
practiced less and are less sophisticated, and metallurgy 
has disappeared. Communities are generally smaller now
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than they were four centuries ago, and even regional polit­
ical Integration is lacking. The temples, warfare, and class 
stratification characteristic of many chiefdoms are gone, 
and, with few exceptions, the Contemporary peoples try to 
avoid contact with others.
Although there had been warfare, trade, and other kinds 

of intercultural contact in pre-Columbian times, the im­
pact of the Spanish conquest was different in kind as well 
as in scale, involving as it did not only unprecedented 
military power but also a wholly new economic system 
and a deliberate policy of reshaping Indian life to conform 
to European ideals.

One need not believe literally in the “black legend” about 
Spanish cruelty toward the Indians to understand the rapid 
depopulation of the West Indies. Newly introduced dis­
eases took a heavy toll among the natives during the early 
years of contact, as did forced labour at unaccustomed 
tasks. Survivors often fled to the forested mainland coasts 
that were scomed as useless by the Europeans. Others 
quickly lost their cultural and racial identity as a result of 
mixture with blacks who had been imported from Africa 
as slaves. Some of the mixed populations remained in the 
islands while others sought refuge from the Europeans on 
the coasts. Noteworthy among this latter group are the 
Black Caribs (descendants of Carib Indians and Africans, 
also called Bush Negroes), who went to British Honduras 
and Guyana.

There are, however, a few exceptions to the general 
pattem of extinction or isolation. The Cuna of Panama, 
for example, became largely Hispanicized, although their 
colourful dress made them an asset in terms of the tourist 
trade, unlike the similarly acculturated Lenca of Honduras. 
As early as 1550, the Goajiro of northeastem Colombia 
had virtually abandoned their pre-Columbian slash-and- 
burn horticulture in favour of an economic pattem previ- 
ously unknown in the New World—the herding of goats 
and cattle. Small nomadic bands, based on ties of kinship, 
travel constantly to find pasturage within their limited 
and arid territories, which are the subject of frequent 
feuds. The hot, humid Mosquito Coast of eastern Hon­
duras and Nicaragua was long used as a base by English 
loggers, buccaneers, and others who sought to undercut 
Spain’s commercial and political dominance throughout 
the Caribbean, and the Jicaque, Misquito (Mosquito), 
Paya, and Sumo Indians, as well as many free and run- 
away blacks, collaborated with them. These peoples, how­
ever, have again been relegated to an economically and 
politically marginal position.

During the 20th Century the remaining cultures resisted 
modemization to a degree unusual among Indians of the 
Americas. As pressures on their refuge areas mounted 
however, it was not clear whether they would adapt or 
become extinct.

(D.B.H.)

SOUTH AMERICAN PEOPLES AND CULTURES
The customs and social Systems of South American peo­
ples are closely and naturally related to the environments 
in which they live. These environmental relationships are 
mediated by the Systems of technology that the people use 
to exploit their resources.

Four basic types of social and cultural organization of 
South American peoples emerge from the archaeological 
and historical records* (1) central A ndean irrigation civ~ 
ilizations, (2) chiefdoms of the northern Andes and the 
circum-Caribbean, (3) tropical-forest farming villages, and
(4) nomadic hunters and gatherers. Each type developed 
in its own fashion during thousands of years, and since 
the 16th Century each has made a distinctive adjustment 
to the impact of European civilization.

Early men, hunters and gatherers with no knowledge of 
agriculture, gradually worked their way across the Bering 
Strait in pursuit of food and meandered over North and 
South America in small, migratory bands for thousands 
of years. They reached Tierra del Fuego in approximately 
6000 bc, after passing through the bottleneck of Central 
America, dispersing in the mgged terrain of the northern 
Andes, following the resource-laden Caribbean coastline 
eastward, and filtering southward through the tropical 
lowlands now making up part of Venezuela, the Guianas, 
and Brazil. They also hunted game through the highland 
basins of the central Andes and hunted and fished along 
the west coast of South America until they reached land’s 
end.

THE PEOPLE
In South America, native language families encompassed 
large blocks of territory and numerous societies. They cut 
across different cultural and social types and are found 
represented in different geographical and environmental 
surroundings. Languages may be grouped in many ways, 
but the major language groupings or families of South 
America may be conveniently divided into the Macro- 
Chibchan, Andean-Equatorial (including Tupian), Ge- 
Pano-Carib, and Hokan. This is the most simplified Clas­
sification of South American Indian languages (see also
LANGUAGES OF THE WORLD).

Racially, the Indians of North and South America belong 
to a Mongoloid subtype known as Amerind. They show 
certain diagnostic physical traits of Mongolian peoples, 
among which are the shovel-shaped incisor tooth pattern, 
the distinctive fold of the eyelid, and the darkening of the 
lower back known as Mongolian spot. Such traits were

scattered in South America. Hair form is generally straight 
and hair colour black, but there are instances of brownish, 
reddish brown, curly, and even frizzy hair.

Great physical Variation is to be expected in so large a 
population dispersed over an entire continent. Wide differ­
ences are apparent in body form, height, skin colour, and 
head shape. Of the more than 100 societies for which there 
are physical data of reliable value height ranges greatly 
between means of about 57 inches (145 centimetres) and 
about 69 inches (175 centimetres). The peoples of smaller 
stature are found in the northwestem part of South Amer­
ica (for example, the Choco and the Cuna) and continue 
southeastward in a broad band that extends into south 
central Brazil. They overlap considerably, however, with 
peoples whose mean height falls between 60 and 64 inch­
es (152 and 163 centimetres). These peoples of moderate 
height extend farther south, down into Chile as far as the 
Isla de Chiloé, where there is again overlap with a very 
short people, the Chono. The next tallest groups of peoples 
comprise a narrow band from northern Brazil to southem 
Argentina. The tallest peoples in South America were the 
hunters and gatherers of the Southern plains and Tierra 
del Fuego—the Puelche, Tehuelche, and Ona.

In the 1500s, the central Andes, the area of greatest pop­
ulation density in South America (about 10 persons per 
square mile), was sparsely populated compared to centres 
of Old World civilization. Yet its population of approx­
imately 3,500,000, crowded into narrow coastal valleys 
and small highland basins on approximately 1 percent of 
Peru’s total land area, constituted a much higher density 
than could be found in any other part of South America. 
The chiefdoms of the northern Andes, northern Venezue­
la, and the Antilles had an estimated total population of
1,900,000, with densities ranging from 6.6 to 1.1 persons 
per square mile (2.5 to 0.4 persons per square kilometre). 
The Southern Andes was inhabited by the Atacama, Di- 
aguita, and Araucanians, whose combined population was 
possibly 1,131,000, with a density range of 0.38 to seven 
persons per square mile. Tropical-forest peoples numbered 
about 2,200,000 and had a density of 0.6 per square mile. 
Hunting and gathering peoples of the Chilean archipelago, 
Patagonia, the Gran Chaco, and eastern Brazilian uplands 
had a combined population of less than 800,000 and a 
density range of 0.2 (Chilean archipelago) to 1.1 (west­
ern Chaco).
The population density of the central Andes was about 

200 times greater than that of the hunters and gatherers,

Population 
densities 
in the 16th 
Century
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20 times greater than that of the tropical-forest farmers, 
and 30 to 40 percent greater than that of the Arauca- 
nians and the chiefdoms of the northern Andes and the 
circum-Caribbean.

THE PREHISTORIC PERIOD
Human life forms did not evolve in the New World, 
despite certain claims to the contrary which have nev­
er been taken seriously by most scholars. Man migrated 
from Siberia to Alaska, probably some 20,000 to 35,000 
years ago, when there was a land and ice bridge between 
the two continents. He seems to have remained locked 
in the northwestem sector of North America for eons, 
held back by impenetrable glacial formations. When the 
glacial cap retreated and valleys opened up, a full-blown 
Homo sapiens (then existing as a hunter and gatherer) be­
gan to follow the southward progression of game animals, 
fanning out over North America and wedging through 
Central America into South America, again a process 
occupying thousands of years. Archaeological discoveries 
have unearthed man’s skeletal remains in association with 
now-extinct species of animals and in geological deposits 
of the last phases of the Ice Age.
Early man. Archaeological evidence demonstrates that 

South America was occupied by early man at least 10,000 
years ago, ample time for high civilizations to have evolved 
in the central Andes and for ecological adjustments to have 
been worked out elsewhere on the continent. Scientific 
dating techniques establish that agriculture was practiced 
along the Peruvian coast at least as early as 2300 bc. By 
1000 bc agricultural societies flourished. This does not 
mean that all of South America had reached this stage of 
development nor that it was densely populated by farming 
communities. On the contrary, the continent was spottily 
inhabited by simply organized hunters and gatherers who 
then occupied the most favourable regions. As knowledge 
diffused from the central Andes to other parts of South 
America and as agriculture and other techniques were 
adopted by those peoples living in favourable environ­
ments, farming communities took form, and populations 
among them began to increase. Thus, on the foundation 
of early hunting and gathering societies, the more complex 
social and cultural Systems gradually were built in those 
areas where agriculture developed; cultural growth and 
social complexity followed apace. Hunters and gatherers 
were pushed out of the farming regions to agriculturally 
marginal areas, where some of them are found today.
The original migrants to the New World had no knowl­

edge of the domestication of plants or animals, with the 
exception of dogs, which were used in hunting. Recent 
discoveries in Mexico indicate that agriculture was inde- 
pendently discovered in the New World in roughly the 
same era that it was in the Near East (about 7000-8000 
bc) and that New World civilizations were built on an 
indigenous agricultural base.

Inde- It is known archaeologically that cultural influences from
pendent Asia, as well as latter day migrations of people such as the
American Eskimo, continued to impinge on parts of the New World 
develop- over the millennia, but New World cultural developments
ment that culminated in the formation of high civilizations in

Mexico and Peru were overwhelmingly the product of 
native, independent invention in almost all spheres of cul­
tural and social life. Sporadic influences probably reached 
Peru and the western parts of the tropical forests from 
across the Pacific Ocean, but their effect on the course 
of cultural development in this hemisphere was negligible. 
Native America constituted a separate cultural unit, com- 
pared with the Old World.
The development of civilizations. The archaeological 

record for the central Andes shows a step-by-step develop­
ment of cultural and social forms from a pre-agricultural, 
hunting and gathering baseline some 10,000 years ago to 
the Inca Empire in the 15th Century a d . The record does 
not show any significant cultural influence on this devel­
opment from transpacific contacts.

The evidence on early hunting and gathering peoples in 
Peru is still sparse. It is not yet possible to reconstruct 
social patterns, since most of the remains consist only of 
shellfish middens and small, widely scattered campsites

along the coast. It was a period of thousands of years’ du- 
ration, however, toward the end of which some knowledge 
of plant domestication reached the Peruvian coast.

The next major era is set off by incipient agriculture and 
is also characterized by the remains of small, hamlet-type 
communities along the Pacific Ocean near river mouths, 
where the alluvial soil was able to support crops. Tech­
nology remained simple, irrigation was not practiced, and 
population remained small.

After the passage of 1,000 years or so, marked develop­
ments appear in the archaeological record. These include 
many new crops, irrigation ditches that extended the ar­
able area and controlled the supply of water, more and 
larger communities that attest to a growing population, 
and important temple mounds that formed the symbolic 
centres of theocratie government controlled by a priestly 
class. The formative era saw the development of the basic 
technologies and life-styles that were to become elabor- 
ated into even more complex cultural forms and state 
institutions. The emergence of city-states and empires in 
the central Andes is the result of local cultural-ecological 
adjustments of this sort, based on an irrigation agriculture 
that supported growing populations and necessitated Con­
trols in the hands of priests and nobles, with a warrior 
class subservient to the state.

Around 500 bc strong regional styles began to appear in 
the manufacture of utilitarian and luxury goods and public 
buildings. An abundance of large temple mounds, more 
extensive and intricate irrigation networks, cities, roads, 
bridges, reservoirs, and other works calling for mass labour 
and tight Controls characterize this cultural florescence. It 
was capped by the crystallization of class-organized soci­
eties, supported by masses of farm families and conscript 
labour, defended by well-organized and well-disciplined 
troops, catered to by a large number of master craftsmen, 
and ruled and regulated by a class of priests and nobles.

During the last phase of the prehistorie era in the central Imperial 
Andes, which began around a d  1000, regional States came expansion 
to be absorbed into vast empires, the best known of which in the 
was the Inca Empire. The Inca began their expansion central 
in 1438 and completed it in 1532, by which time the Andes 
Spaniards landed on the northern coast of Peru at what is 
now the seaport of Paita. The Inca spread their imperial 
bureaucracy from Ecuador to central Chile and implanted 
their religious beliefs and practices, as well as much of 
their culture and the Quechua language, in the process of 
empire building. Their achievement was cut short by the 
Spanish Conquest under Pizarro, at a time when the Inca 
Empire seemed on the verge of civil war.
Traditional ways of life. Hunters and gatherers. Peoples 

who led a nomadic hunting and gathering life inhabited the 
agriculturally marginal areas of South America and were 
peripheral to the centres of great cultural development.
All of Argentina and the archipelagic zone of Southern 
Chile comprised the habitat of such hunting and gathering 
peoples as the Chono, Alacaluf, and Yämana (Yaghan) of 
Chile, the Ona of the island of Tierra del Fuego, and the 
Tehuelche, Puelche (Guennakin), Charrua, and Querandl 
of mainland Argentina. In the Gran Chaco region were 
the Guaycuruan-speaking Indians, the Abipón, Mataco,
Vilela, and others, who were migratory peoples roaming 
the grassy plains of their small territories in search of rhea, 
guanaco, peccary, and jaguar. In the tropical rain forests 
of Brazil and neighbouring countries, societies that are 
off the mainstreams of diffusion of ideas and technolo­
gies have remained at a hunting and gathering subsistence 
level. Many such peoples became extinct shortly after con­
tact with Europeans, through warfare, enslavement, and 
disease. Others, such as the Guarani Indians of Paraguay, 
made prolonged adjustments to European colonization 
and gradually mixed with the conquerors biologically and 
culturally.

In the tropical forests were the Jlvaro, Yaruro, Makü, and 
many other small societies eking out a livelihood mainly 
by hunting, fishing, and gathering wild plants. They kept 
a wary eye on their more powerful neighbours, the village 
agriculturalists, who coursed the main rivers and their 
tributaries in canoes, searching for food and sometimes 
human heads.
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Distribution of aboriginal South American and circum-Caribbean cultural groups.

The hunting and gathering peoples of aboriginal South 
America were organized into small social units made up 
of a single kin group or of several loosely linked groups 
of relatives. Members of these societies were differentiated 
almost entirely on the basis of their sex and age rather 
than on status characteristics of an economic, military, 
political, or religious nature, as in more complexly orga­
nized social Systems. Behaviour was sanctioned by tribal 
customs that involved kinship rights and obligations and 
constituted the basis of morality. These peoples had very 
similar rites throughout the South American continent 
and similar beliefs in eures and magie. Their technology 
and material culture, though not homogeneous from one 
society to another, was always rudimentary and generally 
lacked agriculture, well-developed building arts, and man- 
ufacturing processes found among other South American 
Indians. They lived in marginal areas, exploiting the lim­
ited natural resources with elementary techniques. This

kept their social units small, widely scattered, and sim­
ply organized.

Tropical-forest farming villages. The agricultural villag­
ers of the tropical forests had more developed exploitative 
techniques than the hunters and gatherers. Farming, food 
storage, and canoe transportation along rivers made for 
greater economic sufficiency and the ability to live in 
larger and more stable units. The forest-dwelling agricul- 
turalists included the bulk of the Arawakan-, Cariban-, 
and Tupian-speaking peoples, such as the coastal Arawak 
proper and those of the Greater Antilles, the Achagua, 
Guahibo, Palicur, and many other societies; the Carib of 
the Guianas, such as the Barama River Carib, the Tau- 
lipang, and the Makushi (Macushi); the Tupians of the 
coast of Brazil, such as the Tupinambä; and inland groups 
among whom were the Mundurukü, Kawaib (Parintintm), 
and their neighbours.

Tropical-forest farming villagers, like hunters and gather-
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ers, had sociocultural units consisting mainly of kin-based 
populations which were structured along lines of age and 
sex, without much in the way of economic, political, or 
religious grounds for social-status differentiation. Social 
Controls were largely based on kinship rights and obliga- 
tions of a moral nature, except in cases of certain military 
activities that were often under the temporary leadership 
of special chiefs. Their richer technology and production 
of agricultural surpluses enabled villages to remain in the 
same place for many years, even though the depletion 
of soils necessitated the periodic reestablishment of new 
villages and the abandonment of older ones. Populations 
were larger and, of course, more concentrated. They were 
supported by a more adequate and dependable food sup­
ply, which included maize (com), beans, squash, manioc, 
and tropical vegetables and fruits, as well as the riches of 
the rivers on which these peoples lived, such as turtles 
and the thousands of turtle eggs harvested annually and 
abundant fish and game. Hunting was important but sub- 
sidiary to agriculture. The rites of these peoples—those 
surrounding birth, puberty, initiation into men’s secret so­
cieties, marriage, and death, and the shamanistic practices 
involved in the supernatural curing of illness—tended to 
be similar throughout the tropical-forest region. Many of 
the rites were similar to those of the simpler hunting and 
gathering peoples.

Chiefdoms o f the northern Andes and the circum- 
Caribbean. In this extensive and geographically varied 
region there existed many peoples who lay in the main 
path of the Spanish conquistadores and who were over- 
whelmed by them. The Spaniards were attracted by the 
abundance of gold Ornaments and religious objects dis- 
played in the native villages and were excessive in their 
search for even greater wealth.
Among the chiefdoms were the Chibcha of highland Ec­

uador (the greatest chiefdom of them all) and the Cocon- 
uco, Pijao, Päez, Puruhä, Cana, and Palta of the northern 
Andes; the Jirajara and their neighbours, the Caquetio, 
Palenque, and Cumanagoto of northern Venezuela; and 
the Arawakan Taino of the Greater Antilles.
Though having a technology similar to that of the tropical- 

forest farming villages and sharing a basic material cul­
ture with them, the chiefdoms of the northem Andes and 
the circum-Caribbean areas had a still more productive 
food complex, which supported much denser populations 
in quite large and permanent villages and towns. Natural 
resources were more varied and abundant in the regions 
that they inhabited, and farming was more productive.

Villages were composed of multikinship groups organized 
on the basis of social strata which had attributed statuses, 
rather than merely on the basis of kinship considerations 
such as age, sex, and the moral obligations these incurred. 
Some social ranks were hereditary, such as chieftainship 
and ritual office. Warfare was of great importance in 
many societies of this type. Participation in military ac­
tivities insured upward social mobility for individuals and 
families and the eventual achievement of membership in 
the topmost strata of the village. War captives were taken 
as drudge servants and for sacrificial victims in religious 
rites. There was a foreshadowing of state institutions in 
the offices of priest, chief, military leaders, and nobles 
and captive slaves. In the chiefdoms, however, these insti­
tutions had not crystallized as they eventually did in the 
Andean kingdoms and empires. A major diagnostic fea­
ture of chiefdoms was their priest-temple-idol complex, a 
ritual organization of a different order of complexity from 
the supematural beliefs and practices of the tropical-forest 
villagers and the hunters and gatherers.

Central Andean irrigation civilizations. First occupied 
by small groups of hunting and gathering peoples who 
filtered southward along the Pacific coast and through 
the highland basins thousands of years ago, the central 
Andes eventually became the seat of the highest form of 
civilization developed in native South America. The ear­
liest archaeological evidence of agriculture in this region 
has a date of 2300 bc, which is probably much later 
than the first domestication of plants. With the spread of 
agricultural knowledge throughout the central Andes, pop­
ulations increased in size and attained more settled and

larger communities. A thousand years before the Spanish 
Conquest, the central Andes had the most developed agri­
cultural and irrigational system in all of South America, 
the densest population south of Mexico, and the most 
efficiënt system of overland transportation in the Western 
Hemisphere. The combination of these features permitted 
the growth of true urban centres, an intricate class system, 
a strongly entrenched bureaucracy, and the extension of 
social Controls over vast areas by means of political, reli­
gious, and military institutions.

Two of the most famous early kingdoms in the central 
Andes were the Tiahuanaco and the Chimü; the former 
spread its culture from what is today highland Bolivia 
northward to the vicinity of Lima and beyond. In the 
north of Peru arose the Chimü kingdom, which expanded 
southward and overlapped the northern extension of the 
Tiahuanaco culture, as the latter’s influence had begun 
to decline. Following these two great cultural spreads and 
military conquests came the expansion of the Inca state. 
When Inca civilization reached imperial proportions it 
controlled the area occupied today by Peru, Ecuador, Bo­
livia, and the northem half of Chile. The expansion of the 
Inca Empire preceded the Spanish Conquest by slightly 
less than 100 years.

All of these imperial States, as well as other smaller ones 
before them, shared a number of characteristics that set 
them apart from the chiefdoms and other peoples. They 
were based on state-controlled irrigation works, which 
made the production of huge agricultural surpluses possi­
ble. These surplus crops were controlled by the emperor 
and apportioned among the state, the church, and the 
populace according to a Standard formula. As a result 
of an abundant food supply and surpluses that could be 
stored against adverse times, population steadily increased. 
There developed a rigidly hereditary class system—with 
the agricultural masses at the bottom and the Inca roy­
al family at the top, with ranks of nobles, chiefs, lesser 
administrators, artisans, and others in between. The state 
waged war for territorial conquest and taxed the defeated 
peoples. It imposed the Inca religion, with its emperor-god 
and hierarchy of deities, its shrines and temples attended 
by priests and sacred virgins, and its ceremonial calendar. 
The Inca were masters of bureaucratie regimentation who 
mied the lives of the commoners through political Controls 
enforced by state machinery and Statute law rather than 
by customary sanctions. Inca institutions overshadowed 
and to some extent replaced the traditional behaviour pat­
terns of the thousands of farming communities that made 
up the empire.
Central Andean technology differed little from that of 

surrounding areas, except in metallurgical skills and in the 
building arts, but it was outstanding in the quality, vari­
ety, and excellence of its products, the most outstanding 
of which were produced for the state and the nobility by 
highly skilled artisans.

Irrigation,
agriculture,
and
bureau­
cracy in 
Andean 
civiliza­
tions

EVOLUTION OF CONTEMPORARY CULTURES
The European conquest. A full appreciation of the force 

and nature of the European conquest of South Amer­
ica must take into consideration postcontact population 
trends among the indigenous societies. Today, there are at 
least as many people of overwhelmingly Indian ancestry 
as there were just prior to the European conquest, but 
the vast majority of these, approximately 7,000,000, live 
in the central Andes and represent a resurgence after a 
marked population decline following the conquest. Else­
where in South America, Indian populations declined rap­
idly after contact with Europeans and, for the most part, 
have not increased appreciably since. This loss of Indian 
populations is related directly to the intensity of European 
exploitation and the density of the native populations in 
question, two principal factors in adjustments during the 
colonial period.

Population decline was heaviest along the South Amer­
ican coastlines and major rivers, where Indian concen­
trations were greatest. Along the coasts of Brazil, the 
Guianas, Venezuela, Colombia, and Ecuador, where Euro­
peans came in great force, the Indians were killed in large 
numbers, died in the course of enslavement, succumbed



366 American Indians

Spanish
influences

Economic
and
religious 
effects of 
European 
influences

to new diseases, or fled into the hinterlands in depleted 
numbers. Conditions were similar along the great river 
Systems, where native populations declined sharply in the 
first decades after coming into contact with Europeans, 
their places being filled in the labour pools of colonial 
society by African slaves, who have made a great contri­
bution to South America’s mixed population.

Indians who survived European intrusions are those small 
communities in the marginal, unattractive areas scarcely 
touched by soldiers and settlers. South of the tropical- 
forest area, in Argentina and Uruguay, where Indian pop­
ulations were small and scattered, the coastal groups were 
again the first to succumb to conquest. In the Gran Chaco, 
resistance to Spanish settlement was fierce and temporar- 
ily successful, but, in time, these Indians were nearly 
wiped out by disease in mission centres and elsewhere, 
and the survivors were absorbed into the gaucho popu­
lation that developed along with Argentine cattle raising. 
In Chile, the Atacama and Diaguita Indians were rapidly 
suppressed and absorbed, as were the northern Araucani- 
ans (Picunche). The Southern Araucanians (Mapuche and 
Huilliche) held out against white subjugation and devel­
oped a military organization to defend their heartland 
until the latter decades of the 19th Century. The southern- 
most groups—the Puelche, Tehuelche, Ona, Vaghan, and 
Alacaluf—have become virtually extinct.
In contrast to the rest of South America, the highland 

populations of the Andes are today larger than at the time 
of conquest. They have maintained great cultural stability, 
have survived epidemics, and continue to live in small 
farming and pastoral communities established centuries 
ago. Their population is steadily and rapidly increasing, 
and there is great population pressure on arable land, 
which constitutes a national problem in Bolivia and Peru.

Effects of colonialism. The kinds of changes induced 
by European conquest varied according to the intensity 
of settlement and exploitation, the density and organiza­
tion of Indian populations, and the ecological adjustments 
made by the conquerors. Three examples of these vari­
ables may serve to indicate general trends.
Peru. Inca culture and society were deeply affected by 

the Spanish Conquest and the intensive settlement that 
followed. Spanish patterns of bureaucratie government re­
placed those of the Inca Empire, land use and ownership 
changed radically, tribute and forced labour threatened 
the agricultural base of the old society, ancient deities 
succumbed to Roman Catholicism, and community and 
domestic life were geared to the demands of the new co­
lonial regime.

Inca agriculture underwent great change through the 
introduction of European crops demanded by Spanish ov- 
erlords. Indians were parcelled out among the settlers as 
tribute producers, menial labourers, and house servants. 
The abuses of exploitation were so great that very quickly 
most of the land was alienated from the Indians, who 
became a large, landless, and rootless population available 
for conscript labour in service of the colony.
The Spaniards imposed the Roman Catholic religion and 

tried to stamp out native beliefs and practices, a work 
of long duration that has not been wholly successful. Al­
though the Inca state religion was totally suppressed with 
relative ease, an almost incalculable number of cults of 
lesser deities persisted in the villages.

The Inca upper classes were most readily assimilated 
into Spanish colonial society, whereas the agricultural 
masses retained much of their traditional culture. The 
native nobles entered the administrative ranks of coloni­
al society and adopted Spanish dress and other customs. 
Artisans, servants, and others in direct contact with the 
settlers also became rapidly acculturated to a colonial way 
of life. Where native communities remained outside the 
main force of the colonial economy and where communal 
land was retained, the traditional culture was preserved 
somewhat intact, with customs of land use, ownership, 
family organization, marriage practices, and some home 
industries surviving into the 20th Century. Villages have 
economic links with the cities through the production of 
marketable crops and may now be considered as peasant 
communities in a national economy.

Chile. The Spaniards conquered the northern half of 
Chile several years after having become established in 
Peru. They brought the Picunche under their control with 
relative ease by 1544 and used them to placer mine gold in 
the rivers, perform agricultural labour on settlers’ farms, 
and build and provide services in colonial towns, cities, 
and military outposts.

In response to the colonists’ demands for more Indian 
labour, Spanish troops attempted to conquer the Southern 
Araucanians, the Mapuche and Huilliche. These Indians 
rebelled against harsh treatment at the hands of the Span­
iards and succeeded in burning all their outposts and 
settlements and driving them north again. The history of 
northern Chile, after that, is one of peaceful colonization 
and the assimilation of the Indian population into a co­
lonial labour force. Mapuche-Huilliche territory, however, 
remained a frontier zone for centuries. The Mapuche and 
Huilliche were placed on reservations after they sued for 
peace in 1884.
Panama. The Choco Indians of the tropical forests of 

Provincia de Darién and nearby Colombia survived the 
Spanish intrusion because they had nothing of value to the 
Europeans and were bypassed. In turn, the Choco were 
not especially warlike and avoided the dangers of contact.
The Choco retained many of their traditional values and 

ways of life into the 20th Century. They emphasize magi­
cal curing, observe age-old marriage practices, and live in 
pole and thatch houses built on pilings along rivers, where 
they have small groves of plantains and also grow manioc, 
cacao, and other tropical crops in jungle Clearings. Most 
Choco have no knowledge of Spanish. They are by no 
means integrated into national life and prefer to live apart 
in the densely forested areas. (L.C.F.)

Andean cultures

Although the Andes mountain chain extends from Vene­
zuela to the Southern tip of the continent, it is convention- 
al to call “Andean” only the people who were once part 
of Tawantinsuyu, the Inca Empire in the Central Andes, 
or those considerably influenced by it. Even so, Andean 
is very wide. It encompasses the peoples of Ecuador, in­
cluding those of the humid coast, many of whose contacts 
were as frequently with maritime peoples, to both north 
and south, as with the peoples of the highlands. Most 
of the populations and civilizations of Bolivia and Peru 
are Andean in a central, nuclear way, and here again are 
included the kingdoms of the irrigated desert coast. The 
peoples who for the past four and a half centuries have 
occupied the northern highlands of Chile and Argentina 
also must be included. (For a description of northern An­
dean peoples, see above Central American and Northern 
Andean cultures.)

CENTRAL ANDES—TRADITIONAL CULTURE PATTERNS
There is a stereotyped image of the Andes showing poverty 
against a background of bleak, unproductive mountains, 
where millions insist, against all apparent logic, on living 
at 10,000 feet (3,000 metres) or more above sea level. 
Nowhere eise have people lived for so many thousands of 
years in such visibly vulnerable circumstances.

Yet, somehow this perception of the Andean peoples 
coexists with another, based on the breathtaking stage 
setting of such archaeological sites as Machu Picchu, the 
majesty of Inca stone palaces at Cuzco or Huänuco Pam­
pa and such Chimü mud-walled cities as Chan Chan, 
the beauty of Andean textiles or ceramics in museums 
the world over, the reported concern of the Inca kings 
for the welfare of their subjects, and the mostly aban­
doned large-scale irrigation works or terraces constructed 
by these peoples.

These two visions of Andean peoples and their accom- 
plishments can be reconciled only if it is recognized that 
what the resources and ecologie potential of an area and 
a people may be depends on what part of these resources 
the people use or are allowed to use by their masters. 
The Andean region was once rieh and produced high 
civilizations because, over millennia, its people developed 
an agriculture, technologies, and social Systems uniquely



American Indians 367

adapted to the very specialized if not unique ecologie con­
ditions in which they lived.
Economic System s. Since 1532, under European rule, 

extractive activities, such as silver, tin, and copper mining, 
for foreign markets have been favoured to the point to 
which Andean agriculture and the ecologie wisdom in han- 
dling productively the extremely high altitudes have been 
gradually devalued and mostly forgotten. The population 
of the Central Andes is both less dense and less urban 
today than it was in 1500. The coastal cities of South 
America, from Guayaquil to Buenos Aires, are filling with 
highlanders who have been convinced by four and a half 
centuries of colonial rule that cultivating at 12,000 feet is 
too strenuous.

Although human occupation began over 20,000 years 
ago, the beginnings of agriculture and population growth 
are much more recent. Within the last 8,000 years a 
specialized desert-and-highland agriculture was developed. 
There are two significant achievements in the Andean 

Andean agricultural endeavour. First, given the wide range of geo- 
agriculture graphic circumstances—-very high mountains in equatori- 

al and tropical latitudes, a 3,000-mile coastal desert, the 
Amazon rain forest to the east—there were thousands of 
quite different ecologie pockets, each with its own micro- 
environment to be understood and exploited. Dozens of 
crops, with literally thousands of varieties, were domesti­
cated; most of them remain unknown outside the Andean 
area. Only the potato has acquired a following elsewhere; 
and only maize (com) and possibly cotton were known in 
the Andean region as well as in the rest of the Americas. 
It is this multiplicity of minutely adapted crops and the 
domestication of the alpaca and the llama that made the 
mountains habitable to millions (the bulk of the popula­
tion in the Central Andes has always lived between 8,000 
and 13,000 feet).
Second, no matter how specialized Andean plants or 

herds may become, the leap from bare survival to dense 
populations and civilizations requires something more. 
The high altitude, with its 200, 250, even 300 frost- 
threatened nights a year, represents a challenge to any 
agricultural system. On the high, cold plains, known in 
the Andes as puna, there are only two seasons: summer 
every day and winter every night. By alternately using the 
freezing temperatures of the nocturnal winter and the hot 
sunshine of the daily tropical summer, Andean peoples 
developed preserves of freeze-dried meat, fish, and mealy 
tubers (charki, chunu) that kept indefinitely and weighed 
much less than the original food. The giant warehouses 
that lined the Inca highways could be filled with these 
preserves and used to feed the engineers planning cities 
and irrigation canals, the bureaucracy, and the army, not 
to mention the royal court, with its thousands of male 
and female retainers.

Political Systems. Even these two technological devel­
opments, however, are not enough to characterize and 
explain the emergence of Andean civilizations. From the 
intimate knowledge of their environmental conditions, the 
people developed a set of values that may have started 
from a desire to minimize risks but that soon was elabor- 
ated into an economic and political ideal. Every Andean 
society—be it a tiny, local ethnic group of 20 to 30 villages 
in a single valley or a large kingdom of 150,000 souls, such 
as the Lupaca—tried to control simultaneously a wide 
variety of ecologie stories up and down the mountainsides; 
some of them were many days’ march from the political 
core of the nation. If the society was small, the outliers 
(herders or salt winners above the core; maize, cotton, or 
coca-leaf cultivators in the warm country below) would be 
only three or four days away. When the political unit grew 
large and could mobilize and maintain several hundred 
young men as colonists, the outliers could be 10 or even 
15 days’ walk away from the core.
The colonies were permanent, not seasonal establish- 

ments. Since more than one highland kingdom or prin- 
cipality would have maize or coca-leaf oases in a given 
coastal or upland Amazonian valley, there would be not 
only competition for their control but also coexistence for 
long periods of time in a single environment of outlying 
colonies sent out by quite different core societies.

The Inca state, or Tawantinsuyu as it was known to its 
own citizens, was perhaps the largest political or military 
enterprise of all. It reached from Carchi in northem Ec­
uador to at least Mendoza in Argentina and Santiago in 
Chile. Its scouts roamed even wider, as recent Chilean 
archaeology has shown. The Incas expanded and project- Inca 
ed on earlier, pre-Incan Solutions and adaptations; in the expansion 
process, many tactics that had worked well on a small­
er scale became inoperative; others were reformulated in 
such ways that their original outline was barely recogniz­
able. For example, they kept an old Andean method of 
creating revenues for their princes, which involved setting 
aside acreage for regional authorities änd demanding from 
the conquered peasantry not tribute in kind but rather 
labour on the field thus set aside. In this way the granary 
of the peasant household was left untouched; the author­
ity took the risk of hail, frost, or drought decreasing its 
own revenues.
The Inca state at its zenith did not breach this tradi­

tion overtly; the local ethnic groups continued to work 
the state’s acreage and owed nothing from their own lar- 
ders. But since the needs of kings kept growing, revenues 
produced on state lands were soon inadequate; acreage 
could be and was expanded through such public works 
as irrigation and terracing. A more tangible way was to 
increase the amount of energy available for state purposes.
For some reasons, still insufficiently understood, the kings 
did not increase productivity by introducing tribute; they 
preferred to magnify on an imperial scale the patterns of 
reciprocal obligations and land use familiär to everyone 
from earlier times.
Beyond the strategie colonies set up on an expanded 

model, the Incas did not interfere too much with life of 
the many local groups that they had incorporated into 
Tawantinsuyu. Most of the cultures that existed in Ecua­
dor, Peru, Bolivia, Argentina, and Chile before the Inca 
expansion can be identified. In fact, because the European 
invasion beginning in 1532 was mostly concerned with 
breaking the resistance of the Inca overlords, frequently 
more is known about the pre-Inca occupants than about 
Cuzco rule. Inca power was broken and decapitated within 
40 years of 1532. The ethnic groups, many of which (like 
the Wanka or the Canari) sided with Europeans against 
the Inca, were still easy to locate and identity in the 18th 
Century. In isolated parts of Ecuador (Saraguro, Otavalo) 
and Bolivia (Chipaya, Macha) this can still be done today.

(J.V.M.)

SOUTHERN ANDES—TRADITIONAL CULTURE PATTERNS
The area commonly referred to as the Southern Andes 
is separated from the Central Andes by a broad band 
of desert covering extreme Southern Peru and northern 
Chile and Argentina. The Southem Andes includes those 
peoples occupying the mountain regions of northeastem 
Argentina and northern and central Chile south to Isla 
Grande de Chiloé. (Tribes farther south are discussed be­
low; see South American nomad cultures.) Generally, it is 
an area of moderate to extreme aridity, with a temper- 
ate climate. Agriculture has been an important feature of 
village life and, in many places, has been sustained by ir­
rigation techniques; however, the agricultural potential— 
limited by the availability of moisture—has always been 
much less than that of Peru.

Prior to the advent of farming, the peoples of the area 
followed a life pattem based on hunting, collecting, or 
fishing, depending upon their geographical location. Cul­
tivation of plants, including corn, was introduced at some 
time after 500 bc, almost certainly diffused to the South­
ern Andes from Peru; and Inca influence finally appeared 
in the latter part of the 15th Century a d . It is known from 
ethnohistoric sources, as well as from the presence of Inca- 
style fortifications and way stations, that the Cuzco gov­
ernment had established its authority over these peoples 
of the south. These Southern tribesmen—the Atacama of 
northern Chile, the Diaguita of northwestem Argentina, 
and others—lived in small, compact towns or villages and 
practiced irrigation farming and llama and alpaca herding.
In general, the cultures of the area may be said to show 
a marginal and somewhat delayed expression of Andean
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civilization. These primary influences were also blended 
with influences from Amazonian cultures by way of the 
Bolivian lowlands. Socially, for instance, the people were 
organized into autonomous villages of related kinship 
groups, much like the tropical forest village farmers and 
not at all like the highly class-stratified imperial Incas; 
war was conventionally waged for human trophies, not 
for territorial conquest. (Ed.)

South American tropical forest cultures

The tribal cultures of South America are so various that 
Problems they cannot be adequately summarized in a brief space.
of The mosaic is baffling in its complexity: the cultures have
generaliza- interpenetrated one another as a result of constant migra- 
tion tory movements and through intertribal relations, leading

to the obliteration of formerly significant differences, and 
to new cultural Systems made up of elements of hetero- 
geneous origin. Hundreds of languages, in very irregulär 
geographic distribution, with innumerable dialects, are or 
have been spoken in the tropical area of South America. 
Thus, only the broadest generalizations can be made; one 
can mention certain cultural manifestations that are pres­
ent in a great number of groups, even though varying in 
their actual expression, and illiistrate them with specific 
examples—but always with the qualification that in a 
neighbouring tribe or group a distinctly contrasting idea 
or institution may exist.

The people The innumerable native peoples differ in their patterns 
of adaptation to their natural environment. Whether they 
live in the rain forest, in the gallery forests lining the 
rivers, in the arid savannas, or in the swamps, however, 
they share a common cultural background; they often 
combine fishing and hunting with rudimentary farming. 
Most are relatively sedentary, but some are nomadic or 
semi-nomadic. Greater differences are sometimes found 
among neighbouring groups living in the same forest than 
between some forest and savanna peoples. And some 
tribes, when migrating to open areas, maintain to a great 
extent the forest characteristics of their culture.
On the banks of the great rivers but also in zones be­

tween the forest and the savanna live tribes who gain 
their subsistence from farming and fishing. Hunters and 
gatherers, almost all of whom also practice some farming, 
have settled near the heads of rivers, in open land, or in 
gallery forests.

Tribes speaking related languages are scattered over a 
large part of the continent. The tribes of the Arawak 
and the Carib linguistic families are most numerous in 
the Guianas (French Guiana, Guyana, Suriname, and the 
adjacent regions of Venezuela and Brazil) as well as in 
other parts of the northern Amazon, but the former have 
representatives as far south as the Chaco and the latter as 
far south as the upper Xingu. The Tup! tribes extend to 
the south of the Amazon valley.

The Ge family includes groups most of which are located 
in the semi-arid lands of central Brazil. In the extreme 
northwest of Brazil and in the jungles of eastern Peru 
and Bolivia live the Pano tribes. The Jivaro of Ecuador 
are famous headhunters. They cut off the enemy’s head, 
separate the soft part from the skull, and, with the help of 
hot sand, reduce it to the size of a fist without altering the 
physiognomy. They attribute great magical power to these 
trophies, or tsantsa.

TRADITIONAL CULTURE PATTERNS
A characteristic feature of the tropical forest cultures is 
their combination of farming with hunting, fishing, and 
gathering. Before the arrival of the white man, the Indians 
of the tropical forest had no domestic animals except the 
dog. These people did not write or erect stone buildings 
as did the Indians of Middle America. They did not form 
States with centralized political organizations. They had 
no castes of warriors or priests. Their Utensils and instru- 
ments were almost all of vegetable or animal origin, since 
in large sections of the area stones for making axes, ar- 
rowheads, and other objects were quite scarce. One finds 
evidence of metalwork only in the regions near the An- 
dean civilizations, although objects of copper and other

metals occasionally found their way across the continent, 
through channels of trade.

Social organization. In almost all of the tropical forest 
area the population density was low, averaging probably 
less than one person per square mile.

Populous centres existed only along the coast and the 
main rivers, particularly the Amazon; the latter, according 
to reports by early white explorers, was fringed with Indian 
villages. For the most part, however, the Indians were dis- 
persed throughout the vast territory in innumerable tribes 
and tribelets. This is why a Classification by languages and 
cultures gives only a vague idea of the complex picture 
of the forest populations. Peoples having the same dialect 
and culture might exist as separate groups, even as ene­
mies. While some Indians considered themselves primarily 
members of their local group, others, like the Xerente 
(Sherenté), gave greater value to a common language and 
culture than to village divisions. But differences in dialect 
and culture often imposed obstacles to the recognition of 
tribal solidarity.

There were no permanent political associations or con- 
federations encompassing tribes of different languages and 
cultures. At most, some tribes might form ephemeral con- 
federations for warfare against a common enemy. Certain 
close relations sometimes existed between groups of di­
verse origin, especially through tribal intermarriage. The 
best known examples are along the Rio Negro in north­
west Brazil, where numerous populations, mostly Arawak 
and Tucano, are united in a vast network of interethnic 
relations. At the headwaters of the Xingu, a complex sys­
tem of intertribal institutions also exists among formerly 
autonomous groups.

Few tropical forest tribes are strictly monogamous. Mar- Marriage 
riage with two or more women is usually restricted, how- customs 
ever, to chiefs and other men of prestige. Polygyny is 
perhaps most accentuated among the Jivaro, where head- 
hunting has killed off many of the men; it frequently takes 
the form of marriage with two or more sisters. Examples 
of polyandry are rare.
The choice of a partner is sometimes limited by the 

division of the tribe into clans and segments to which an 
individual belongs by heredity and within which marriage 
is prohibited. In some cases, for example in the Guianas 
and in the Rio Negro region, the individual must find 
a mate outside his village or even outside his tribe (ex- 
ogamy). The Terena of the southem Mato Grosso divide 
themselves into endogamous groups: the man and wife 
must come from the same group, called by ethnologists a 
moiety. Marriage between cross cousins, that is, between 
children of siblings of different sex, is considered ideal in 
many tribes; that of parallel cousins, children of siblings 
of the same sex, is frequently prohibited.

Kinship groups and household communities are based 
predominantly on the principle of lineage, that is, on rela­
tion through either the male or female line. Communities 
of extended patrilineal families were typical of the Tupl- 
Guaranl. In many Amazon tribes and in others farther 
north, the lineages or groups of lineages are patrilineal 
exogamous clans. Tribes with matrilineal clans, although 
less numerous, can be found throughout South America.
In some tribes the clans number 40 or more, as among 
the Mundurukü; they are generally organized into two 
groups so that the whole tribe comprises two exogamous 
moieties. The dual divisions of the Ge Indians, often not 
related to kinship and marriage, are mainly ceremonial.

The tropical forest cultures do not exhibit much social 
stratification. When there is a servile element, it is nor­
mally made up of ethnic outsiders who do not constitute 
a class as such. War captives may be reduced to slavery, 
as among the northern Carib and Arawak, the Huitoto, 
and the Mundurukü. Among the extinct Tupl of the 
Brazilian coast, slavery was the fate of those destined for 
ritual sacrifice. In many cases, chiefly among the northem 
Carib, slavery has primarily an economie function: the 
captives form a servile group known as peito—the same 
term that is applied to a fiancé during the period in which 
he is obliged to work for his future father-in-law. The 
Rucuyen, a Carib tribe of French Guiana, for some time 
maintained in servitude a great number of the Oyampï,
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their Tupi neighbours. In the northwest Amazon valley, 
Arawak and Tucano tribes hunt and enslave Makü men, 
who are forced to work in their gardens; the Makü women 
and children are used as domestic servants.

A tendency to form a class of nobility has been found 
in many Arawak groups, who not uncommonly impose 
themselves over other tribes by means of intermarriage, 
especially among families of chiefs. In some regions, rel­
atives of chiefs constitute a kind of nobility. In tribes 
divided into clans, it is common to attribute superior sta­
tus to a certain clan or even to scale them in hierarchic 
order. Nevertheless, the local or tribal community is es­
sentially egalitarian.

Education The children leam through play and imitation. Boys ac- 
and quire skill in the use of weapons by practicing with small
socializa- bows or blowguns made by their fathers. Girls leam to 
tion cook in little day pots and to weave on small looms; they

help their mothers in the preparation of manioc flour. 
The young also participate in the general religious life. 
The transmission of moral Standards is rarely of a formal 
nature, and there is little punishment or repression.
The Institution of the couvade is found throughout the 

forest culture. The father of a newborn infant must ob- 
serve a rigorous diet for a week or so after the infant’s 
birth. It is based on the idea of a mystical relation between 
the father and the child.

Puberty rites are often quite elaborate. In many tribes, 
such as the Guarani, the symbol of masculine maturity 
is the labret, an omament wom in a Perforation o f the 
lip; the ritual is preceded by an instmetion period dur­
ing which the boys, isolated from the community, leam 
the religious chants and dances, and it culminates with 
the Perforation of their lower lips. Initiation rites may 
be limited to boys or to girls or may be for both sexes. 
The Initiation of the boys is generally done collectively 
for those who have reached the eve of sexual maturity, 
while that of the girls is normally held individually on the 
occasion of the first menstruation.
In many of the Indian cultures these rites take a cen­

tral position among other important ceremonies such as 
funerals and fertility rites. In the Guianas and the north­
west Amazon region, the initiation of the boys is very 
complex. The Yurupary celebration inducts the boys into 
the secret society of mature men. Special rites are re­
vealed to them; they are shown the sacred trumpets or the 
masks representing ancestral spirits. They are subjected to 
violent whippings, which they must tolerate without the 
least expression of pain. In the Guianas, the ritual torture 
consists of the stings of hornets or the bites of poisonous 
ants. The girls’ initiation, generally more developed in 
the Amazon area near the Andes, is also frequently ac- 
companied by difficult tests. Among the Tikuna (Tucuna) 
and other Amazonian groups, all the hair of the girl is 
pulled out; its regrowth symbolizes the emergence of a 
new adult personality.
The initiation of the boys assumes great importance in 

the social structure of some Ge groups of central Brazil, 
whose complex of rites begins at ten years of age and con- 
tinues in cycles until 20. In one such tribe, the Xerente, 
candidates spend three years isolated from community life 
preparing themselves for manhood. In these Ge groups, 
those who have been initiated together form a distinct set 
of persons who feel united the rest of their lives.

Economic S y stem s. Most of the tropical forest Indians 
are neither entirely sedentary nor entirely nomadic. Some 
wandeling bands do not remain in the same place for 
more than a few days. Some farming populations are more 
or less attached to the earth. But even the latter make 
seasonal moves, especially those in semi-arid regions. The 
semi-nomadic tribes live in villages during the rainy sea­
son and go hunting in dry spells—e.g., the Xavante and 
other Ge—or break up into little bands for gathering, as 
do the Nambikwara (Nambicuara). The Karajä (Carajä) 
of the Araguaia build their villages in rows of houses on 
high ground near the river, but in the dry season they 
move down to the long beaches. Most of the villages of 
the tropical forest farmers are not permanent; after some 
years they have to move because of soil exhaustion. 

Housing While the bands of gatherers rarely exceed a few dozen

individuals, the farmers’ villages have been known to in­
clude as many as 2,000. As a rule they are much smaller, 
dividing whenever the population becomes too large. A 
characteristic arrangement is the circular village of houses 
placed around a central plaza. This is found, for example, 
in the upper Xingu, in various Ge tribes, and among 
the Bororo of the Mato Grosso. The plan of the Bororo 
village, like that of the Ge, is a real map of the social 
structure. Each household represents a particular segment 
of the local group, such as an extended family or a patri­
lineal or matrilineal clan. The centre of the plaza is often 
occupied by the men’s house, where the men spend the 
night and the greater part of the day, and which is at times 
the locus of ceremonial activities.
The house reflects the economic organization and social 

structure. Designs range from the simple shelter of the 
Guayakl and the wind sereens of the Nambikwara up to 
large communal houses containing 200 or more individ­
uals, even the entire tribe. The latter, known as malocas, 
have been found in the Guianas, northwestem Amazonia, 
and in some regions farther to the south in the area of 
the Purus and the Guaporé rivers. The Tupinamba houses 
are reported to have measured up to 20 metres in length.
Houses on piles are found in marshy and swampy loca- 
tions, för example among the Warao (Warrau) and other 
Indians of Venezuela but sometimes also among tribes 
that inhabit dry lands and savannas. The Mura, who live 
on the Madeira and Purus rivers, and the Guato of the 
upper Paraguay River, who spend a good part of the 
year on rivers and lagoons, fishing and hunting aquatic 
animals, have made their canoes into dwellings. At other 
times they live in small shacks at the water’s edge.

Most houses are made of rough wood, covered with palm 
leaves or grass. The great circular malocas with conical 
roofs in southeastern Venezuela merit special attention 
for their size and solidity. Although there are no walls in 
the malocas, the space is customarily divided according to 
social distinctions, giving a specific place to each family 
and sometimes even to each of its members. The furniture 
is very rudimentary. Some Indians sleep on mats or on 
platform beds, but more of them use hammocks which 
are found throughout the tropical region.
A great variety of economic Systems is found in the 

tropical forest. The tribes cannot accurately be classified 
as hunters and gatherers on the one hand or as farmers 
on the other. The differences lie in the emphasis given 
to agriculture rather than in the presence or lack of it.
The Guayaki of the forests of eastern Paraguay are one 
of the few tribes without any agriculture; they feed on 
wild honey and larvae, catch fish with arrows, and hunt 
jaguars and armadillos. The Sirionó of Bolivia and most 
of the Makü (a denomination that comprises rather het- 
erogeneous Amazonian groups) are nomads who hunt, 
fish, and gather. A few Makü groups, however, influenced 
by their neighbours, have become more or less sedentary 
farmers. The same holds for the Shirianä and Waica of 
the Orinoco-Amazon headwaters.

The crops are chiefly bitter manioc as well as other tu- Production 
bers and roots, and, in the western regions, maize (corn). and 
Some Ge tribes grow mainly sweet potatoes and yams. technology 
The forest is cleared by felling the trees (the stone axe has 
now been everywhere replaced by the iron axe) and, when 
the underbrush is dry, setting fire to it. The same plot 
is used for several (but never more than six) eonsecutive 
crops and then left fallow for several years until it is cov­
ered by new Vegetation. The group must therefore move 
periodically. The slash-and-burn system does not, except 
in the more fertile lowlands, permit the growth of dense 
populations. It does, however, provide a seasonal food sur­
plus that might in many cases, considering the available 
techniques, be increased. But the Indian has no incentive 
to store up goods in a generally egalitarian society, since 
goods are not a source of prestige.
The tropical forest Indians are highly inventive. They 

have developed many types of harpoons, arrows, traps, 
snares, and blowguns. In fishing they employ a variety of 
drugs that stun or kill the fish without making them ined- 
ible. The bow and arrow are today known everywhere; 
in some Amazon regions they have replaced the spear
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thrower, a device still in use in certain western tribes. 
The bow and arrow are the principal weapons of warfare, 
although some groups fight with clubs and lances.

The techniques of basketry have a wealth of variations, 
mainly in the Guianas, the northwest Amazon region, and 
among the Ge peoples. Along with many kinds of baskets 
and hampers, these folk plait sifters, traps, fans, mats, and 
other household articles out of palm leaves and shafts of 
taquara, or bamboo.
The potter’s wheel was traditionally unknown, but coiled 

ceramics reached a high degree of development, particu­
larly among the Arawak and Pano tribes. Among nomadic 
groups pottery is either nonexistent or very rudimentary; 
instead, the nomads use gourds, calabashes, baskets, and 
fibre pouches.

Spinning and weaving, though well-known, remain at an 
elementary level since most tropical forest Indians, instead 
of dressing, prefer to paint the body and to embellish it 
with all sorts of adornments. From cotton, growing wild 
or planted, they make tunics, as well as beits of various 
types, skirts, and particularly hammocks. They use simple 
spindles, which they whirl like tops. The most common 
loom is the heddle loom: the threads of the weft, sepa­
rated by heddles, are wound around a vertical frame. In 
regions close to the Andes, especially in eastern Bolivia, 
the Indians make cloth of beaten bark.

The roots of the manioc or cassava plant is a staple of 
the Indian diet, and its processing requires a number of 
implements including baskets and sifters, graters made of 
planks with little stones embedded in them, the tipiti (a 
plaited cylinder used to squeeze the prussic acid from the 
grated pulp), great clay pots for preparing the flour, and 
earthen fryers for making flat cakes.

Land is generally owned by the group occupying or ex­
ploiting it—a band, a village, or a clan—and parcelled 
out to families or other small units for hunting, fishing, or 
planting. Collective tribal land or territory exists only in 
rare cases, when the solidarity between the various groups 
of a people is particularly strong. There are rigorous norms 
for the distribution of game among the hunter’s family 
and among other families tö which he is associated by 
certain ties; the hunter himself may receive a rather small 
share. Cleared land almost always belongs to the family 
using it, but when necessary others may have access to its 
products. Generosity is greatly valued: the generous per­
son is good, the miser bad. This also holds for intertribal 
relations, when gifts are exchanged on the occasion of 
visits or celebrations.

Weapons and household Utensils are the property of indi­
vidual men and women, but canoes and other objects used 
collectively are not. Body adornments generally belong to 
the wearer. Intangible property may belong to the clan or 
other social unit, but it may also be individually owned, 
as in the case of the name or ritual functions among Ge 
tribes, and magical-religious chants among the Guarani.

Brisk trade among tribes is carried on in parts of the 
Guianas, in northwest Amazonia, and in upper Xingu. 
Indians of the upper Orinoco export urucu, a red dye, 
to groups living downriver. The Arawak frequently trade 
ceramic wares produced by their women; they also supply 
blowguns in exchange for poisonous curare and harter 
manioc graters. Carib tribes often trade cotton products. 
Some groups specialize in the manufacture of canoes, 
which are much in demand by neighbouring groups. The 
most complex trading system is that of the upper Xingu; 
it includes a dozen tribes, each with its own products. 
Cömmerce contributes significantly toward reducing cul­
tural differences among the tribes, the more so because it 
is accompanied at times by ceremonial activities through 
which religious ideas and practices, as well as elements of 
social organization, are transmitted.

Belief and aesthetic Systems. The jungle Indians be- 
lieve that their well-being depends on being able to control 
innumerable supematural powers, which in personal or 
impersonal form permeate or inhabit objects, living be­
ings, and nature in general. Through shamanistic rites or 
collective ceremonies, man must encourage and maintain 
his harmonious integration in the universe, controlling the 
forces that govem it; their beneficial or harmful effects

are largely determined by human action. In most of the 
cultures, magical measures and precautions are more im­
portant than the religious cult as such. The strength and 
health of the body, the normal growth of children, the 
capacity to procreate, and even psychic qualities are ob­
tained by magical means. For the individual these means 
may include the Perforation of the lips, nasal septum, or 
ear lobes, the painting of the body, and the use of various 
adornments. A little stick passed through the nasal sep­
tum, such as that used by the Pawumwa of the Guaporé 
River, prevents sickness. The hunter or fisherman, in or­
der to be successful and not to be panema (unlucky), as 
they say in many Amazonian regions, takes precautions 
such as scarring his arms or abstaining from certain foods. 
The magical devices of the hunter, the fisherman, and the 
warrior are considered much more important than their 
ability. Arrows must be treated by rubbing with a certain 
drug, since their magical attributes are believed to be more 
effective than their technical properties.
Stimulants and narcotics are of great importance in the 

magie and religious practices of most tropical forest Indi­
ans. Secular use of drugs is much rarer. Tobacco is known 
by almost all tribes. The Tupinamba shaman fumigates 
his rattle with tobacco, which he believes contains an 
animating principle that confers on the rattle the faculty 
of “speaking,” that is, of revealing the future. Alcoholic 
beverages, consumed mainly in religious festivals, are ob­
tained by fermentation of manioc, corn, and other plants. 
They are unknown among the Ge, in the upper Xingu, 
and in some regions of Bolivia and Ecuador. Coca leaves 
are chewed, especially in the sub-Andean regions. Infusion 
of maté is taken in the Paraguay area, as well as by the 
Jivaro and other groups of Ecuador. Hallucinogens are 
used mainly in the Amazon-Orinoco area; they include 
species of Banisteriopsis (a tropical liana), from which is 
made a potion that produces visions. In certain tribes the 
use of this drug is restricted to shamanistic practices; in 
others, as in the Uaupés River area, it is an essential ele­
ment in religious festivals in which the community revives 
its mythic tradition. Other narcotics in ritua! use, among 
them the yopo, or paried (Piptadenia), known among 
many northern groups, are often breathed in the form of 
snuff, which partners blow into one another’s nostrils; the 
Omagua of the upper Amazon used it as an enema.

Some magical practices are reserved for the shaman, who 
acquires his status by natural endowment, by inspiration, 
by apprenticeship, or by painful initiation. The shaman 
may practice medicine, perform magie rites, and lead re­
ligious ceremonies. Rarely, however, is he a priest in the 
usual sense of the term. In many groups his influence is 
superior to that of the political chief; in some, as among 
the Guarani, the two roles may coincide. Not uncom- 
morily, his influence continues even after his death: in 
the Guianas and elsewhere, his soul becomes an auxiliary 
spirit of his living colleagues, helping them in their curing 
practices and in the control of harmful spirits; among the 
Rucuyen, the bodies of common individuals were cre- 
mated, while that of the shaman was kept in a special 
place so that his soul might live on.

In curing the sick, the shaman must remove the object 
causing the sickness: a small stone, a leaf, an insect, any 
substance that has been sent through the black magie of an 
evildoér. The eure consists of massages, suction, blowing, 
and fumigation. If the illness comes from loss of the soul, 
the shaman must search for and recover it. If it comes 
from a bad spirit, he tries to overcome the évil influence 
with the help of one or more auxiliary spirits.
The soul has its seat in the bones, the heart, the wrist, or 

in other parts of the body. Some Indians believe that two 
or more souls are respönsible for various vital functions. 
One finds also the idea of a purely spiritual soul. The 
Guarani believe that man has an animal soul governing 
his temperament and his instinctive reactions but that he 
also has a second, spiritual one, sent by a divinity at the 
moment of conception. Thanks to his second soul, man 
thinks, speaks, and is capable of noble sentiments. After 
death this second soul returns to live among the gods, 
while the other soul wanders the Earth as ä ghost menac- 
ing the living.

Magie

The
shaman as 
healer



American Indians 371

Nature is believed to be peopled by demons and spirits 
that are beneficial or malevolent, depending on man’s 
behaviour. Besides the soul that gives life to every living 
thing, many plants and animals have a “mother” or “mas­
ter,” as do manioc, maize, and game animals.
The mythology of almost all tribes includes a creator 

of the universe and of man. This creator seldom sustains 
interest in his handiwork, and thus there is usually no cult 
attached to him. Social institutions, customs, knowledge, 
techniques, and cultivated plants are deeds or gifts of a 
culture hero or a pair of them, sometimes twin brothers 
who may represent the Sun and Moon. A number of 
myths are told about these figures; sometimes the pair 
consists of a hero and a trickster who opposes him.
Ceremonial practices vary, depending on the tribe and 

its way of life. Some great collective ceremonies have been 
associated with war, as among the northern Carib and 
the coastal Tupl, both famous for cannibalism, and the 
headhunting Mundurukü and Jivaro. Ceremonies are of­
ten believed to be indispensable for regulating the course 
of the Sun and the Moon, the sequence of the seasons, the 
fertility of plants, the procreation óf animals, and the very 
continuity of human life. Their objective may also be to 
commune with the dead or with mythical ancestors; when 
they are connected with the disposal of the dead, they are 
at the same time passage rites, by means of which the 
spirits of the dead are made harmless. Among the Guar­
ani, most religious ceremonies mean profound spiritual 
communion with the gods.
Corpses are commonly disposed of by ground burial 

within ör without the house. Urn burial has also been 
known, especially among Tupl groups; some groups have 
been known to unearth bones, clean them, and then rebury 
them. The Tarariu (Tarairiu) of northeastem Brazil and 
some Pano broiled the flesh of their dead and mixed the 
pulverized bones and hair with water or with a manioc- 
base beverage that they drank. Tribes of the Caribbean 
coast, after drying the body by fire, allowed it to decom- 
pose and later added the powder to a drink. In other 
northern regions, one still finds the custom of cremating 
the cadaver and consuming the charred and crushed bones 
in a banana mush.

Aesthetic Artistic efforts are most commonly applied to decoration,
expression whether of the human body, objects of practical or ritual 

use, or even houses. The most common body adornments 
are paint and feather omaments. Tattooing has also been 
practiced, especially among the Mundurukü and many 
Arawak tribes. Magical and religious ideas are usually 
expressed in these adornments. The Carib tribes of the 
Guianas and some Tupi were outstanding in featherwork. 
The plumed mantles of the Tupinamba, the delicate and 
elaborate adornments of the Caapor of Maranhäo state, 
and the rich and varied ones of the Mundumkü are 
much celebrated.
The design of omaments is almost always geometrical, 

with characteristic patterns for particular tribes; the styles 
vary with the cultural areas.

Masks, generally used in ceremonial dances, are restricted 
to the tribes of certain areas: the Cägaba of northern 
Colombia, the Tikuna and others of the northwestem 
Amazon, the Tucuna and their neighbours of the upper 
Amazon, the Guartegaya and Amniapé (Amniepe) of the 
upper Madeira, the tribes of the upper Xingu, the Karajä 
and the Tapirapé of the Araguaia River area, some Ge 
of central Brazil, and the Chiriguano of Southern Bolivia. 
The masks represent the spirits of plants, fish, and other 
animals, as well as mythical heroes and divinities. They 
are highly stylized in form but, on occasion, naturalistic 
in expression.

The Waurä women of the upper Xingu are famous for 
their pots and animal-shaped bowls. Of the historie tribes, 
the Tapajó of the Amazon had the richest style in ce- 
ramics, excelled only by the archaeological remains of the 
Ilha de Marajó. Among some groups in the Guianas and 
western Amazonia, artistic activity includes wood carving.

MODERN DEVELOPMENTS
The great majority of the Indian groups are closed soci­
eties, despite intense intertribal relations in certain areas.

They lack institutions that would enable them to become Disruption 
part of a larger, all-embracing, and technologically supe- and crisis 
rior society. Their relations with the whites have placed 
them in a Situation of dependency that usually ends 
with their breaking up. The white man’s prohibition of 
warfare, headhunting, cannibalism, polygamy, and other 
institutions that have profound meaning in tribal life sets 
in motion a process of social disorganization. In addi­
tion, numerous tribes have been extinguished by violent 
destruction, slavery, the loss of lands required for subsis­
tence, epidemics, and by marriage with whites and blacks.
Innovations introduced by the whites often have harm­
ful effects: e.g., iron Utensils, which not only subject the 
Indians to those who supply them but also change the 
traditional division of labour in tribal society, and cloth­
ing, which alters personal hygiene and makes its wearers 
susceptible to new diseases.
Contact with the white man creates a profound crisis for 

the tribal leadership. Either the chief of the group is de- 
prived of his authority, since the conditions for realizing 
the values essential to tribal life no longer exist, or he 
becomes despotic and a tooi of the whites, using his power 
to benefit himself at the expense of his community.

Agricultural tribes are sometimes able to adapt to the 
new conditions for a time by trading their products, esr 
pecially manioc flour. The sale of products such as fur 
skins, babassu nuts, copaiva oils, and carnauba wax helps 
in certain cases, as with the Tenetehara of Maranhäo 
state, to maintain economie stability without breaking up 
the community organization. This is impossible, however, 
when the Indian undertakes to collect rubber for commer­
cial firms, sirice this obliges the tribe to split into family 
units and to spread over vast areas; the result is an enor- 
mous cultural impoverishment. The transformation of the 
Indian into a labourer has generally led to the rupture of 
tribal bonds, much misery, and the disappearance of the 
tribes as ethnic entities.

There have been cases in which the Indian successfully 
integrated into the regional economie system as a paid 
worker or even as an independent producer. The Terena, 
an Arawak group of southem Mato Grosso, work on cat­
tle breeding farms, an activity they learned long ago while 
vässals of the Guaycurü, who had become horse breeders 
after the Spanish conquest. The Goajiro of Colombia, an­
other Arawak group, own great herds of cattle.

The disruption and crisis that follow inevitably upon 
contact with the whites are, however, less serious when the 
Indian has had earlier contact with a hybrid population 
carrying a cultural system that already incorporates many 
of the elements of civilization. These mixed cultures, such 
as those on the Brazilian-Paraguayan frontier and in some 
parts of Maranhäo state, act as a kind of sieve between 
the system of tribal life and that of the white in vader. In 
the past such cultures took numerous Solutions, especially 
of an adaptive kind, from the Indian culture, helping to 
give the Indian a feeling of worth when facing the in­
vader. Today he no longer has this privilege, since the 
hybrid cultures already possess whatever Indian elements 
they can use.

The cultural crisis the Indians undergo in contact with Messianic 
the whites has brought about sporadic messianic out- movements 
breaks. Since the Indians face a problem for which there 
often seems to be no solution, they may appeal to the 
supernatural and wait for a miracle to happen. They hope 
for a return to the “lost paradise,” that is, to the old life 
without the white man, whose expulsion or destruction 
may be part of the miracle. At the same time they want 
to avail themselves of sóme of the advantages of civilized 
life. Insofar as civilization seems an ideal impossible to 
realize without reeourse to supematural aid, because of 
the Indian’s economie and social inferiority, the messianic 
miracle in many cases takes the form of a social and cul­
tural revolution: in the new era the Indian will dominate 
over the white man and will have all those things in the 
civilized world that to him symbolize superior status.
In certain regions of the tropical forest these movements 

appear from time to time. Along the Rio Negro in north­
west Brazil, there have been several messiahs since the end 
of the 19th Century. These leaders combined elements of
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their tribal religion with teachings and rites of Christian 
origin, although the predominant note was always hos­
tility to the whites. Such movements have also occurred 
among the Tikuna of the upper Amazon; in one in 1956 
the leaders proclaimed, among other things, that a city 
would appear suddenly in the middle of the forest, lighted 
by electricity and providing all the comforts of modern 
civilization. In 1963 the Canela, a Ge tribe of Maranhäo 
state, had a messianic movement announcing that, when 
the new day came, the civilized people would be obliged 
to live in the forest or in the savanna, hunting with bow 
and arrow, while the Indians would become rieh farmers. 
In this, as in other cases, the miracle was to be brought 
about by the great hero of tribal myth. The Guarani of 
Paraguay and adjacent Brazilian regions are most famous 
for their frequent messianic movements, the fundamental 
myth of which is that a cataclysm will destroy the world 
and the Indian will find salvation in a distant paradise 
called the Land Without Evils. Probably the messianic 
tradition of the Guarani dates from before the coming of 
the whites, but it seems to have undergone great expan­
sion since then.

(Eg.S.)

South American nomad cultures

In the past, South American nomadic hunters, gatherers, 
and fishers could be found all the way from Cape Horn 
to the Orinoco River in northern South America. The 
most variable groups were found in the southem half of 
the continent, occupying a variety of habitats and ex­
ploiting differing resources. With the technology known 
to them, food production was low, the population sparse, 
the social organization simple. Constant movement within 
prescribed territories prevented large permanent villages 
or the accumulation of material wealth.

TRADITIONAL CULTURE PATTERNS

Types of South American nomads. Shellfish gatherers. 
In the south, the Chono, Alacaluf, and Yaghan Indians 
occupied the whole Chilean archipelago down to Cape 
Horn. This is a mgged terrain of islands and fjords with 
heavy rainfall, an average winter temperature of 32° F (0° 
C), and an average summer temperature of 50° F (10° C). 
The dense forests make land travel extremely difficult and 
horticulture impracticable. The area is poor in game, fish, 
and edible plants. The archipelagic tribes thus depended 
on shellfish and seals or whales that had been stranded on 
the beaches. Travel was almost entirely by canoe.

Hunters and gatherers o f the steppes and plains. The 
large area of the steppes and plains extends from Tierra 
del Fuego, in the south, through Patagonia, to the Pampas 
of northern Argentina and Uruguay. The Ona occupied 
the islands of Tierra del Fuego. The brush-covered, semi­
arid Patagonian plateau was the home of the Tehuelche, 
while the Puelche and Querandi inhabited the flat grassy 
Pampas. The Charrüa lived in the grasslands north of the 
Rio de la Plata. In aboriginal times, these people practiced 
no agriculture and had no domesticated animals, with 
the possible exception of the dog. Throughout the region 
the tribal groups depended on hunting guanaco, rhea (the 
South American östlich), and smaller animals and on 
gathering some roots and herbs. The population was one 
of the sparsest in South America.

Hunters, gatherers, and fishermen o f the Gran Chaco. 
The Gran Chaco extends northward from the grasslands 
of the Pampas to Paraguay and Southern Mato Grosso in 
Brazil. It is an arid region covered with drought-resisting 
Vegetation. The area is drained by the Paraguay River and 
its western tributaries, such as the Pilcomayo, Bermejo, 
and Salado rivers, that originate in the Andean foothills. 
During the summer months the Chaco experiences the 
highest temperatures in South America.
The people subsisted on plant food, supplemented near 

the rivers by fish at certain times of the year. The plant 
foods were supplied by such pod-bearing thorny bushes as 
the algarrobo and by many local trees. Some wild rice was 
also available. Honey and larvae were also eaten. In the 
southeastern part, guanaco and rhea were hunted. On the

whole, however, the people depended primarily on plant 
foods, in contrast to the nomads to the south, who were 
essentially hunters.

In aboriginal times all the nomadic peoples of the Chaco 
travelled on foot or, in some cases, in canoes. The horse 
was introduced into the Chaco after the Spanish con­
quest, and its adoption by some tribes had far-reaching 
consequences in the area. It is convenient to separate 
the Chaco tribes of historie times into foot Indians and 
horsemen. Among the foot Indians were such groupings 
as the Zamuco, of the northeast, and the Mataco, of the 
central Chaco. Each such grouping consisted of a number 
of tribes. The mounted bands, who spoke Guaycuruan, 
consisted of such groups as the Abipón, Mocovi, and Ca- 
duveo (Mbayä, or Guaycurü).
Forest hunters and gatherers. North of the Chaco, the 

country merges gradually into the tropical forest zone, 
particularly in thé western section of Bolivia. In Brazil the 
forest zone comprises columns of forests on both banks 
of the major rivers. There are also island forests—large 
patches of forest standing on a plain or plateau, evident- 
ly supplied by springs that flow the year round. Typical 
nomadic tribes in this area were the Siriono of eastern Bo­
livia and the Nambikwara (Nambicuara) of Mato Grosso, 
Brazil, and the Guayaki of eastern Paraguay.
Aquatic nomads. In the marshes of the upper Paraguay 

River in Brazil an unusual tribe of Indians, called the Gua- 
tó, lived most of their lives in canoes, fishing and hunting 
cayman and other aquatic animals. They built temporary 
shelters on small islands that stood slightly above flood 
level. There are also other aquatic nomads in the north of 
South America and in the Caribbean.

Economic system. Because of their nomadic habits, all 
the hunters and gatherers had very little in the way of 
such material equipment as weapons, textiles, clothing, 
omaments, and buildings. Their technical processes were 
very simple and appear to have been invented long ago.
Shelter was provided by caves if available. In the cold- 

er climate of the south, the archipelagic tribes of Chile 
and the nomads of the Chaco made domed huts of bent 
poles covered with bark, skins, or brush. When the people 
moved on they left the frame for others to use, taking 
only the skin coverings with them. The Patagonians made 
a skin-covered hut known as the toldo. The Yaghan used 
a conical têpee-like shelter or a double lean-tö. The Nam­
bikwara used a lean-to in the dry season or camped under 
trees, sleeping on fire-warmed ground. During the rainy 
season a larger double lean-to was used. There were no 
permanent settlements, although people sometimes gath­
ered together to perform ceremonies and to feast when 
food was plentiful.
The forest hunters, such as the Sirionó and Nambikwara, 

wore no clothing. The southem nomads wore skin robes 
and emde moccasins. There was no sewn clothing. Ear- 
plugs, nose plugs, and lip plugs were widely used, except 
by the archipelagic people. Featherwork, armbands and 
leg bands, necklaces, and body painting were common in 
many areas. Some of these omaments were used to dis­
tinguish bands or lineages and other groupings, but they 
were not used as status symbols.

Finger weaving of yarn spun from native cotton and 
palm frond fibres was practiced in the Chaco and among 
the Sirionó and Guató. The heddle loom, a later develop­
ment, was known among the Siriono, Nambikwara, and 
Chono. Long strips of fabric were woven for making arm­
bands and leg bands and other decorations. Netting was 
used for making fishnets and bags for the transportation 
of goods, particularly in the Chaco.

Pottery was known to some of the nomads but was little 
used because pots were difficult to transport. Coiled basket­
ry was widely used by the nomads. In the Chaco, twilled 
baskets made from palm fronds were used at campsites 
and abandoned when the people moved on. The Patago­
nian and Pampean hunters used containers made of skins.
Two methods of making fire were widespread. The first 

involved a spark with flint on iron pyrite. A later technique 
involved twirling a hardwood pointed stick in a socket iri 
softer wood: dried pith was then placed around the drill, 
and by gently blowing on the spark the pith ignited. Meat

Housing
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Weapons

and fish were eooked by placing them directly on coals 
or putting them into earth ovens, lined with heated stones 
and covered with earth and coals. The Chono boiled food 
by placing heated stones in tightly woven baskets. The 
hunting and fishing people used no salt, but the Chaco 
tribes, who depended primarily on plant food, traded for 
salt with the highland people. Some of the forest nomads 
used ashes in place of salt.

Bows and arrows were used by all the nomads. Among 
the Patagonian and Pampean hunters, however, there is 
archaeological evidence to suggest that the bow and ar- 
row was preceded by the bola. Before the introduction 
of the horse, guanaco and rhea were hunted by stalking, 
the hunter throwing the bolas around the neck or legs 
of the game. Bolas were made by attaching stone weights 
to two or three short cords that, in tum, were fastened 
to a longer lasso. With the coming of the horse after the 
Spanish conquest, the bolas became very important, for 
from horseback they could be easily swung to ensnare 
guanaco, rhea, wild cattle, and other large game. Among 
the Patagonians, Pampeans, and inhabitants of parts of 
the Chaco, it became the principal hunting device. Spears 
and the atlatl, or spear thrower, were used to some extent.
Among the forest nomads, such as the Sirionó and Nam­

bikwara, the principal weapon for hunting and fishing was 
the longbow, which was six feet in length. The barbed 
arrows were from five to eight feet long. Because they had 
no canoes, both shot fish from the banks of a stream.
Among the archipelagic tribes of Southern Chile it was 

predominantly the women who gathered shellfish on the 
beaches at low tide and who, from bark canoes, dived 
with a shell blade and a basket held in their teeth. The 
shellfish gatherers were careful not to exhaust the supply 
in one area. These people also always carried a fire on a 
clay platform in their canoes, both for warmth and for 
roasting shellfish over the coals. The men hunted cormo- 
rants, penguins, Steamer ducks, petrels, and other marine 
birds at night with torches while they roosted, and clubbed 
them to death. Ducks and geese were lured by decoys, 
then captured with pole snares.

Seals and sea lions were harpooned in the water or 
clubbed on shore. Porpoises and sick whales were har­
pooned. Whale hunting was a cooperative enterprise in­
volving many men, who risked their lives in flimsy bark 
canoes. Fish were sometimes found in shallows or in 
pools at low tide and, with the help of dogs, were driven 
into nets. Because the Indians had no knowledge of food 
preservation, they had to be constantly on the move to 
provide for their food supply.

Social organization. The typical organization among 
nomadic hunters, gatherers, and fishers was the band, 
which, depending on the resources, could be large or 
very small. Low productivity and the lack of developed 
transportation prevented the accumulation of a surplus to 
maintain permanent communities. There were no social 
or occupational specialists; every family produced its own 
equipment. Despite these general similarities there was 
wide diversity in social structure depending on the meth­
ods of obtaining food.

Among the Chono, Alacaluf, and Yaghan of the Chi­
lean archipelago, the natives were dispersed in elementary 
family units of father, mother, and children with perhaps 
an elder or two. These small family bands, if they can be 
so called, moved from one beach to another. There were 
no permanent territorial claims to shellfish beds, although 
individual families repelled others while they were using 
a particular shellfish bed. Sometimes close relatives or 
friends would move together briefly; and at times a num­
ber of families would gather together to feast on a stranded 
whale or join in hunting seals or seal lions. The family 
was also the economic unit among the Guató and, during 
the dry season, among the Nambikwara. This, of course, 
does not mean that the people did not visit relatives when 
circumstances permitted or when certain religious and 
ceremonial activities demanded.
Multifamily bands. The hunting of guanaco and rhea 

among the eastern Yaghan and Ona and among the Pa­
tagonian and Pampean tribes was more productive when 
carried out cooperatively by a number of families banded

together. Such bands numbered from 40 to 100 persons 
and had defined hunting territories, which the men de- 
fended against trespass. Chieftainship does not appear to 
have been hereditary but was ceded to a leader able in set* 
tling both internal disputes and conflicts between bands.

Composite bands. With the introduction of horses and 
cattle, a great change took place in the band organization. 
Horse nomadism permitted greater mobility, new tech­
niques of hunting, and much larger bands. The former 
foot hunters joined into bands ranging from 500 to 1,000 
persons. They roamed over ill-defined areas hunting wild 
cattle and raiding Spanish settlements and other Indians 
lacking horses. Each of these bands consisted of a number 
of lineages under a leader of proven ability; a strong leader 
might attract a huge following, including members drawn 
away from other bands. Warfare between bands increased 
because of uncertäinties over rights to territory.

The Southern hunters of Patagonia and the Pampas were 
patrilineal (descent was reckoned in the male line) and 
patrilocal (a wife resided with her husband’s lineage and 
band).

Forest nomads, such as the Guayaki and Sirionó, on the 
other hand, were matrilineal and matrilocal; that is, an in­
dividual traced his ancestry through his mother’s lineage, 
and a man went to live with his wife’s band. Matrilineal 
descent and matrilocal residence were associated with the 
importance of women in collecting wild plant foods.

Although little is known about the social structure of 
the Chaco tribes in aboriginal times, there appears to 
have been a contrast between the peoples of the dry 
western area and the wetter eastern area. Because the 
people in the west depended on water holes, they were 
forced to shift camp frequently as holes dried up. The 
groups nevertheless seem to have claimed territorial rights 
to gathering, fishing, and hunting areas. With the arrival 
of the Spaniards and an increase in warfare, the author­
ity of the chiefs was strengthened, although chieftainship 
was rarely hereditary. In the eastern Chaco, on the other 
hand, the presence of fish runs in the larger rivers and 
the practice of fairly productive cultivation permitted the 
settlements to be larger and less mobile. After acquiring 
the horse from the Spanish, however, the Caduveo and 
other Guaycuruan-speaking peoples gave up what little 
horticulture they practiced and became predatory nomads 
raiding Spanish settlements, taking cattle, and capturing 
slaves from more sedentary tribes. Other Chaco tribes, 
such as the Abipón, Mocovi, Toba, and Lengua, also 
became horsemen and raiders. These tribes continued to 
move their camps in search of pasture for their herds of 
horses and cattle. Incipient class differences based on war 
honours and wealth appeared.
The Caduveo were outstanding raiders in the Chaco. 

Although roaming over great areas, the warrior bands al­
ways returned to their base settlements, where they had 
permanent houses and kept their slaves and livestock. The 
Caduveo also exhibited the clearest form of social stratifi­
cation, which, although pre-Spanish, crystallized with the 
coming of the horse and the intensification of warfare. 
Caduveo society became stratified into nobles, warriors, 
serfs, and slaves. The nobles were divided into those who 
inherited their titles and those upon whom titles were 
bestowed for lifetime only. The warrior class was basically 
hereditary, but other men demonstrating greatness in war 
could become members, thereby establishing new hered­
itary lines. The serfs, who served only the members of 
the noble dass, were from subjugated peoples. The lower 
class was made up of captured and purchased slaves, who 
included not only Indians from neighbouring tribes but 
also mestizos from the Spanish settlements. Slaves could 
gain their freedom by marrying into the warrior class.

Family and kinship. Marriage among most nomadic 
tribes was consensual, similar to common-law marriage. 
It was easily entered into and easily dissolved, although 
there were strong forces supporting its continuance, espe­
cially whenever women played an important role as food 
gatherers. Noble classes, where they existed, as among the 
Caduveo, were practically endogamous; virtually all men, 
that is, married within their own class.

Marriage among the shellfish gatherers of the Chilean

Chaco
tribes
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raiders

Marriage
customs
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archipelago, on the other hand, was a stronger Institution. 
Postmarital fidelity was demanded. The family formed a 
strong autonomous unit that performed nearly all cultural 
activities on its own and cooperated with other families 
only briefly during sea hunts and initiation ceremonies. 
Marriage between known relatives was forbidden, but in 
practice this meant merely that first cousins and closer 
kin could not marry. A widow, however, could marry the 
brother of her deceased husband; and a widower could 
marry the sister of his deceased wife; these practices of 
levirate and sororate helped to maintain family alliances, 
when almost everything eise tended to draw families apart.
The larger nomadic bands in South America practiced 

band exogamy; that is, a person in one band could marry 
only someone in another band. These marriages were not 
made at random, however, for (as among the Nambik­
wara) cross-cousin marriage was preferred; in a matrilineal 
society a man married his mother’s brother’s daughter; in a 
patrilineal society he married his father’s sister’s daughter.
Rites o f passage. Birth ceremonies were simple family 

affairs. After the birth, both parents fasted for a few days 
and observed food taboos. Couvade was practiced; that is, 
the father stayed in the hut several days, mimicking labour, 
while relatives and friends provided essential needs.

Among the Sirionó a child was born openly in the com- 
munal house; and after birth the parents walked in the 
forest scattering ashes as a purification rite and then lit a 
new fire that signified new life.
Before the age of puberty, boys and girls learned by 

imitating older children and adults. Among the shellfish 
gatherers, children by the age of four began to gather 
shellfish and spear sea urchins close to shore, returning 
to camp to roast them and eat them. From an early age 
children thus took care of their food needs as far as shell­
fish were concerned. Boys and girls were separated after 
the age of seven. The boys played with bows and arrows. 
The girls learned to swim and dive. Males did not learn to 
swim or dive, since diving for shellfish was women’s work. 
Corporal punishment was rare, but children were lectured 
by elders on manners and morals.

Socialization was förmalized especially in the initiation 
rite, which marked the passage from youth to adulthood 
for both sexes. There was usually no fixed date, the time 
depending upon the number of neophytes and the oppor­
tunity to amass a supply of food for the feast.

Initiation The initiation ceremonies began with the men preparing 
rites sealing clubs and shellfish poles in a special hut in which

they painted their faces and participated in singing, danc­
ing, and mummery. The men then went out to hunt seals 
on the coastal rookeries, and the women went for shellfish. 
The men then built a large hut, where they sang, danced, 
and instructed the young men in proper vocational and 
moral behaviour. Later, women joined in the ceremony 
instructing girls in the proper behaviour for women. Then 
followed a mock battle between the sexes. After a feast, 
the assembly disbanded.
Among the Patagonian and Pampean tribes, a special 

hut known as the pretty house was erected for initiation 
ceremonies (as well as for some other rites, such as first 
menses). Medicine men bled themselves and smeared the 
novices with blood. There was dancing by the men and 
singing by the women. Horses were killed and roasted, 
and horsemeat was passed out to the guests.

In the Chaco there was considerable Variation in the 
details of the initiation rites, but the underlying purpose 
of education and socialization was the same as among the 
shellfish gatherers and the Patagonian and Pampean guan­
aco hunters. Boys went through several rites, and when 
blood was drawn from their genitals they were considered

mature warriors. On the Bermejo and Pilcomayo rivers, 
girls’ puberty rites were attended with singing and dancing 
designed to protect the girls from evil spirits. A girl was 
kept in isolation and observed a special diet. After the 
rites pubescent girls were allowed sexual liberty and often 
took the initiative in love affairs.

Among none of the nomadic peoples did marriages in­
volve any special ceremonies; gifts, though, were exchanged 
between the bride’s and the groom’s parents. Death rites 
were more complex. Mourners painted their faces black, 
beat on the outside of the dead person’s hut, fasted, and 
lamented. They also directed their anger at the supreme 
deity. In the Chilean archipelago, the dead person and 
his effects were either buried or cremated. Among the 
Patagonian and Pampean tribes, the eorpse was left on a 
hilltop or placed in a cave; some belongings were placed 
near the body.
Religion. Among the Yaghan shellfish gatherers there 

was a belief in a Supreme Being who was not a creator 
but a ruler. He was one who gave life to men and who 
gaye humans animal and plant foods. People prayed to 
this being for success in fishing and hunting. Among the 
Patagonian and Pampean tribes there was a belief in a 
supreme being who, after creating the world, did not enter 
further into human affairs. There was a belief in good and 
evil bush spirits.

The Chaco groups did not believe in a supreme being.
Although celestial bodies sometimes were thought to af­
fect human beings, they were not objects of worship. The 
Chaco people had great fear of the ghosts of the dead and 
disposed of the eorpse as quickly as possible. The body 
was buried in a cemetery, and food offerings were made.
The house and property of the deceased were bumed.
Among such forest nomads as the Sirionó and Nambik­

wara, rituals and ceremonies were much less developed Forest 
than in the Chaco. This no doubt was due to incessant nomad 
search for food and the inability to accumulate surpluses ceremonies 
for large-scale feasts. Although the Sirionó did not believe 
in a supreme being, they did consider the Moon to be a 
culture hero who gave them maize and manioc and other 
features of their culture. They also feared the ghosts of the 
dead and bush spirits.
Shamans, or medicine men, who were thought to receive 

their curative powers through the ghosts of dead shamans 
and special guardian spirits, were important among all 
the tribal groups. Among the Chaco groups shamanism 
was very highly developed, both for curing illnesses and 
in working for the general welfare of the tribe. Sickness 
was caused, it was thought, by one of two means: myste- 
rious foreign objects would magically penetrate the body, 
causing disease, or a person’s soul would leave the body, 
leaving him ill. In the former instance, the shaman would 
suck out the foreign object; in the latter, he would go out 
at night and bring the wandering soul back.

MODERN DEVELOPMENTS

The existing nomadic hunters and gatherers are marginal 
survivors who retain many archaic culture traits and share 
very few of the more recent inventions. In areas in which 
they have not been disturbed by the whites or in which 
they have had opportunity to withdraw into refuge areas, 
they have been able to maintain much of their original 
culture. In areas in which they have come into permanent 
contact with the whites, some have become rudimentary 
agriculturalists, building permanent houses, making pot­
tery, and weaving. In the late 20th Century, the conversion 
of the nomadic habitat into large-scale agricultural projects 
seemed to be bringing many of these tribal peoples tö the 
verge of extinction. (K.Ob./Ed.)

ARTS OF THE AMERICAN INDIAN PEOPLES
To achieve an understanding of American Indian art re­
quires at the outset a willingness to discard many long- 
standing preconceptions and judgments based upon an 
evaluation of Western art. Because the basic aesthetic 
tenets and artistic goals are different, any art critic em-

ploying the usual Western ground rules in an attempt 
to comprehend Indian art is bound to be unsuccessfül. 
At best, it is difficult for non-Indians to evaluate Indian 
art. Although it is not necessarily true that one must be 
an Indian to appreciate their art, it is true that the finer
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subtleties and depths of significance that are so obvious 
to the Indian are often lost to the non-Indian observer. 
Finally, it is deeply to be regretted that most if not all 
of the major commentaries oh Indian cultures have been 
recorded by those who were natural enemies; the white 
man, however sympathetic he might be, simply cannot 
ignore the fact that he is, after all, evaluating the product 
of a culture that he has successfully suppressed. This in- 
evitably introducés emotional and psychological elements 
into the act of judgment that result in tremendous distor- 
tions. Not until the 20th Century did Indian art begin to 
enjöy serious, balanced consideration, and even this has 
been in meagre terms.

One of the obstacles to a realistic evaluation and appre- 
ciation of Indian art is the belief held by many that the 
mere fact that the primitive artist occupies a place so close 
to nature somehow endows him with a privileged status 
insofar as “natural art expression” is concerned. To regard 
a product as artistic simply because it was Indian-made 
defies reason. While it is a fair statement that no Indian 
tribe existed that did not develop some degree of art—and 
many were responsible for aesthetic masterworks—it is 
not true that all expressions were equaliy impressive. The 
quality and beauty of these arts varied widely; for, just 
as in the Western world, there were good and had artists, 
and the fact that a native craftworker turned his hand to a 
given task in no way guaranteed success. Another obstacle 
to a full appreciation of the arts of the Indian peoples is 
the belief held by many sympathetic viewers of aboriginal 
art: that there are etemal aesthetic truths, expressions of 
which can be found in all cultures, and that to the truly 
sensitive eye these aesthetic verities are manifest wholly 
independent of the particular cultural milieu, the purpose 
of the art expression, or the relative level of the cultural 
development. The position taken in this discussion is that, 
since the literature, music, dance, and visual arts of the 
Indian peoples did not evolve in isolation from the soci- 
ological, religious, and political milieus of those peoples, 
an understanding of the latter cannot be divorced from an 
appreciation of the former.

(F.J.D.)

Literature
GENERAL CHARACTERISTICS

Folktales have been a part of the social and cultural life of 
American Indians regardless of whether they were seden- 
tary agriculturists or nomadic hunters. Gathered around a 
fire at night, the hardworking Indians could be transported 
to another world through the talent of a good storyteller. 
The effect was not only derived from the novelty of the 
tale itself but also from the imaginative skill of the narra- 
tor, who often added gestures and songs and occasionally 
adapted a particular tale to suit a certain culture. One 
adaptation he often used was the repetition of incidents. 
He would repeat an incident a specific number of times 
(depending upon the ceremonial number in the culture, 
three, four, five, or seven), with the hero killing that many 
monsters or that number of brothers who had gone out 
on the same adventure. This type of repetition was very 
effective in oral communication, for it firmly inculcated 
the incident in the Indians’ minds much in the same 
manner that repetition is used today in radio and tele- 
vision commercials. There was an aesthetic value to the 
rhythm gained from repetition and an additional dramatic 
effect, for the listener knew that when the right number 
of incidents had been told, some supernatural character 
would help the hero, sometimes by singing to him. For 
this reason oral literature is often difficult and boring to 
read. Oral literature also loses effect in transcription be­
cause the reader, unlike the listener, is often unacquainted 
with the world view, ethics, sociocultural setting, and per­
sonality traits of the people in whose culture the story was 
told and set.

Because the effect of the story depended so much on the 
narrator, there were many versions of every good tale. Ev­
ery time a story was told, it varied only within the limits 
of the tradition established for that plot and according to 
the cultural background of the narrator and the listeners.

While studies have been made of different versions of a 
tale occurring within a tribe, there is still much to be dis­
covered, for instance, in the telling of the same tale by the 
same narrator under different circumstances. These gaps 
in the study of folktales do not indicate lack of interest 
but rather the difficulty in setting up suitable situations 
for recordings.
The terms myth and folktale in American Indian oral 

literature are used interchangeably because in the Indian 
view the difference between the two is a matter of time 
rather than content. If the incidents related happened at 
a time when the world had not yet assumed its present 
form, the story may be regarded as a myth; but even 
if the same characters appear in the “modern” present, 
it is considered a folktale. Whereas European fairy tales 
traditionally begin with the vague allusion “once upon a 
time,” the American Indian myth often starts with “before 
the people came” or “when Coyote was a man.” To the 
Eskimo, it is insignificant whether an incident occurred 
yesterday or 50 years ago—it is past. Thus, while the 
mythology of nonliterate people has a historical develop* 
ment of its own, it cannot be admitted to the present-day 
Classification of historical because it lacks documentation.
American Indian mythology can be divided into three 

major cultural regions: North American cultures (from the 
Eskimos to Indians of the Mexican border), Central and 
South American higher civilizations, and the Caribbean 
and South American simpler cultures. Though each region 
exhibits a wide range of development, there are recurrent 
themes along the cultures, and the importance of mythol­
ogy itself within each culture varies. In North America, for 
example, stories are not involved with a panoply of divine 
beings* as are those of Middle America and South America, 
where the tales bear some resemblance to the complicated 
mythologies of the surrounding higher cultures and are 
quite confusing with many hybrid monsters and giants. In 
North America many mythologies (like the Dreaming of 
the Australian aborigines) deal with a period in the distant 
past in which the world was different and people could 
not be distinguished from animals. These mythologies are 
related to the concept that all animals have souls or spir­
its that give them supematural power. Because man has 
subsequently been differentiated from the animals, they 
come to him in visions, and in the stories they help the 
hero out of trouble. When there are many tales involving 
a single character, such as Raven, Coyote, or Manabozho, 
the transcriptions are linked together today and called 
cycles. Whether this cyclic presentation of tales is or is 
not indigenous to the Indian mind remains questionable, 
but it is used by folklorists who have been accustomed to 
legendary cycles of medieval European literature, such as 
the tales of Beowulf, La Chanson de Roland (The Song o f 
Roland), or even The Canterbury Tales.

The body of American Indian folklore does not include 
riddles as found in African folklore, for example, nor does 
it include proverbs, though there are tales with morals 
attached.

The importance of mythology within a culture is reflected 
in the status of storytellers, the times assigned to this ac­
tivity, and the relevance of mythology to ceremonialism. 
In many instances the relationship between mythology 
and ceremonialism is very close. The Navajo ceremonials, 
like the chants, are based entirely on the characters and 
incidents in the mythology. The dancers make masks un­
der strict ceremonial control, and, when they wear them 
to represent the gods, they absorb spiritual strength. The 
Aztec ceremonials and sacrifices placate the gods who are 
the heroes o f the mythology. If, however, the mythology is 
made up primarily of animal tales and stories of personal 
and social relationships, the actors and characters involved 
in the stories are also an index to the beliefs and customs 
of the people.

Use of 
the terms 
myth and 
folktale

Impor­
tance of 
mythology 
within a 
culture

ORAL LITERATURES

North American cultures. Eskimo. Eskimo culture can 
be divided into two major subgroups: one culture extend- 
ing from Greenland to the Mackenzie River and another 
west from the river to the Pacific Ocean. The Eskimo 
culture embodies simple stories of hunting incidents in
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which the heroes are sometimes helped through supernat­
ural power. Other stories include themes in which people 
ascend to the sky to become constellations: maltreated 
children become animals, and an orphan boy becomes 
successful. Still others surround the exploits and priestly 
magie of the shamans. In the region from Greenland to 
the Mackenzie River, Sedna is the highest spirit and Con­
trols the sea mammals; the Moon is a male deity who lives 
incestuously with his sister, the Sun. When she discovers 
he is her brother, she seizes a burning faggot and rushes 
away into the sky, the Moon pursuing her.

There are many stories involving family life and others 
dealing with the feuds between Eskimos and the Indians 
south of them.

The western Eskimos along the Pacific and Arctic coasts 
have the Raven cycle, a series of tales centred around 
Raven, a protagonist whose role ranges from culture hero 
to the lowest form of trickster. Many of the same plots 
and themes also occur in tales of the Northwest Coast 
culture. Around some coastal villages, a story about a 
flood that took place in the first days of the Earth is 
told. Many stories are especially intended for children and 
stress proper behaviour. They are often told by young girls 
to younger ones and are illustrated by incising figures in 
the snow or on the ground with ah ivory snow knife. On 
the lower Yukon, a migration legend is told about a long 
journey from east to west. The usual incident breaking up 
this party of travellers is a quarrel, after which they divide 
into two groups, occupying separate villages, and for years 
make constant war on each other. Tales of hunting begin 
as personal adventures but become stylized with supernat­
ural characters and events.
Northwest Coast. There is greater similarity in the my­

thology of the various tribes along the Northwest Coast 
than in other regions of North America. Collectors of 
folktales have gathered a long series of stories told in the 
region from the mouth of the Columbia River through 
southeastern Alaska and have gathered them into a Raven 
cycle. The protagonists of these stories—from south to 
north, Coyote, Mink, and Raven—again vary from cul­
ture hero to trickster. In each subarea the stories elucidate 
the origin of a village, a clan, or a family and are regarded 
as the property of these clans or families. Thus, they can 
only be used by others through permission or, sometimes, 
purchase. Examples of this type of myth are Bungling 
Host, Dog Husband, and Star Husband. In Bungling Host, 
Trickster, after seeing his host produce food in various 
ways (e.g., letting oil drip from his hands), fails to imitate 
the magie methods to procure food and barely escapes 
death. In Dog Husband, a girl has a secret lover who is 
a dog by day and a man by night. When she gives birth 
to pups, she is deserted by her tribe. She then destroys 
her children’s dog skins, and they turn human, becoming 
successful hunters. In some versions parents lose all their 
sons to a monster, and when a new baby is born, it grows 
rapidly, kills the monster, and restores the brothers. Star 
Husband, another widely known myth, relates the story 
of two girls sleeping outdoors who wish the stars would 
marry them. They ascend to the sky, marry the stars, and 
experience a series of remarkable adventures.
Among the Kwakiutl of Vancouver Island, the mythol­

ogy is represented in an elaborate series of dances that 
illustrate characters and incidents with masks, puppets, 
and other mechanical devices. The principal events during 
the winter ceremonial season, these ceremonies include 
initiation into the secret societies, the highest of which is 
the Cannibal Society. Less elaborate forms of this winter 
ceremonial are found among the southem tribes who base 
their activities on the quest for the guardian spirit and on 
the return of the spirits to those who have seen them in 
visions. In order to exorcise these spirits, their songs must 
be sung and their dances performed. The Salish-speaking 
tribes of southem British Columbia and Washington have 
less complicated costumes for this ceremonial, but their 
dancing is very interesting and vigorous. The attitude of 
the Indians of the Northwest Coast toward animals is 
expressed in rituals such as the first salmon ceremony 
and the ceremonial attitude toward the bear. When the 
first salmon of the spring mn is caught, it is ceremoni­

ally cleaned and placed on a clean mat or a bed of fern 
leaves. It is welcomed with an address of thanks and 
promised good treatment. The entrails are wrapped in a 
mat and thrown into the river so that they can retum to 
the land in the west where the salmon can teil how well 
he was treated. The salmon is carried to the house by a 
selected group—children, women only, or the family of 
the successful fisherman—and is roasted and eaten, also 
by the selected group. The bear is never killed wantonly. 
When seen, it is addressed in terms of kinship, expressing 
an attitude that is known sporadically from the Ainu of 
northern Japan to many places in northwestem America.

California. The many small tribes of California exhibit 
more unity in their mythology than is present in many 
other features of their culture. In the north central area, 
the Kuksu cults enact the myths of the creator and culture 
hero with Coyote and Thunder as the chief characters. 
In Southern California in ceremonies of the Chungichnich 
cults, contact with the highest god is achieved by smoking 
datura or jimsonweed, which produces hallucinations of 
animals. The boys initiated into the cults regard the ani­
mals as their guardian spirits. This concept relates the cult 
activity with the most fundamental feature of American 
Indian religion, the concept of the individually attaihed 
guardian spirit.

In general, the Californian tribes have a very confused 
mythology, which was disintegrating even before the white 
man settled in their territory. Though some animal stories 
and a few themes about vague characters existed, little of 
it has been recorded and carefully studied.

Southwest. The Indians of New Mexico and Arizona, 
along with a few small tribes related to them in southem 
California, have cultural traditions with some features in 
common. In the folklore of the Southwest, the emergence 
and migration myths show the Indians emerging from an 
unpleasant underworld at the time when the Earth is not 
yet completely formed. They start a long trek southward, 
some looking for a sacred Spot, others looking specifically 
for the centre of the Earth. In some instances they are 
led by a pair of culture heroes, the Twins, also called 
the Little War Gods, who help stabilize the surface of the 
Earth and teach the Indians many features of their cul­
ture, including ceremonials. When the people were weary 
during the migration, the gods, the kachinas, came and 
danced for them until someone made fun of their peculiar 
faces and insulted them. They allowed the people to copy 
their masks and costumes, and then they returned to their 
home in the underworld. Since that time the men from 
the kivas, the ceremonial chambers to which all the men 
belonged, have made these costumes and masks and have 
performed the dances necessary to stimulate and protect 
the harvest, bring rain, and promote the general welfare.

The Twin Gods of the Pueblo villages are a combination 
of the helpful god and the trickster. They sometimes be- 
have like unruly children and tease their grandmother to 
death. Coyote, in the Pueblo literature, is not the trickster 
he often is in the folklore of cultures farther north. Though 
he does share some of the trickster plots and is always 
sly, he is often caught in his own wiles. A group of very 
crude and vulgär tales about him exist, which have been 
transcribed from Spanish days, surrounding two characters 
who travel together named Djos and Ley, a corruption of 
“God” and “King.” Certain European tales, such as the 
Cinderella stories, have been added to the collections of 
Pueblo folklore.
The Athabascan-speaking tribes of the Southwest are the 

Navajo and Apache. Nowhere in America are mythology 
and ceremonial more closely associated than among the 
Navajo, where the myths are poetically expressed through 
great “chants.” The principal characters are the gods of 
the wind, the rain, the dawn, the Sun, the semiprècious 
stones, the sacred plants, com, tobacco, squash, and the 
bean. The ceremonials are intended to eure sickness, both 
mental and physical, and to protect people on dangerous 
missions, rather than to inspire any sense of worship. All 
the arts are combined in the ceremonies: the story itself, 
the poetic expression of it, the painting of the masks, the 
beautiful combinations of feathers in the headdresses, the 
sand paintings illustrating the story while the chants are

Ceremoni­
als of the 
Navajo and 
Apache
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sung, and, finally, the dancing of the characters who wear 
the regalia. This is one of the most inspiring ceremonials 
devised by the American Indian.
The other Athabascan-speaking people, the Apache, are 

divided into several groups, of which the Lipan are partic­
ularly interesting. The southernmost of North American 
tribes, they live partly across the Mexican border. They 
have an emergence myth and share with all southem Ath­
abascans the culture hero known as “Killer-of-enemies” 
and his younger brother “Child-of-the-Water” (compara­
ble to the Twin War Gods of the Pueblos). One of the 
monsters in the tales is Big Owl, a destructive cannibal 
in the form of a large owl. The story of the man seeking 
spiritual power from the gods who goes down the Colora­
do River in a hollow log to reach the holy places where 
the spirits live is almost identical to its Navajo version. 
There is a Lipan Coyote cycle, but there are no Spanish- 
derived tales.

The White Mountain Apache teil stories only between 
dusk and dawn and during cold weather. They have two 
major cycles, the creation myths, in which something is 
created out of nothing, and Coyote myths surrounding the 
trickster par excellence of that name. Two minor cycles 
centre around Big Owl and Gain, a supematural being who 
lives in mountains and caves and underground worlds. 
The White Mountain Apache learned some European sto­
ries from captives in Spanish and Mexican towns in the 
late 18th and early 19th centuries. The Jicarilla Apache 
divide their didactic stories into sacred and secular, telling 
them at night during the winter with a break at midnight 
for a festive meal. The Jicarilla are seriously absorbed in 
their mythology, into which they inject objects of modern 
life such as the telegraph and the automobile. They also 
have creation stories and the legend of the man who went 
down the Colorado River in a hollow log. Among the 
trickster stories, the Coyote cycle is well developed. The 
Colorado River tribes, which are closely affiliated with the 
people of Southern California, comprise the last division 
of the Southwest cultures. These tribes were Christianized 
by missionaries so early that little of their mythology re­
mained to be recorded. It is known that Coyote played an 
important part in their sacred stories, though he was also 
portrayed as a deceitful trickster. Like the Pueblo tribes, 
the Luiseno also migrated, looking for the centre of the 
world, where their god, Wiyot, had died. His death was 
the first among the people, and they lost their immortality. 
Wiyot later returned as the new moon. There are many 
stories about the stars, which were regarded as the souls 
of the dead. The Chungichnich cult was also known here 
but may have come within the mission period.

Eastern Woodlands. The northeastem Algonkins were 
the first groups of American Indians north of Mexico 
to have protracted contact with Europeans, so their own 
ways of living were disrupted at a very early date. Some 
of their culture traits can still be found among the Central 
Algonkin to the west, and some of the most elementary 
stories are known to all groups in this region. This my­
thology centres around a culture hero known as GlusKap 
to the Micmac and as GlusKabe among the Algonkin; 
his consistently altruistic character and human appear- 
ance distinguish him from many other culture heroes. He 
carries out the usual exploits, one of the most populär 
being the episode in which he kills a Monster Frog who 
has been impounding the water. Though he revels in the 
trickster adventures of all American Indian characters, he 
appears somewhat exempt from the crude buffoonery of 
other culture heroes.

To the west, the Central Algonkin developed the Mi- 
dewiwin or the Grand Medicine Society—shared by the 
Eastern Sioux—whose activities revolved around the quest 
for a vision that would bring them in direct contact with 
supematural beings who instructed them in curing cere­
monies. The members of the society were not shamans, 
had no individual powers, and were only effective when 
they acted together. In its use of certain mnemonic de- 
vices containing a series of symbols used for instmcting 

Folklore initiates, the society foreshadowed an approach to writing. 
of the The Iroquois, who developed one of the great confed-
Iroquois eracies of American Indians, had a strong religious and

mythological background for their folklore. In their cre­
ation story, which is the basis of their religious beliefs, they 
acknowledged a supreme being “beyond the conception 
of man.” This “being” sent from heaven is a woman who 
in her descent feil on a big turtle imbedded in mud. She 
gave birth to a daughter conceived by the turtle who bore 
two sons. The good one was born first; the other was born 
through the mother’s side and killed her. The sons grew 
up and helped their grandmother finish the formation of 
the Earth. The Iroquois had curing societies similar to the 
Midewiwin; their members were not shamans, and they 
cured in a group rather than as individuals.
Many tribes in the Southeast exhibit cultural Systems 

very similar to those of the northeastem tribes; but others, 
especially in the lower Mississippi Valley, had a more 
elaborate religion and mythology that divulged a definite 
relationship to the higher cultures of Meso-America.
Plains. The expansive area of North America between 

the Mississippi River and the Rocky Mountains, extend- 
ing from the Gulf of Mexico to the sub-Arctic Indians of 
Canada, embodied many cultures whose various rites and 
ceremonies emerged from a common background. Many 
tribes were seminomadic änd depended more on buffalo 
hunting than on agriculture for their living. The more se­
dentary groups, the Eastern Siouan, included the Mandan 
and Hidatsa. Marginal groups, which seem to have con­
tinued an older form of Plains culture before the advent 
of the horse, lined the borders of the Plains area.

The Sioux narrate the following creation story: the Old 
Man, Waziya, lived beneath the Earth with his wife. Their 
daughter married the Wind and bore four sons, the winds 
North, East, South, and West. Together with the Sun and 
Moon, the winds were the “Controllers” of the universe, 
and a series of very involved stories teils of their powers.
As the world was being formed by the invisible being,
Iktoma, the trickster made trouble wherever he could. The 
usual plots are found in this collection of trickster sto­
ries. In order to reach the supernaturals or “Controllers,” 
rituals and ceremonies had to be conducted. The most 
important ritual was the Sun Dance, because the Sun was 
one of the principal powers. A medicine man was respon- 
sible for the whole ritual, which had to be recited in letter- 
perfect fashion, because great harm could be inflicted on 
the whole group if the performance was not exact.

In contrast to the Sioux, the Crow are a bit more Creation 
lighthearted about their approach to the universe. Their myth of 
culture speaks of a creation myth in which Old Woman’s the Crow 
Grandchild, the son of an Indian woman and the Sun, 
destroys monsters. He then goes to the sky and becomes 
Morning Star. The genealogy of this character very closely 
resembles the Navajo myth of Changing Woman, the Sun’s 
mistress who bore the children Monster-slayer and Child- 
born-of-Water. This concept of change into an astral body 
is quite widespread in the Plains. In a Cheyenne version 
of the Dog Husband story, the mother and her children 
go to the sky and become the Pleiades constellation. The 
Crow liked to express themselves poetically, and often they 
recited in song. The military societies have many songs 
that express their high aims and others that are songs of 
bravado. In many of their amusing stories, there are plays 
on words that are often difficult to translate.
The last of the Plains tribes, the Comanche, believe that 

the Great Spirit created some people, but that there were 
white people existing before them. A flood washed these 
white people away, and they turned into white birds and 
flew away. A secondary spirit was then sent to create the 
Comanche. But they were not perfect at first; therefore 
the spirit came a second time, giving them intelligence 
and showing them how to make everything. There are 
the usual trickster stories with Old Coyote as the central 
figure. Since the Comanche were a very aggressive tribe, 
there are many stories based on war exploits.

Middle American cultures. The cultures of Middle or 
Central America comprise the highest developments of 
the New World and have been considered comparable to 
some of the oldest cultures of the Mediterranean. Included 
are the Aztecs of Mexico, the Maya of Central America, 
and the Inca of Peru.

The Maya, who will be mentioned again below, have a
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very complicated creation myth relating the several stages 
at which man did not satisfy his creator. After each stage 
he was destroyed, and another attempt to create a more 
perfect being was made. Since Maya culture in its highest 
form can only be reconstructed from the art and the hier- 
oglyphics, little is known except the mythology that can 
be derived from the religious ceremonial art (see below 
Written language for details).
The Aztecs of the Toltec period had four mythological 

eras: those of (1) the Water Sun, which was destroyed 
by flood; (2) the Sun of the Earth, which was destroyed 
by earthquake; (3) the Wind Sun, which was destroyed 
by a giant and only Quetzalcóatl, the feathered serpent, 
remaining, prophesying the destruction of the Earth by 
wind and the evolution of humans into monkeys; and
(4) the present Sun of Fire, which will end in a general 
conflagration. Quetzalcóatl, the survivor of the age of the 
Wind Sun, brought civilization to the people. This my­
thology, which was the basis of the ceremonial life, was 
maintained by the ceremonial priest, but there were also 
simple folktales that resembled those of North America. 
Much more information about the Aztecs exists than 

about the Maya, because their civilization was still func- 
tioning at the time of the Spanish conquest; whereas 
Maya culture had completely changed, and the old tra­
ditions were almost unknown. What is available is the 
result of painstaking scholarly work in the analysis of the 
hieroglyphics.
The Inca civilization of Peru has been added to the high­

er cultures of Meso-America because it resembles them 
more closely than it does its neighbours, the simpler tribes 
of South America. As far back as mythological history 
can be traced, the Incas have worshipped Viracocha, the 
creator. He was the omnipotent being who took part in 
every mythological incident. He created man from paint­
ed stone dolls, a specific way of saying that man evolved 
from the living rock. He also had the primitive capacity 
for infinite self-multiplication, and some of his offspring 
also became local gods. Another cycle of creation in which 
Viracocha functions bears some resemblance to the peri­
o d s  listed  for th e  A ztec . T h e  “O rigin  P e o p le ” ca m e o u t  
from their caves, and the creator organized the process of 
living for them. They became th e  ruling class. Then the 
“Wildemess People” came from other caves and became 
the common people, who increased rapidly. Many diverse 
languages and cultures developed. The next cycle produced 
the “Wartime People,” who placed a premium on being 
ruthless, strong, and cunning. They took whatever they 
wanted and forced people to move to more unfavourable 
places; in this way, they spread the population. In all of 
these myths the flood is present, which requires the re- 
creation of man after each incident.

Since Peruvian mythology covers a large and difficult 
terrain, local cults developed in many places utilizing 
the same characters in different incidents. When all the 
incidents are assembled they seem very confusing and 
contradictory.

South American and Caribbean cultures. There are so 
many cultures among the Indians of South America, and 
so little is known about many of them, that a selection 
was made of four tribes, some of whose mythology has 
been published. The Aymara in northern Chile share the 
culture hero creator Viracocha with the Peruvians. Ac­
cording to the Aymara, he rose from Lake Titicaca, creat­
ed the Earth, the sky, and man, and then resubmerged. 
Man was disobedient to him, and he therefore led man to 
Tiahuanaco and turned him into stone. Viracocha created 
the Sun, Moon, and stars because man, whom he created 
again, lived in darkness. Another mythological character 
of the Aymara culture is Thunnupa, a bearded white man 
from the north who opposed polygamy and chicha, the 
national drink. Animal tales are also very common in this 
culture, some having Aesop-like plots. Fox is the comical 
character in tales, and, because of this European aspect, it 
is often postulated that the tales might have been brought 
in with the Spanish conquest.

The Mapuche culture, also in Chile, relates tales charac­
terized by fairly long narratives about such supernatural 
characters as Shooting Star, who may also be a canni-

bal, hybrid monster, winged serpent, ghost, or apparition. 
Again, the wily Fox is the principal character in the animal 
stories, though he is often outwitted. Folktales are told at 
night and are accompanied by mimicry and gestures.
The many folktales of the Cägaba, who inhabit the Sier­

ra Nevada de Santa Marta in Colombia, are religious in 
nature, having supematural characters who arrange the 
world for man and who try to control the demons that 
plague him.

Finally, the Chibcha, who live in Colombia north of the 
Orinoco River, have a body of mythology that reflects 
the lack of organization found also in their culture. The 
stories are cosmological and ritual but lack all perspective 
of time. Many are concerned with Bochica, a culture hero 
who is one of the major gods of the Chibcha pantheon. 
Because many islands in the Caribbean were populated 

by people who came from the northem parts of South 
America, the scanty information available conceming their 
folktales and mythology is included in this section. The Ar­
awak were the first Indians encountered in the New World 
by Columbus at Hispaniola. A typically Caribbean type 
of Indian who migrated from the tropical forests of South 
America, they combine the concept of a guardian spirit 
with fetish worship and fabricate idols representing plants, 
animals, and human spirits. The Sun and the Moon, who 
are connected with a myth about human emergence from 
a cave, together with various astral beings and a culture 
hero, are typical characters of Arawak mythology.
The Arawak Indians were soon decimated by Spanish 

invaders in the Caribbean, and by 1535 only about 500 
were left at Hispaniola. The Spanish therefore brought 
blacks and other Indians to work on plantations. This 
Situation also occurred on Puerto Rico and Jamaica, 
where the Indian cultures were totally changed because of 
the influx of blacks and the subsequent mingling of the 
races. One outstanding collection of tales from this region 
consists of stories about Spider, a culture hero of West 
African folklore.

WRITTEN LITERATURES

One of the great scholars of Maya culture, J. Eric Thomp­
son, has said:

In the New World only Maya culture extends to us the privi­
lege of sharing its thoughts and its struggles, its triumphs and 
its failures, for in the glyphs the dead past has left a chart to 
guide the living present along the corridors of time.

In the 16th Century, the area of hieroglyphic writing did 
not coincide with that of Maya speech. It appears that 
the hieroglyph originated in such lowland languages as 
Olmec and Zapotec. Though people may have used hiero- 
glyphs at an early date, they seem to have never passed 
the rudimentary stages. Maya hieroglyphs on stone and 
wood are confined to the Classical period (a d  300-900). 
Inscriptions on monuments record the passage of time, 
often the close or decline of certain periods, and invoke 
images of the gods, the “miers” of each day, to which they 
could bring fortune or disaster. Written codices comprised 
books of divination and a mixture of prophecy and his­
tory that were similar to the historical codices of Mexico. 
Three codices remain extant: Dresden Codex, Paris Codex, 
and Madrid Codex Tro-Cortesianus (in two parts), each 
named for the cities in whose museums the codices are 
currently exhibited. Maya hieroglyphic writing manifested 
a calendric system and also certain religious concepts of 
the Maya culture that reveal a mythology of surprising 
richness, demonstrating the independent growth of New 
World civilization.

The Maya culture is divided by scholars into four pe­
riods: first, the Formative or middle culture horizon in 
the second half of the millennium before Christ. During 
the latter part, the earliest known carving has been found, 
dated in terms of the Maya calendar at a d  320. Second, 
the Classical period, from about a d  300-900, saw the 
development of the great “cities,” architecture, sculpture, 
and ceramics. At this time a series of sophisticated deities 
appeared that were no longer directly related to the soil or 
the elements. The culture became divided into two levels, 
a theocratie government and priesthood and a lay culture 
that remained simple and agricultural, with home indus-
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tries, a simple family organization, and a religion built 
around the personification of powers of nature, which was 
served by a nonprofessional priest. Toward the end of this 
period, influences from Mexico made themselves feit. The 
third period, or the Early Post-Classic period, from 900 to 
1200, followed a transition period when metal appeared. 
The first gold working area was Panama and Costa Rica. 
In this period, the Mexicans or the Chontal Maya con­
quered and settled in several large cities in Yucatan, in­
cluding Chichén Itzä. Itza, the conqueror of Chichén Itza, 
introduced Mexican architecture and religion, including 
the cult of Quetzalcóatl, the feathered serpent god, as well 
as militaristic organizations such as the fighting orders of 
the Eagle and the Jaguar. Influences from Tula also modi- 
fied Maya culture. According to later records, some mural 
texts and codices were made during this period, but they 
no longer exist.

Concurrently with the Classical period of the Maya, the 
Mexicans were also developing a written language, which 
was not so highly sophisticated as that of the Maya and 
could more correctly be called picture writing. The pic- 
tographic writing of the Aztecs was too simple to record 
literature, offering no way of making general statements or 
expressing abstract ideas. Though there was no alphabet 
in this writing, a picture of an object or an animal could 
be combined with another and given a new meaning. This 
writing was taught by the priests who were entrusted with 
the education of the young boys.
Pictographic writing developed in several areas, includ­

ing the Mixtec-Puebla region and Texcoco. Meanwhile, 
the Aztecs were becoming more powerful along the outer 
borders of a highly civilized region, and about 1200 they 
moved closer to the centre of activity. As the government 
became more centralized, reports had to be submitted, and 
pictographic writing provided a satisfactory medium for 
this task. Even after the Spanish conquest, these reports 
were still presented in the same manner and form. Even 
when the writing was scribed by the Spaniards, Indians 
continued to do the illustrations.
After the conquest, historical accounts were written that 

reiterated the past history of the principal Aztec regions. 
Much of what is known today about the early history 
of the Aztecs is derived from these works. A method 
of recording Nahuatl, the language of a large portion of 
Mexico, was combined with Spanish to supplement the 
graphic records. It is believed that some of the graphic 
records represent oral traditions possibly learned in chants 
that were recited on ceremonial occasions.

Historically, the only recognized attempt at writing an 
Indian language (other than by linguists) was made by 
Sequoyah, a Cherokee born at Taskigi, Tennessee, about 
1760. The son of the mixed-blood daughter of Chief 
Echota and a German father, he became a trapper and 
hunter until crippled in an accident. In 1809 he became 
interested in writing and printing, and in 1821 he gave a 
syllabary of his language to the chief men of his nation, 
which they accepted. Two years later he visited the west­
ern Cherokee in Arkansas, where he took up residence. 
In 1824 parts of the Bible were written in his script and 
others followed in 1828. The Cherokee Phoenix, a weekly 
paper, was published, to which Sequoyah contributed, and 
he exerted much influence in the reorganization of Indian 
Territory by the government. He set out to find the origin 
of his language but died en route to Mexico.

STUDY AND EVALUATION

Many large collections of Indian folktales exist that are 
historically important, though they lack information nec­
essary for a modern study of the works. To make such 
a study, the folklorist must have a biography of the ra- 
conteur and the circumstances and exact date of the col­
lection. If the study is to encompass literary style as well 
as theme, the folklorist must know whether the tale was 
originally told in a European language or, if an interpreter 
was necessary, his relationship to the raconteur and his 
experience as an interpreter.

In the 1920s and 1930s anthropologists experimented 
with a type of ethnographic recording in certain tribes, 
which served two purposes: it explained cultural activities

and attitudes of a culture and supplied the anthropologists 
or folklorists with a new vocabulary not found in the 
transcribed folktales. The folktale has served as a source 
of study for linguistics scholars, and tales recorded in an 
accepted phonetic code have always been a great asset to 
their study also. In order to get more text of this kind, 
the famous anthropologist Franz Boas taught a Kwakiutl 
to write phonetic text, which was then translated. Anthro­
pologists also realized that the folktale reflects the culture 
in which it is told and sometims keeps up with culture 
changes or, conversely, retains historie patterns of the 
culture. Again Boas pioneered in a study of Tsimshian 
mythology, recording the pattern and customs of Tsim­
shian life as revealed in the myths.
Students of mythology in the 19th Century were interest­

ed in distributional studies or in following a plot or a 
group of motifs around the world to discover how myths 
spread and how plots disintegrate and become motifs in 
other plots. They concluded that the life of a folktale 
among preliterate people depended upon how often it was 
heard and remembered, and that each place it was found 
it became part of its history.

Studies have been made of personality traits of a cul­
ture as expressed in their tales, and scholars search for 
symbols that articulate human experience in a culture. 
A raconteur’s analysis of the ethical code expressed in a 
story often reveals the ethics of a particular society. Such 
studies have been made by Margaret Lantis in “Nunivak 
Eskimo Personality as Revealed in the Mythology” and 
by Melville Jacobs in his analyses of the Chinook myths, 
The People Are Coming Soon.
Indians have attempted to collect and publish stories of 

their own tribes. So far they have not been very successful, 
however, because they have made too great an effort to 
conform to the literary style and taste of the non-Indian 
reader, and hence the tales have lost much of their vitality.

(E.Gu.)

M usic

Native musicians of the New World have preserved many 
traditional songs and, at the same time, have also been 
receptive to European influence; thus, any examination 
of their music raises the problem of distinguishing native 
from hybrid music. This consideration of American Indi­
an music involves an outline of the dominant features of 
native styles, such as melodie and rhythmic characteristics 
and the meaning of song texts, and includes a description 
of the principal musical instruments used. There follows 
an examination of the stylistic features of various Indi­
an cultures within North America, Central America, and 
South America.

DOMINANT NATIVE STYLE
The definition of the native American Indian musical 
style is complicated by variety between tribes and within 
tribal repertoires. It is feasible to approach the problem 
by contemplating the songs in prominent native rituals of 
four different North American tribes—Iroquois midwinter 
rites, Dakota war (grass) dance ceremonies, Pueblo plaza 
dances, and Navajo medicine ceremonies.

An evident feature of the music is male dominance. 
Equaliy evident is the limitation of music to song, per­
formed without harmonization and with percussion ac- 
companiment. The singing voice is well supported from 
the diaphragm and has a pulsating quality caused by 
rhythmic expulsion of the breath. Yet within this basic 
vocal-tone quality the tribes show considerable Variation. 
The voice of the Dakotas and other Great Plains Indians 
is shrill, loud, and ornate, compared with the full-toned 
vocalization of the other three tribes—especially the deep, 
rich Pueblo quality.

Melody and rhythm. Despite exceptions among other 
tribes, melodies are sparse, sometimes even monotone. 
Only rarely do songs expand beyond the notes of the five- 
tone (pentatonic) scale, for example, c-d-e-g-a-(c'). In 
Navajo songs there is a preference for the intervals of the 
triad, that is, for two successive rising or falling thirds 
(the third is the interval, or distance between notes, en-
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compassed by three notes of a European major or minor 
scale plus the octave, as in bügle intervals, thus c-e-g-c'). 
The tones of the melody most commonly spread over the 
range of an octave (as, from c to c'; eight notes of a West­
ern scale), although special song types may have narrower 
or wider ranges. Melodies characteristically descend from 
a high note, frequently by a sequence of repetitions of 
the theme on ever lower pitch levels. Sometimes they end 
with the maintone as the lowest note; sometimes they dip 
below the maintone but conclude on this note.

The melodie themes vary in complexity. They may in­
clude syncopations (accents not coinciding with the nor­
mal musical beat) and melismata, flourishes with many 
notes to a syllable of text. The musical metres are almost 
always in irregulär patterns, in contrast with the regulär 
patterns of two, three, or four beats found in most Euro­
pean folk songs. The theme may be repeated or may be 
varied in pitch level and length, or it may lead to a second 
theme or a free development.
Although some chants flow in free timing, most melo­

dies adjust their accents to the duple beat (alternation of 
two beats, one strong, one weak) of the accompanying 
drums or rattles. The melody may lag behind the accom- 
paniment or may syncopate the instrumental beat; but it 
holds to the same tempo, or basic speed, as the accom- 
paniment, whether speeding up, siowing, or maintaining 
a steady tempo. This occurs whether the singer himself is 
the percussionist or whether he follows a separate drum­
mer. If the percussionist uses a tremolo in certain song 
sections, the singer continues with the basic beat. At all 
times the musical pulse of the singer reinforces that of the 
instmments.
This vocal-instrumental pulsation guides the dancers, 

especially in the self-accompanied Iroquois stomp dances 
with their bouncy step. At all times the song structure 
guides the dancers. The structure as a whole may consist of 
a series of short songs—from six to 100 or more. Perhaps 
there is an increase in tempo and force, as in the Iroquois 
bear dance. Perhaps there is a succession of paired songs, 
slow and fast, as in the Pueblo harvest dance. Perhaps each 
s o n g  is  sp lit  in to  two parts, o n e  m a rk ed  b y  v ib rato , th e  
other by duple beat, with corresponding different dance 
motions, as in the Iroquois eagle dance and the Pueblo 
buffalo dance. Since the tunes are set—be they ancient 
or newly composed—the dancers know exactly how to 
follow the musicians. In Iroquois rites the dancers often 
engage in some improvisation within the basic framework, 
although the singers do not improvise.

Within these four North American groups and among 
other tribes as well, these definitions would require mod- 
ification. Some tribes, as in British Columbia, use micro- 
tonic scales {i.e., having intervals smaller than a European 
half step) and complex percussion rhythms. To the south, 
flutes and other instmments are used. In Latin America 
hybridization of European and Indian styles presents the 
challenge of disentangling native elements from import­
ed elements.

The significance of song texts. The language and the 
meaning of the song texts provide evidence of the extent 
of European influence. Many texts consist of repeated 
syllables formalized within each tribe, e.g., Iroquois “yo 
yowine,” Plains “wida weha wehiyo.” The meaningful 
words in native rituals may address the supematurals, the 
animal spirits, the deities of the four Cardinal points of 
the compass, or the sacred mountains. Navajo texts are 
especially rich in symbolic imagery.

European influence manifests itself in various ways. 
Songs of the Peyote Cult, or Native American Church, 
may introducé the name of Jesus. Hymns of Great Lakes 
Christian Indians fit native words to European folk tunes 
or Wesleyan, harmonized hymn tunes. On a more sec- 
ular plane, Oklahoma social round dancers sometimes 
include amourous English texts; yet the tunes are clearly 
indigenous. By contrast, Mexico’s Aztecs have invented 
Aztec poetry to go with tunes in Spanish style to hon- 
our the Virgin Mary or the beloved. As the final stage 
of de-Indianization, the dance songs of the Zapotecs of 
Mexico combine love poetry in Spanish with languorous 
waltz-like tunes.

MUSICAL INSTRUMENTS

Musical instmments may be clearly native, clearly im­
ported, or ambiguous in origin. Percussion instmments— 
drums and rattles—are the mainstay of New World In­
strumentation. In Arizona, Sonora (Mexico), and areas 
farther south, wind instmments, native or imported, add 
to the tonal richness. Stringed instmments have a tremen- 
dous vogue in Latin America. Despite their adaptation 
to native ceremonies and musical styles, they reveal their 
Iberian origin.

Drums: membranophones. As in many Asian tribal so­
cieties, the single-headed shaman’s drum with its narrow, 
round frame is widely distributed. More unusual are the 
square drums found in British Columbia in Canada, Vera­
cruz State in Mexico, and Guatemala. Other hide-covered 
drums are more localized. The Iroquois use a water dmm 
made by Stretching hide on a small, wooden keg partly 
filled with water. The same type of water dmm also ac- 
companies the incantations for the Midwestern Midewiwin 
medicine rite. A similar pottery dmm serves the singers 
for the peyote rites of many tribes. The gentle tone of 
these drums contrasts with the power of the Great Plains 
powwow drum, a doubleheaded boomer suspended hori- 
zontally from a frame. In the dmm society ceremonies, 
war dance ceremonies, and secular Oklahoma war dances, 
four men surround the drum and beat it reientiessiy as 
they shout their aggressive tunes. The ceremonial drum of 
Pueblo dances, played by one drummer, is equaliy forceful 
but has a different, vertical shape; four or five dmms can 
produce a volume balancing that of the 70-odd singers. 
These drums are always struck with a stick rather than 
by the finger.

As exceptions, the Aztec upright, wooden, carved dmm, 
the huehuetl, and the Maya pottery kayuum are finger 
drums. Skillful manipulation of the head produces various 
tones. The huehuetl is paired with the horizontal, wooden 
teponaztli, which is a slit-dmm, a hollowed-out, carved log 
struck with sticks on various parts of the resonant body. 
The teponaztli is not a membranophone but an idiophone, 
an instrument whose hard body vibrates to produce sound. 
Another curious idiophone is the ancient ayotl, a turtle 
Shell that was scraped with bone sticks in pre-Hispanic 
rites of the Olmec and Zapotec peoples of Mexico.

Rattles: idiophones. The forms and materials of rattles, 
which are classified as idiophones, are derived from the 
natural resources at the disposal of various cultures as well 
as from the purpose of the instmment.

The jingler. The jingler, or rattle, attached to a dancer’s 
body or clothing, is probably the oldest form of rattle. 
Prominent in nomadic and hunting tribes, it frequently 
consists of animal hoofs or of imitations. Alaskan Eskimo 
dancers shake mittens with attached puffin beaks and beits 
with animal teeth. Deer hoofs are fastened to the beits of 
both the maso, or deer dancer, and the chapayekas danc­
ers of the Yaqui tribe of Arizona and Sonora, Mexico, 
and also to bands worn across the shoulders of the peyote 
(hikuli) dancers of the Huichol, a tribe of northern Mex­
ico. From northern Mexico to South America deer hoofs 
are worn on the girdles and ankles of curing shamans, or 
medicine men. Deer, peccary, or tapir claws are worn on 
the legs or ankles among Brazilian tribes such as the Ka- 
makän, Apinayé, and the Amazonian Huitoto. Antelope, 
elk, goat, ox, or buffalo hoofs may augment or substitute 
for the deer hoofs, as on Iroquois dancers’ knee bands in 
the knee-rattle dance. Among eastern tribes in the United 
States, they are used by the Shawnee and Delaware and 
in the Penobscot and Wabanaki leading dance. In modern 
times, metal cones in hoof shapes have been fastened onto 
the dress of the adolescent girl in the Apache puberty rite 
and onto dresses of women dancers among the Havasupai 
of the Grand Canyon. Siberian shamans wear iron, cone- 
shaped jinglers on their drums and kilts and collars, the 
iron itself conferring power over demons. Aztec dancers 
fastened gold, copper, or shell bells on ankles or breast. 
In South America snail shells or nuts are commonly sub­
stituted, as among the Brazilian Bororo and Amazonian 
Jivaro. The Incas of ancient Peru used anklets of fruits 
shells or gold.
Shaken rattles o f animal origin. Deer-hoof rattles in
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clusters are shaken by the Yuma Indians of Arizona and 
by kachina dancers of the Rio Grande Pueblos; by the 
leader of the California Diegueno keruk , or mouming rites; 
and by Brazilian Kamakän dancers. Bunches of hoofs are 
fastened to short sticks in the rattles of numerous men’s 
societies of the Great Plains, particularly the dog societies 
of the Crow, Hidatsa, and Kiowa and the corresponding 
Oglala and Iowa Mawatani society. Among the Flathead 
of Montana such a rattle was used in the hysterical eures 
of the Bluejay shaman’s dance and in bison-calling rites. 
Rattles of hoof clusters spread east to the Sauk, Fox, 
and Iroquois Indians, west to the California Hupa danc­
ing doctors, and Southwest to the shaman-singer of the 
Apache puberty rite. In California and South America the 
deer-hoof rattle is commonly associated with girls’ puberty 
ceremonies. Among the Maidu and Karok of California, 
the girl herseif shakes the rattle. Usually, older women 
surround the girl and thump long, hoof-tipped poles on 
the ground, as among the California Klamath, Tolowa, 
Shasta, Achomawi, and Maidu mountain tribes, as well as 
among the Chaco tribes of South America.
Sand-filled butterfly cocoons were fastened on sticks 

manipulated by the leader of boys’ initiation rites of the 
Yokut, Maidu, Porno, and Miwok of California. In the 
rain ceremony of the Arizona Papago tribe, the singer- 
dancers wear cocoons, along with bells and shells, and 
the Yaqui native dancers all tie strings of cocoons around 
their ankles.

M e ta l rattles. In recent times the Indian has taken with 
delight to the sleigh bells and metal-pellet bells (jingle 
bells), as well as to metal rattles introduced by the white 
man, preferring them to natural materials that are harder 
to obtain. The dancers and runners of the Hopi and Tiwa 
Pueblo Indians at Taos, New Mexico, and, generally, 
Oklahoma festival dancers tie them around their ankles, 
below their knees, around their waist, and in a strip from 
beit to knee.

Turtle shells. Another animal source for both worn 
and shaken rattles is the turtle or tortoise. With attached 
deer hoofs, a turtle Shell is worn behind the right knee 
of members of Hopi men’s societies and Snake societies 
and commonly by Hopi kachina dancers. Small tortoise 
shells are worn at the knees of the leading woman in 
Oklahoma stomp dances. In the eastern United States, 
Delaware reciters of visions shook a tortoise Shell, and 
(a borrowing from the Cherokee) the Iroquois society of 
women planters passes such a rattle from singer to singer. 
In the Great Lakes region Huron shamans are reported to 
have shaken a tortoise Shell, filled with pebbles, near the 
ears of their patients. Cure motivates the most spectacular 
use of the turtle rattle, namely by the therapeutic rituals 
of the Iroquois, Delaware, and Cherokee-Shawnee. The 
shells are cleaned and filled with cherry pits, and the neck 
is reinforced by inserting a wooden handle. In the Iroquois 
False Face Society ceremony, the huge turtles furnish 
instmments for “doorkeepers,” the 10-inch ones for the 
singers, and the little ones for the False Face beggar boys.

G ourd rattles. Agriculture introduced the gourd rattle, 
which is always shaken by the dancer or singer, never 
wom. Its shapes and sizes are as varied as those of the 
squash and gourd, and it is ornamented with ingenuity. 
The Arizona Papago shaman, sometimes the Iroquois and 
Cherokee, leaves the stem on as a handle. Usually a wood­
en handle is inserted, perhaps deeorated with beads or 
feathers or with carvings. Perhaps the largest ones are the 
pair used in the m aso, or deer dance, of the Yaqui of Ar­
izona and Sonora, Mexico. The smallest gourd rattles are 
the tufted rattles of the Iroquois eagle dancers. In between 
are the flat Hopi and the egg-shaped Cherokee rattles 
and the small round son aja  rattle common throughout 
Mexico, particularly in the M atach in i ritual dance. These 
are an inheritance from the ancient Aztec ayacachtli rat­
tle used, for instance, in the springtime ceremony. The 
designs of perforations that covered these calabash rattles 
have spread to northem Brazil and to California and have 
even been imitated in wood by the Tsimshian of British 
Columbia. Symbolic painted designs may cover the sur­
face, particularly of the Hopi kachina rattles. Ritualistical- 
ly, they should be filled with maize kerneis, a few squash

seeds, and, in the Southeast, grains of wheat. The Iroquois 
prefer chokecherry seeds. Nowadays unsymbolic materials 
are inserted: buckshot, pebbles, even macaroni.

O th er varieties o f  rattles. Where gourds are not avail­
able, other materials are pressed into service. Tribes of the 
North Pacific Coast have developed a fine art of carving 
wooden rattles into animal and bird shapes. North Ameri­
can Plains Indians and South American Patagonian tribes 
make them of hide, in various shapes: spherical, doughnut- 
shaped, or flat disks attached to drumsticks. The Ojib- 
wa (Chippewa) and Naskapi (Eastern Woodlands tribes) 
shaman’s cicigw an  resembles a small dmm. The Iroquois 
and Cherokee-Shawnee have introduced cowhorn rattles, 
and the Ojibwa construct cylinders out of birchbark. The 
Yaqui p a sco la  (clown dancer) shakes a wood-and-metal 
se n a a so m , a form of sistrum, an ancient type of rattle 
consisting of small metal bars hung with copper rings and 
set loosely in a small, oval, wooden frame. Peruvian pot­
tery and Argentine Araucanian basketry rattles add to the 
wealth of variety of materials used, but they by no means 
exhaust the list. For again civilization has introduced 
harsh substitutes in the tin can, spice box, and almost any 
old box that is handy: even for the sacrosanct Midewiwin 
(“medicine ceremony”) of the Ojibwa and Menominee of 
the Great Lakes region.

Wind instruments: aerophones. In North America, 
flutes are limited to courtship, except for a whistle in an 
Iroquois medicine rite and in a gens (kinship-group) cer­
emony of the Meskwaki. In Mexico and southward, wind 
instmments provide colour and symbolic significance. At 
least two dances feature a one-man dmmmer-flutist who 
holds a flute in his left hand and plays a dmm with his 
right. These are the pascola , or clown dance, of the Yaqui 
(performed with a cane flute and 15-inch [36-centimetre] 
dmm) and the volador, or flying acrobat, dance of eastern 
Mexico. Such flute-drum combinations resemble the pipe 
and tabor combination found in Europe, raising the ques­
tion of importation. Yet it is probable that this is a coin- 
cidence and that the one-man dmmmer-flutist of Middle 
America is native. In contrast, the penetrating, oboe-like 
chirim fa  of Oaxaca, Mexico, originated in Spain.
Wind instmments have a long history in Arizona, Middle 

America, and South America. Archaeological repositories 
have proved that the Aztecs had many kinds of flutes 
of diverse materials, including double and triple flutes 
capable of playing harmonies. They also paired tmmpets 
in harmony.

In Bolivia, Pem, and Ecuador the ancient panpipe is 
still in use. Its harmonized, plaintive, pentatonic melodies 
provide an enchanting accompaniment to ritual and sec- 
ular dances. In South America, the long botu to  horn of 
Venezuela resembles the alphorn of the Austrian Alps and 
the gigantic Tibetan trumpet. Among the Araucanians of 
Argentina the horn appears in two forms, both fashioned 
of bamboo—the doleful ten-foot tu tru ka  and the more 
melodious, three-foot llolkin. Particularly in Central and 
South America, conch-shell tmmpets are important ritual 
instruments.

Stringed instruments: chordophones. With one excep­
tion, stringed instmments used in Indian music are of 
Spanish origin. Despite their nativistic ideology, even Cen­
tral Mexico’s Indian performers of the concheros society 
manipulate their armadillo-shell lutes in guitar harmonies 
and with a bmshing technique. In the m atach in es dance- 
dramas of the Pueblos and Yaqui, the accompaniment of 
fiddle and guitar or fiddle and harp uses tunes resembling 
those of England’s Morris dances—harmonized, four- 
square, in diatonic (seven-note) major scales. Picturesque 
stringed instruments include the fiddles of the Tarahu­
mara of northern Mexico. Small ukuleles, called ja ra n a s , 
are plucked by the v ie jitos (little old men) dancers of the 
western Mexican Tarascan tribe. The only native stringed 
instmment is the Tarahumara earthbow. Serving as a per- 
cussion instmment, it consists of a bow held vertically 
upon a gourd set over a small hole in the ground. The 
bowstring is stmek with a stick, the gourd and hole acting 
as a resonator.

The list of instmments gives some idea of their rich 
variety. Their playing techniques and their materials and

Flute- 
drum com­
bination



382  American Indians

Decline of 
Eskimo’s 
ancient 
songs

Survivals
of
antiphonal
singing

forms show tribal and functional variety. So does the re­
lation to melody and dance movement.

REGIONAL CUSTOMS: NORTH AMERICA
North American cultural areas include the Far North, 
the Eastern Woodlands, the Great Plains, the West, and 
the Southwest.

The Far North. E sk im o  m usic. The Eskimos are rap­
idly losing their ancient songs for shamanistic eures and 
animal dances. They retain a shadow of the Creative con- 
tests in the “drum dance” exhibits of individual songs 
with asymmetrical, complex rhythms and narrow-ranged, 
erratic melodies. All around Hudson Bay, the acculturated 
tundra dwellers delight in the hymnody of the Catholic 
and Anglican missions, singing “What a Friend We Have 
in Jesus” in the Eskimo language.

F ar northern tribes. The far northern Indians of Cana­
da—e.g., the Catholic Dogrib near Lac la Martre, North­
west Territories, and the Anglican Cree near Rupert 
House, Quebec—have also become experts in plainchant 
and in native versions of “Nearer, My God, to Thee.” 
Among the few native retentions are the Dogrib songs 
for the Hand Game and for the drum dance and the tea 
dance, social round dances. These songs are remarkable 
because they show similarities between these Indians of the 
Athabascan linguistic group and their linguistic relatives, 
the Southwestern Navajo and Apache. The Dogrib prefer 
triad melodies and vocal pulsations, carrying pulsation to 
extremes of speed and complexity. The few reports on the 
music of other northem tribes indicate a Substitution of 
hymnody in the native language for native songs, even 
among the isolated Mistassini Indians.
The Eastern Woodlands area. In the Eastern Wood­

lands, all along the northem Atlantic Coast and inland to 
the Great Lakes (even to Lake Winnipeg in Canada), some 
older people deplore the young people’s lack of interest 
in the Indian hymns, from the 17th-century chants of the 
Catholic Penobscot of Maine to the vigorous, 19th-century 
Ojibwa (Chippewa) revival songs, with piano, organ, Sax­
ophone, guitar, and male and female vocal harmonies.

The A lgonkian  m u sica l renaissance. Algonkians old 
and young, however, manifest a resurgence of racial pride. 
They usually show their enthusiasm in public programs, 
in New Brunswick and Maine for St. Anne’s Day (July
26); in Cape Cod, Rhode Island, and Long Island at 
the ancient harvest time, August. Women have played a 
prominent role in musical resurrections at various loca- 
tions, on Manitoulin Island, Ontario, and in Michigan.

The Algonkian song-and-dance repertoires contain a few 
local vestiges of earlier tribal music, besides introductions 
by visiting Iroquois, Oklahoma, and Pueblo Indians, and 
some inventions. They always feature corn dances, war 
dances, calumet (peace pipe) dances, and antiphonal (al- 
ternating two groups of singers) stomp dances.

Collections of surviving music of the Abnaki (Wabanaki) 
and Penobscot tribes suggest a traditional prevalence of 
antiphonal singing throughout the Eastern Woodlands as 
far west as the Mississippi River. This singing style survives 
among the Cherokee of North Carolina; the Seminole of 
Florida; and most potently among the Creek and Yuchi 
tribes, now removed to Oklahoma; and among the Iro­
quois of New York state and Six Nations Reserve, Ontario.

T rad ition a l Iroquois m usic. In their scattered reserva­
tions, the Iroquois preserve a rieh tradition of native, 
ritually functional music. They provide for individual 
creativity in the variations between various renderings of 
ancient songs and in new compositions for women’s dance 
and the social fish dance. But they insist on tradition, ad­
mit no European influence on their music, and have been 
reluctant to accept the pan-Indian songs from Oklahoma.

Their vast and varied repertoire defies categorization. 
Most of their songs, however, reveal four styles, each with 
a separate historical origin. Some shamanistic medicine 
songs and individual men’s songs recall Eskimo chants in 
their wavering, limited melodies, although they use much 
simpler, repetitive rhythms. Another style, for war and 
animals, fits into the definition at the beginning of this 
article, with pentatonic, sequentially descending melodies. 
These songs have two repeats, contrary to the quadruple

repeats common in songs of the Great Plains Indians. In 
some ceremonies, women pick up the tune and render 
the second repeat during their dancing. The somewhat 
similar third style, exemplified by the eagle dance and 
several other rites, provides the most terse examples of 
the dual, Iroquois musical structure. Paradoxically, these 
songs probably emanate from the Central Plains. The 
moiety system, dividing the tribe into two groups of ma­
trilineal clans, dominates the cast of singers and dancers. 
Each song has two repeats, within an extended series. Each 
melody—that is, song half—contains two parts: one with 
drum vibrato and tremulous movement and the second 
with a rhythmic beat and dance progression. The song 
cycle starts with a free, introductory invocation, and it 
ends with a more complex finale.
The fourth type is the antiphonal, self-accompanied song; 

it prevails in agricultural rituals. One distinguishing fea­
ture is the “rise” in the middle of the song. That is, after 
several repeats of the antiphonal theme, it reappears on 
a higher tone, with change also in the dance movements; 
then it subsides to several repeats on the original level. 
Thus, there is a three-part, not a dual, pattern. The Ir­
oquois also use a more ancient and primordial type of 
antiphonal singing. Thus, there are numerous responses 
sung at the end of certain songs. These responses, primar­
ily monotone with a temporary rise of one step, have in 
performance an insistent power that unites the song-dance 
leaders and the chorus of people, who sing the response.

The Great Plains. The Indians of the Great Plains have 
spread their influence far and wide—to the Eastern Wood­
lands Iroquois and the Pueblos of the Southwest. Their 
influence on the Algonkians of Wisconsin and Minnesota 
has been so strong that it has drawn them into the Plains 
rather than the Woodlands area. Thus influences of the 
Dakota tribe have fashioned the present Algonkian drum 
society and war dance and have displaced the ancient 
Great Lakes animal songs with their simple, repetitive 
themes and imitative dance movements.
Conversely, the Plains tribes of North Dakota, Manito­

ba, and Saskatchewan have borrowed several Algonkian 
rituals. In powwows they feature war dances with duple 
drumbeat and round dances with a triple beat (beats 
in groups of three: strong-weak-weak), and with a shrill 
female chorus an octave above the men. Within the 
dominant song-dance style, the war-grass dance displays 
such special characteristics as high pitch, wide intervals 
in the melody, and wide melodie range. The singers vary 
the intensity. They attack notes with barks, slides, glot- 
tal stops, hiccoughs. On a second rendition of a chorus 
phrase, they shift from the duple beat to four or six strong 
beats; then they continue softly, tapping the edge of the 
drum, gradually increasing to the final strong, loud vol­
ume. In Oklahoman versions of this type of dance song, 
the dance responds to the musical changes, but in the 
Northern Plains there is no corresponding change of step 
or movement.
The more northwesterly Plains tribes, especially the Sal- 

ishan Flathead and Algonkian Blackfoot, do not include 
Algonkian rites. They intensify some musical features of 
the Dakotas—the pulsation, strident vocal quality, and the 
wide range of musical scales in war dances. But they also 
retain some old medicine songs and sun dance songs with 
a less dramatic style. The Flathead have substituted such 
Plains traits characteristic of the Dakota for the wavering, 
more subdued musical qualities of the Salishan tribes.
The West. The tribes o f  the N orthw est. The tribes of 

British Columbia share the dramatics of trancelike, Eski­
mo shaman dances, as well as their rhythmic complexity. 
But the British Columbia tribes have evolved a unique 
musical style, with elusive tonality, or musical orientation, 
around the maintone and clearly perceived notes of the 
scale. Thus, they use semitones, or half steps, and even mi- 
crotones, with counter-rhythms of song and percussions, 
erratic musical metres, and complex song structures. Other 
special features are a drone (sustained note heard against 
a melody), which provides a rudimentary harmony; occa­
sional use of simple flutes; and an extensive vocabulary of 
musical patterns and performance techniques, especially 
among the Nootka and Kwakiutl tribes. Their flamboy-
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ance differs from that of the Plains Indians and even more 
from the other western tribes in the deserts of California 
and Arizona and the Rocky Mountain Plateaus.

M u sic  o f  desert a n d  p la tea u  tribes. The tribes of the des­
erts and plateaus can be grouped together because of the 
simplicity of their aboriginal cultures and musical styles. 
Unifying factors are ritualistic preoccupation with visions, 
eures, and death (as in the elaborate Yuma mortuary rites) 
and long, mythological ballads. They also share a nonpul- 
sating, relaxed vocal quality, an undulating, narrow-range 
melodie contour, and simple rhythmic patterns. Variations 
among tribes include instruments like the Ute scraping 
stick and the Pima upturned-basket drum.
A special Yuman feature is termed the “rise,” a higher 

pitch level in the middle of a song that recalls a “rise” 
of the Woodland stomp-dance song but without its anti­
phonal singing style. These simple people, however, have 
become very susceptible to Euro-American culture and 
religion and are losing their traditions and accepting Mor- 
mon hymns and jazz dances.
The Southwest (Arizona and New Mexico). Geograph- 

ically, Arizona tribes such as the Pima, Papago, and Ha- 
vasupai can be included in the heterogeneous Southwest, 
but their subdued musical styles differ from the styles of 
the vigorous nomads—the Navajo and Apache of the Ath- 
abascan language group and the richly endowed Pueblo- 
dwellers, with similar cultures but diverse languages.

The N ava jo  a n d  A pache. The Navajo and Apache live 
miles apart and have been subjected to diverse influences, 
but they retain common qualities in their consistent prefer­
ence for melodies with “bugle” intervals and their pound­
ing percussion beats. Their social round dance songs and 
chants of the Peyote Cult are related to the Plains Indians. 
The Navajo com-grinding songs and the masked yeib ich ai 
spirit dance suggest Pueblo influences, although the eerie 
falsetto voice and light rattling used in the yeib ich ai dance 
songs are distinctive. The Apache songs for the masked 
crown dance fit the incisive musical beat to the angular 
postures and gestures of the four mountain spirits.

Pueblo m u sic  a n d  r itu a l The Pueblo peoples, from the 
Arizona Hopi and Zuni to the Tewa of the Rio Grande 
Valley, have in the course of hundreds of years evolved 
analogous musical arts with local differences, such as 
greater complexity in the westernmost villages. The most 
sacred songs for the appearances of the masked kachina 
rain gods resemble songs for unmasked, public, summer 
rain and corn dances. These songs (specifically as studied 
along the Rio Grande) combine terse, traditional musical 
forms with elusive tonality and rhythm. In the rain dances 
and so-called basket dances, the men provide their own 
rattle-and-song accompaniment. In corn dances they and 
the female dancers are supported by numerous separate 
singers and a chorus. The male singers start on a low, 
growling pitch, sometimes increasing in speed from a slow 
tempo. In the course of three or four melodie themes, re­
peats, and interpolated melodie fragments, they raise their 
voices an octave and a half. Finally, they subside to the 
growl, marking time all the while with the right foot on 
the powerful, pulsating accents. While the dominant beat 
is duple, the metre shifts at times to triple beat or to a 
slower beat, which they call t ’a, or “pause,” then returns 
to the earlier pulsation. The rain dances are simple and 
stationary; the performers of the corn dances move in 
elaborate designs within an allover pattern of a slow and 
a fast dance.
Two-part song structures and elaborate dance patterns 

govern a dance type that shows influence from the Kiowa 
and Comanche tribes of the adjacent Plains. The buffalo 
and game animal dances, eagle dance, and Comanche 
dance precede the slow-fast parts with an entrance song 
of evident Kiowa origin. The dance songs resemble the 
typical American Indian style of pentatonic, descending 
melodies, in contrast to the pyramiding, rise-and-fall mel­
odies and elusive tonality of the agricultural songs. The 
fast dances tie in with the Plains Calumet dances and Ir­
oquois eagle dances, having a repeated pattern of a drum 
tremolo, followed by a section with a regulär duple beat. 
The wintertime animal dances follow diverse Pueblo pat­
terns, with a repeat of the dance in several plazas and with

four appearances during the day. These dances require 
traditional songs for specified occasions and new creations 
within the frame for other occasions.

In addition, various Pueblo tribes perform an assort­
ment of unclassifiable dance-songs, such as the San Jüan 
Deer Dance with its Apache musical characteristics. For 
public shows, Pueblo Indians of Taos and other north­
ern communities show their expertness at secular, clearly 
Kiowa war dances, hoop dances, and round dances. Most 
Rio Grande Pueblos also display Spanish influences. On 
saint’s day fiestas they hold a Catholic mass, with Roman 
Catholic chants and hymns in English or Spanish. At 
Christmas and at other times they perform a m atach ina  
dance (a ritual dance for men), usually with fiddle and 
guitar accompaniment. At Santa Clara and Jemez, New 
Mexico, the accompaniment is with voice and drum, and 
the dance movement is in native style. The m atach ina  
dance relates the Pueblos to Mexican peoples—the Yaqui 
of Arizona and Sonora, Mexico. The polytheistic religion 
of the Pueblos resembles that of the ancient Aztecs and 
Maya. But their indigenous styles of music and dance ap­
pear very different from the aboriginal and Contemporary 
styles of Latin America, even from those of the adjacent 
tribes of northern Mexico.

REGIONAL CUSTOMS: MEXICO AND MIDDLE AMERICA
The cultures in Middle America include both the tribes of 
northern Mexico and peoples of southem Mexico who are 
grouped with those of Central American countries such 
as Guatemala.

Northern Mexico. Y aqui m u sic  a n d  dance. The Ya­
qui of Arizona and Sonora have had much contact with 
Southwestern tribes. They relate to the Pueblos in their 
ceremonial m atach ina  dance, using the same kind of 
longways formations (two parallel lines of dancers) and 
instrumentation (fiddle and harp) but without the Pueblo 
farce of a buil killing.

At Eastertime this dance forms part of a festive com­
plex in church and atrium. A fantastic, Jesuit-Indian Pas­
sion Play bypasses the drama on Calvary. It consists of 
stations-of-the-cross processionals, with plainchant wailing 
by women; surging groups of black-robed p ila to s  (Pon­
tius Pilates), and wriggling, jumping, masked chapayekas  
clowns to spastic fiddle scratchings. It also features the 
native dances of the deer and his pursuers, the pasco la  
clowns, next to a group of coyote impersonators.
For their animal drama the Yaqui have evolved their own 

native orchestra—for the deer an ensemble with rubbing 
of mechanically precise notched sticks and with a dmm 
consisting of a half gourd floating in a bowl of water, along 
with subdued singing of ancient, symbolic deer chants; 
for the pascolas, first a fiddle and harp in jig tunes, then 
a one-man flute-and-drum in irregulär, pentatonic tunes; 
for the coyotes a low, gurgling chant to dmm and the 
dancers’ bmshing across a bow that they straddle. The re- 
petitious tunes with their limited scales and the medium- 
loud production seem to contradict the free and forceful 
dance style. By their restraint they blend with the subtle 
sounds of the dancers’ rattles, deerhoof beits, gravel-filled 
cocoons, and bells.

The various passive and active rattles of the deer dance 
interplay with the musical accompaniment. The cocoons 
swish with every step. The deer hoofs descend with the 
knee and foot in thumping steps, but in leaping steps their 
momentum causes them to syncopate—to work in Oppo­
sition to the dance movements—to fly apart as the dancer 
descends and to strike together as he rises. Add to this the 
circular swish of one gourd and the alternately accented 
beat of the other. The p a sco la  dancer shows a similar com­
plexity, in the syncopated rhythm of the se n a a so m  rattle 
against the left hand. At times he vibrates it back and 
forth in front, with a motion of sowing seeds. He is prob­
ably replacing a native rattle by this brass-and-ironwood 
sistrum known in Mesopotamia and ancient Egypt.
The Yaqui have been given much attention because of 

their accessibility and their extraordinary ceremonial arts. 
They seem stylistically related to other, less publicized 
tribes of northern Mexico.

O ther northern M ex ican  peoples. Northern Mexico’s
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Uto-Aztecan tribes share with the Yaqui a medium-loud, 
nonpulsating song style, with repetitious, undulating mel- 
odies emphasizing the tonic and third in a scale using 
only the fifth, fourth, third, and tonic notes of a European 
major scale (as, g-f-e-c). The Seri Indians of coastal Son­
ora state show their affinity with Arizona’s desert tribes 
in this singing style and also in their long, legendary nar­
rative songs. East of the Sierra Madre Occidental Range, 
the Cora, Huichol, and Tarahumara have retained some 
examples of music in this same style. One might expect a 
link across the United States border in the hikuli (“pey­
ote”) songs of the Huichol, the alleged originators of the 
widely diffused Peyote Cult, yet the Huichol songs are 
quite distinct from peyote songs in the United States.

Middle America. The northern boundary of Middle 
America is rather vague, lying somewhere in the central 
Mexican state of Jalisco, where the Indians are largely ac- 
culturated to Mexican society. The area from Jalisco to the 
Panama Canal displays a bewildering network of native 
musical styles in mountain and jungle, hybrid and modern 
music, and rural and urban styles. It would be convenient 
to assign the flute and drum music to native rites and 
the stringed music to Spanish fiestas, but there are ex­
ceptions. Flutes, not stringed instruments, accompany the 
European-derived dances of moros y  cristianos (“Moors 
and Christians”) and conquisia (“conquest”) dramas with 
clearly medieval tunes. These and other dances, such as the 
santiaguitos and the matachines, are derived from Euro­
pean ritual dances for small groups of men. Cacaphonous 
flute ensembles hail the birth, marriage, and death rites of 
the acculturated Tarascan Indians in Michoacän state. On 
the other hand, stringed instruments appear in Carnival 
and Lenten festivals, in the armadillo-shell lutes of the 
concheros dancers, and in the fiddle accompaniments for 
the arrieros (“mule-drivers”) dance. The shrill, oboe-like 
chirimi'as, probably originally from the Mediterranean is­
land of Majorca, accompany fireworks fiestas in Oaxaca. 
Again, the delightfully sour village bands present clearly 
Euro-American marches and polkas.

Every fiesta is a conglomerate, with, perhaps, a native 
volador (flying acrobat) performance; a variant of the san- 
tiaguitos-matachines-moros y cristianos dances; morality 
plays with chants and fiddles; and, finally, huapangos, 
lively couple dances with fiddles in jig tunes.

To further confuse the issue, contiguous tribal groups 
manifest contrasting styles. In Southern Chiapas state, city 
dwellers delight in the Indian chiapanecas girls’ dance and 
its music. The mountain Tzotzil Indians of Chamula and 
Zinacantan, Chiapas, have devised their own versions of 
stringed music, with handmade guitars and harps, and, 
again, contrapuntal combinations (i.e., with two or more 
simultaneous melodies) of trumpet, reed flute, and drum. 
In the nearby swamps, the Lacandón, an isolated branch 
of the Maya, maintain their ancient, shamanistic chants, 
their conch-shell tmmpets, and prehistorie drums. Again, 
descendants of the ancient horizontal slit-drums of the 
Maya survive in the city of Mérida, Yucatan.
A special oddity is the marimba, a wooden Xylophone 

probably derived from Malaya via Africa, with primi­
tive forms extending even into South America. The well- 
constructed marimbas of Mexico and Guatemala serve 
various purposes, from Guatemalan religious dances to 
regional and jazz dancing in plaza socials of cities like 
Mazatlän, Salina Cruz, Tehuantepec in Oaxaca state, and 
Zacatecas in Zacatecas state.

Though it would be a vast simplification, it is not im­
possible to set off the native musical styles retained in 
mountains, jungles, deserts, and generally in rural settle­
ments as distinctly different from the music encountered 
at urban political fiestas and tourist attractions.

REGIONAL CUSTOMS: SOUTH AMERICA
The same overgeneralization of rural-urban styles fits 
South American music, with qualifications. Native music 
survives among remote tribes of jungle and desert, but the 
highest Indian musical cultures remain in the Andes. Geo- 
graphically, the distribution contrasts with that of Mexico, 
where native survivals surround the centralized cultures 
of the mestizos. In South America, simpler tribes have oc­

cupied the interior. The rural-urban distinction is similar 
on both continents, with Indian influence stronger in the 
villages and Iberian secular styles in the cities, especially 
on the coasts.
Musical traits o f Amazon peoples. Amazonian tribes 

have proved to be fairly tenacious because of their inac- 
cessibility. Some, like the Chaco tribes, have been losing 
their aboriginal arts. But other Amazonians display com­
plex music for voice, percussion, and flute. The songs of 
two of the best known tribes—the Motilón of Venezuela 
and the Jivaro of eastern Ecuador—are medium-fast and 
generally medium-loud and show a preference for the in­
terval of the third, as in songs of northern Mexico. Some 
Jivaro songs are pentatonic. The range varies from two 
tones to an octave. Frequently, the maintone lies in the 
centre. The rhythms are often complex and irregulär, with 
triplets (three notes where two would normally lie) and 
dotted notes (two-note figures that either divide the beat 
into long-short values instead of notes of equal length or 
divide the beat into a snapped short-long rhythm known 
as the Scotch snap). The Motilón have some heterophonic 
songs, that is, songs in which the singers simultaneously 
vary the same melody in different ways. Such songs serve 
for amusement rather than for ritual.
Andean music. Andean tribes, across the mountains 

from the Jivaro, also favour pentatonic scales, but they 
evolved a more sophisticated musical style during pre- 
history and in the period of Spanish colonization. They 
retain fragments of ancient ceremonial music, such as the 
invocation to the rain god on the Island of Taquila in 
Lake Titicaca—a repetitious tune for whistle and drum. 
The Pampa Hash, a district in Canas Province near Cuz­
co, Peru, perpetuates an ancient agricultural rite, with the 
flutes and chants both Crossing each other and sounding 
in unison, or with chant accompanied by a background 
of two chords played on the chillador, a tiny, lutelike in­
strument. The elaborate, composite fiesta of the chunchus 
and collas near Cuzco combines native and hybrid com­
ponents. A native prologue for side-blown flutes and drum 
is played on the eve of this continuation of the ancient 
Inti-raymi, the Inca festivai of the solstice on June 24. A 
drama of chunchus (“Spaniards”) and collas (“Indians”) 
ends with the defeat of the collas, as in the Mexican con- 
quista dramas. The music combines voices, flutes, conch- 
shell trumpet, and chillador. There is social dancing in 
the streets, and, finally, the kacarpari farewell music, for 
flutes and drum.
Among social dances, the wayno (or huayno), is preem- 

inent. This paired longways dance (i.e., in a double line 
of couples) in duple time sometimes uses a background 
of sicuris, or panpipes, their tuning corresponding to the 
Western G major scale with F natural. Highland mestizos 
prefer a combination of the charango, a five-stringed uku- 
lele, with harp and other strings, sometimes with shifting 
metres, from % to %. In either case, the melodies in penta­
tonic scales shift continually from a tonality suggesting a 
European major key in the higher register to a cadence, or 
stopping point, in a tonality suggesting a European minor 
key. The harmonies change correspondingly.
This uncertain major-minor tonality pervades the An­

dean music. It appears in the chinguinada for church 
festivals, with a basso ostinato (repeated melodic-rhythmic 
pattern); in the mestizo yaravi serenade and in the mestizo 
marinera couple dance, with its metre alternating \ and 
I patterns. Other, more urban dances, such as the vals 
criollo, use European major and minor scales. They fall in 
line with regional couple dances of Venezuela, Colombia, 
the Pacific coast through Chile, and inland to the pampas.
Mestizo music o f the coast. The Creole people of the 

coast and plains have been replacing the indigenous mu­
sic of the mountains with their own music, especially 
with the ubiquitous cueca, or zamacueca, couple dance. 
Their string ensembles, analogous to the Mexican mari- 
achi bands, play to fit waltz steps or zapateados (“heel 
strikes”), with syncopations and shifts of metre. At times 
the instruments provide counter-rhythms with the gay 
songs in major scales. The lively, populär pericón and 
firmeza dances reveal very little black influence in their 
music, in contrast with dance music of Brazil and coastal
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Colombia; but they owe much to the contradanza, or 
longways couple dance, of Spanish colonial times.

Although North America’s tribes did not mix native and 
European styles, the natives and mestizos from Middle 
America to the tip of South America have created infi­
nitely varied hybrid musical styles.

STUDIES AND PUBLICATIONS
Musical fieldwork, recording, transcription, analysis, and 
publication in books, articles, and records have been pro- 
lific since the tum  of the Century. The early musical 
transcriptions taken down by ear were not too accurate 
and musical scores based on phonograph-cylinder record- 
ings leave much to be desired. The improved quality of 
disc recordings about 1930 greatly helped fieldworkers and 
analysts. The tape recorder, especially in its transistorized 
form, has boosted the studies of tribal repertoires before 
their extinction and during changes and revivals.

At first the field collector and the musical analyst were 
frequently different people, anthropologists enlisting mu­
sicians to transcribe their field recordings, sometimes with 
success.

Musical transcriptions and analysis. The techniques of 
musical transcription and methods of analysis are in flux. 
Various scholars have employed machines for tonometric 
and sonometric transcriptions. Such devices, based on 
sound-wave frequencies, show melodie intervals more pre­
cisely than normal musical notation. Nevertheless, most 
transcribers have found it convenient—and generally eas­
ily readable—to use the conventional European musical 
notation, with various diacritical marks to show divergent 
pitches and omaments. Some transcribers have copied the 
scores to show analogous musical phrases next to each 
other, for convenient comparison. Usually they include 
the corresponding texts with translations.

In the realm of musical analysis there have been many 
experiments. The most useful method for melody analysis 
is the long-standing system of “weighted scales,” according 
to which the scales used in given melodies are presented in 
terms of frequently and infrequently used initial and final 
notes and important intervals. Presentations of music in 
the form of graphs have been useful in the determination 
of tribal styles and in the comparisons of tribal and Euro­
pean tonalities.

Other fields of American Indian musicology. One aspect 
of the study of American Indian music still underexplored 
is the relationship of musical rhythms and structures to 
their associated dances, though some workers have in­
cluded descriptions and diagrams of dances. The process 
of music and dance coordination is laborious, little used; 
yet it is important for the future.

Another aspect, the harmonization of native tunes and 
the composition of Indian ballet music, has been exploited 
but with questionable success. As in tribal performance 
of traditional music, modern study and use of Indian ele­
ments in Contemporary compositions combine a knowl­
edge of traditions with Creative imagination.

(G.P.K.)

Dance

The dances of the American Indian peoples are compa­
rable in many ways to the folk dances of Europe. They 
represent forms passed down over centuries and modified 
through interaction with foreign and other Indian cultures. 
The origins are similar, lying in religious rite; in attempts 
to invoke magie and thus eure illness or assure success in 
food production, hunting, and warfare; and in such life- 
passage rites as birth, puberty, and death.

Nowhere among the many diverse Indian cultures is 
there a sense of dance comparable to that expressed in 
the staged art dance of the West. A number of influences 
from European dancing passed into the American Indian 
dance, but in many places the descendants of the aborigi­
nal inhabitants of the Western Hemisphere have retained 
the traditional dances.

The treatment of American Indian dance in this arti­
cle is meant to focus first on certain general features of 
dance and their manifestation in a number of areas. The

diversities existing within this larger framework then be­
come apparent through consideration of the dances of the 
several cultural regions or tribal groupings. (More detailed 
comparisons between American Indian dance and the folk 
dance of European and other peoples will be found in the 
article fo lk  a r ts .)

GENERAL CHARACTERISTICS OF AMERICAN INDIAN DANCE
Among the essential factors in an overall picture of Amer­
ican Indian dance are the diverse kinds of dance, the 
organization of the dances in terms of participation, and 
the relations of man and deity expressed in the dances. In 
addition, a variety of other stylistic considerations are rele­
vant, as are the foreign influences that have been absorbed.

Extent of dance forms. Many themes, typically the 
celebrations of life crises, developed in the New World 
during millennia of residence, migration, and exchange. 
These were most prominent in the marginal cultures of 
California, Venezuela, and Tierra del Fuego in the most 
southerly reaches of South America. Mortuary rites were 
prominent in the northland and the deserts. War and 
hunt dances have had different degrees of prominence, 
their greatest development being among the hunters in the 
Great Plains of North America. So-called animal dances 
varied according to the local fauna, a tiger mime belong­
ing to tropical peoples and a bear cult reaching across the 
northern part of the New World and into Siberia.

Religious magie, or shamanism, practiced by societies or 
individual priests is probably derived from such Siberian 
tribes as the Tungus and Chukchi. In various forms and 
used usually for eure, it extends to southeastern Brazil 
but is most potent and most trance-oriented among the 
Eskimo. From Mexico, and probably earlier from Peru, 
agricultural rites fanned out into the southeastern wood­
lands and the Southwest. More recent than the other rites, 
their forms show enrichment from Iberian rituals.

Patterns of participation. A distinction between per­
former and spectator has long existed in American Indi­
an dance, though it is not the artificial Separation that 
characterizes much of Western stage dancing. This latter 
condition has occurred only with the performance, large­
ly in North America, of dances for tourists and during 
Indian participation in folk dance festivals or regional 
“powwow” gatherings.
Spirit impersonations, including maskings and noise, 

were used in widely separated areas to frighten nondan- 
cers. Specific instances of such practice included the pub­
erty rites of the Yaghan and Ona of Tierra del Fuego; and 
among the Kwakiutl Kusiut of British Columbia in Can­
ada, similar ceremonies were held in dance houses with a 
definite performing area. Except for a few specialized rites

By courtesy of the Museum of the American Indian, Heye 
Foundation, New York; photograph, M.R. Harrington

Masked Iroquois dancer of the Cayuga tribe performing 
False Face Society dance, 1907. A turtle rattle is held in 
the right hand.
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like the eagle and False Face dances, the change of roles 
among spectators, dancers, and musicians is characteristic 
of the sacred ceremonies of the Iroquois longhouses in 
the Eastern Woodlands region of North America. White 
visitors are welcomed, especially into such dances for the 
Creator as the great feather and drum dances; and all 
Indians, from the aged to mothers with babies in arms, 
are expected to join in.

Among the Pueblos of the U.S. Southwest, the dancers 
remain separate because they require special rehearsals and 
ritual blessings. When they emerge from their sanctuaries, 
or kivas, onto the dancing plaza, they dance to invoke 
rain, health, and other blessings for the people from the 
supematural spirits. After the ceremony the Indians often 
join in less formal social dances uniting all participants 
and observers. Though they have religious connotations, 
as among the Iroquois, these dances are secular, and any- 
one may enter or drop out at will.

Socially determined roles in dance. Visitors may not 
perceive the patterns of social organization reflected in the 
dances. It is clear that men or women alone begin some 
dances and the other sex may then join in, and that men 
monopolize some dances, women others. Less clear are 
the relations, especially complex in the longhouse dances 
of the Iroquois, between the moieties, the complemen- 
tary divisions of the tribe based either on kinship or on 
ceremonial function. In all Iroquois dances, specific tra­
ditions decree the nature and degree of male and female 
participation and whether they dance simultaneously but 
separately or in various sexual pairs or other combina-

Courtesy of the Denver Art Museum, Colorado

Detail of Ojibwa birchbark scroll showing a moiety pattern 
ceremonial dance, c. 1875. In the Denver Art Museum,
Colorado. Detail 46 X 41 cm.

tions. The leader of the dance and song and his helper, 
however, must be of different moieties, whether they lead 
from the floor or from the sidelines. When women enter 
a dance line, singly or with another, they must pair with 
a moiety opposite, or “cousin.”
The Iroquois moiety pattern is crossed by another com- 

prising various public or secret societies whose members 
are bound together for life, often joining the society dur­
ing illness or other catastrophe. These societies perform 
such dances as the False Face curative rites, the female 
mortuary dances known as ohgiwe, and the dances of the 
sexually integrated Bear and Buffalo medicine societies. 
Elsewhere, religious dance societies were based on ages, as 
in the male warrior societies of the northern plains.

Some of these societies crossed local and even tribal 
boundaries, as in the extremely complex organization of 
Mexico’s concheros, whose intertribal hierarchy runs from 
a capitän genera l d e  la conquista  d e  Tenochtitlän  through 
various local commanders and military ranks with specific 
duties to the attendant devil, sorcerers, and mythological 
figures. The concheros ’ claim to an Aztec heritage is given 
considerable credence despite some Spanish mixture, but, 
compared to that of the pre-Columbian Aztec, their cere­
monial organization appears to be limited.

Aztec round dance for Quetzalcóatl and Xolotl, detail from a 
facsimile Codex Borbonicus (folio 26), c. 1520. Original in the 
Chamber of Deputies, Paris. 76 X 20 cm.
By courtesy of the Newberry Library, Chicago

In the organization of, and participation in, dance ac­
cording to priestly or social status, the earlier Aztec dances 
were images of the completely theocratie government. A 
far cry from the democratie customs of the Iroquois, the 
circumscribed ceremonial roles of Aztec actor-dancers re­
flected the social structure comprising priests, nobles and 
warriors, commoners, serfs, and slaves. The priestly and 
noble-warrior classes took active roles in the many festi­
vals of the Aztec calendar, and the priests trained noble 
youths for the priesthood or in dancing and singing. War­
rior youths performed ceremonial combat, and the warrior 
orders of the eagle and of the ocelot fought captive slaves 
during certain festivals. Both commoners and serfs consti­
tuted the audiences, the former sometimes doing serpent 
dances with the nobility, the latter sometimes ceremonial­
ly attacked and routed by the priests. There were age roles 
and sexual roles as well, but the slaves, captives of sacred 
war with other city-states or purchased in the marketplace, 
as victims, had a passive role in the ceremonial activities.
Opposites played dramatically against one another in 

these rites: nobles and commoners, old and young, male 
and female. The warrior orders symbolized the clash of the 
sky and light with the earth and darkness, and, as aggres- 
sors against poorly armed captives, they enacted the drama 
of sacrificer and victim. It was the priests and the passive 
slaves, however, who played the supreme moment of the 
ritual. The circle of social gradations was closed as the 
highest and the lowest ranks performed together the most 
crucial act of the Aztec dance-drama, human sacrifice.

Religious expression in dance. Religious symbolism is 
significant even in the human interactions of the dance. 
Men often symbolize phallic, aggressive supernatural beings 
and rain-bringing deities, whereas women symbolize ac­
tual fertility. In Iroquois ceremonies, women represent the 
“Three Life-giving Sisters”— i.e., the spirits of corn, beans, 
and squash, with no mimetic representation. Similarly, 
Pueblo women promote plant and human fertility by their 
symbolic dancing.
With no mimetic elements, the basket dance of the Tewa 

Pueblo rites includes invocations for plant growth and for 
the transmission of the gift of human life. The ceremony 
symbolizes the woman’s central role in sustaining of the 
life of the pueblo.

In the animal realm there are also separate roles for men 
and women. Ottawa and Winnebago women imitate the 
winged flight of wild swans and geese, whereas the Iro­
quois and Pueblo men represent eagles. Both sexes join in 
the mime of supernatural bears and buffalo in ceremonies 
of the latter tribes, more realistically in Iroquois dances. 
In the Southwest, especially in the New Mexican pueblos, 
male representations of supernatural deer show gradations 
of stylization ranging from the naturalistic portrayals of 
Taos pueblo to the semistylization in the Santa Clara, San
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Ildefonso, Cochiti, and San Felipe pueblos, in which sticks 
replace forepaws, to the abstract, upright deer dancers of 
San Juan pueblo and masked, unreal deer in the kachina 
dance of the Hopi. The solo deer dancer of the Arizona 
and Sonora, Mexico, Yaqui, always a man, is relatively 
realistic, with mime of the hunt and killing.
On the whole, in both Americas agricultural dances tend 

to be abstract, and animal dances are usually decidedly 
mimetic. The animal maskers of British Columbia are 
terrifying portrayals of supernatural beings. In Venezuela,

Miguel Salgado

Yaqui deer dancer from Sonora, Mexico.

masked beasts of the former Maipure puberty dance, 
mauari, threatened a pubescent girl and her cortege and 
had to be subdued magically.
Here and there the man-deity relationship is expressed in 

hand gestures. The Kwakiutl of northwest North Ameri­
ca evolved codified ceremonial sign languages, as did the 
Pueblos, Aztecs, and Maya. In the San Juan Pueblo of 
New Mexico, the appearance of the rain gods is herald- 
ed by two ceremonial clowns using traditional gestures. 
Looking for the rain gods in the clouds, one of the clowns 
claps from his hands the ashes representing a cloud. He 
looks upward, shading his eyes to indicate his attempt to 
see into the distance. This gesture is always used whenever 
the clown speaks of what he “sees.” The clowns repeat this 
action toward the four points of the compass, continuing 
to see the approaching rain gods, who bring with them the 
rain cloud. Similar performers may appear in the pueblo’s 
plaza, outside the kiva, or sanctuary. Dancing, unmasked 
clowns enact motions of luring rain, of sowing seeds, of 
digging, and of gathering the plants as they rise from the 
ground. Clowns also appear in the men’s spring dances 
and in the summer corn dances. After their entrance with 
a large group of male and female dancers, the corn dance 
singers station themselves in an are near the drummers. 
They fit gestures to tunes and texts that are composed for 
each occasion but follow a traditional pattern and trend 
of ideas, beckoning to the rain gods in their cloud homes 
in the north, west, south, and east.

Invocations to the directions survive in the Great Plains 
and Great Lakes area, especially in the pipe dance. A 
single man offers a pipe to the thunderbird in the east, 
south, west, and north, moving clockwise, then to the 
deities of the sky and earth. Similar invocations to the 
directions survive in Middle America as fragments of the 
rieh gestural symbolism of the Aztec and Maya. There, as 
in New Mexico, counterclockwise patterns emphasize the 
Cardinal points.
Patterns and body movement. This religious, nature-

oriented concept of space differs from that of Western 
man’s folk and art dance, which has only geometrical or 
emotional significance. The geometrie ground plans, how­
ever, show similarities with Western practices. The circling 
dances are sunwise in areas of former hunting people and 
countersunwise, or widdershins, among agriculturalists. 
Serpentine line dances also prevail among agriculturalists, 
among the Iroquois, Pueblo, Middle American, and An­
dean peoples. Among the Iroquois, many round dances 
are open, with a leader, coincidentally resembling dances 
of the Balkans of southeastern Europe.
Aboriginal line dances are quite simple, whether they are 

single file or double file. Spanish influences are apparent, 
however, in the elaborations used in the double-file dances 
of the Southwest and Latin America. Spanish and Austri- 
an influences probably inspired the couple dances of Latin 
America, for aboriginal dances juxtapose male and female 
partners only rarely, and never in overt courtship mime.

In body movement, the Indian style differs from that 
of northwestem Europe but coincidentally resembles the 
posture and quality of Serbian dancers. Characteristic of 
Indian dancers is a slightly forward-tilted posture, forward 
raising of the knee, flat-footed stamp or toe-heel action, 
and tendencies toward muscular relaxation and restraint 
in gesture. This basic style of body movement varies not 
only from area to area or from tribe to tribe but also from 
dance to dance and even from one individual to another. 
The agricultural dances generally are performed with an 
upright posture and an easy manner. Male war dances 
may include complex gyrations and flexion of the torso, as 
do animal dances. Vision and clown dances may induce 
bodily distortion.

Throughout Europe and the Americas, the posture varies 
with sex. Women tend to be more erect than men, to lift 
their feet and knees less, and in general to perform in a 
more restrained manner. Except for the war dances, Indian 
women use the same steps as the men, within the stylistic 
restrictions. In the woodlands of eastern North America, 
everyone proceeds with the stomp step, a flat-footed trot. 
In the Pueblo area, where men and women use a similar 
step, the dancers also specialize in a foot lift and solid 
stamp. In certain dances, especially clown, animal, and 
war dances and in some social round dances, individuals 
often invent variants of the basic steps. Sometimes the 
innovators borrow American ballroom steps such as those 
of the Charleston, though they adapt them to their own

By courtesy of the Rare Book Division, the New York 
Public Library, Astor, Lenox and Tilden Foundations

Dancer of the Hidatsa Dog Society, showing style of 
body movement used by North American Indian dancers. 
Aquatint by Karl Bodmer, 1834. 38.7 X  53.3 cm.
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styles. The steps and formations of the Indian dance, as 
well as the overall structure of a dance or ceremony, fol­
low the music closély. This connection is covered in more 
detail in the foregoing section on Indian music.

Foreign influences. Among the influences from the Old 
World, the dances of northem Europe and the Anglo- 
American dances have found little acceptance. The Long­
house Iroquois reject all white men’s dances. Among the 
few influences are some Oklahoma jazzlike, war-dance 
steps, an Indian two-step danced by couples, a waltz in 
a Pueblo social dance, and numerous couple dances of 
Latin America.

Iberia, on the other hand, has not only loaned some steps 
but has metamorphosed the dances of Middle America and 
western South America to Argentina. The hybrid dances 
reveal every conceivable shade of stylistic adjustment.
Adaptations of mazurka, waltz, and other European 

dance steps occur in some ritual dances as well as in 
such secular couple dances as the Mexican ja rabes. The 
European origin, reinforced by the Europeanized music, 
is obvious despite the subdued manner of performance. 
The most significant dances are the religious dance dra­
mas taken over from such medieval religious productions 
as m oros y  cristian os (Moors and Christians) and the m a ­
tach ina  dances—both for trained male societies.
Black influences on Indian dance are scattered—the hua- 

p an go  couple dances of Vera Cruz, Mexico, the carnival 
dances of the Black Caribs in British Honduras, the tam - 
borito  of Panama, and couple dances of coastal Colombia. 
Except for the Indian-influenced ca n d o m b lé  d e  caboclo, 
a ritual of the ca n d o m b lé  sect (a variant of the voodoo 
cult), the religious dances of Brazil comprise only African 
and Portuguese elements. Such populär Latin-American 
ballroom dances as the samba of Brazil contain no In­
dian elements.

REGIONAL DANCE STYLES
The most distinctive tribal dance customs originated in 
response to animistic religious beliefs—i.e., that all objects 
and living things have living souls. The customs changed 
with prehistorie and historie migrations, with intertribal 
contact, and, since European contact, with upheavals in 
the way of life and thought. Although many dances be­
came extinct, some survived European influences; others 
are amazing hybrids or new creations of the period after 
European colonization.
To give an accurate understanding of the role of dance 

in traditional Indian society it is necessary to examine 
both dances that became extinct as European influences 
weakened tribal customs, and dances that have survived, 
with or without European modification.

Eskimo. The traditional shamanistic exhibitions and 
masked animal rites are being replaced by Western-style 
square dances among the Eskimo. The most prominent 
ritual figure was the angakok, the shaman who communed 
with spirits by the rhythm of a single-headed drum and by 
ecstatic dancing, usually inside an igloo.

Formerly Eskimos held elaborate outdoor ceremonies for 
whale catches and similar events. In Alaska, preliminaries 
included the rhythmic mime of a successful whale catch, 
with a woman enacting the whale. A sprinkling of ashes on 
the ice drove away evil spirits, and there were incantations 
and songs when leaving shore, when sighting the whale, 
and before throwing the spear, all of them songs that the 
“great kashak” sang when he created the whale. As the 
whale was towed in, Fox Islands men and boys danced 
naked in wooden masks that reached to their shoulders. 
At Cape Prince of Wales on the Bering Strait, the whaler’s 
wife came to meet the boat in ceremonial dress, dancing 
and singing, and boys and girls performed gesture dances 
on the beach. Then inside a circle of large whale ribs, the 
whaler’s wife and children performed a dance of rejoicing. 
On the west coast of Hudson Bay in Canada, communal 
feasting, dancing, singing, games, and shamanistic perfor­
mances took place within a circle of bones or one of 
stones. The men’s motions consisted of vigorous and an­
gular arm jerking and jumping, the women’s of curving 
gestures and swaying with the torso and arms, in a seated 
or standing posture.

Eastern Woodlands. In the area from the Atlantic coast 
to about the Mississippi River and across the Great Lakes 
and the St. Lawrence River, dream, medicine, plant, war, 
calumet (ceremonial peace pipe), and animal dances pre- 
dominate. Among the northern tribes of this area, mor- 
tuary and hunting rites are dominant; among Southern 
tribes, corn, bean, and squash rites are most frequent. The 
recurrent dance pattern is a counterclockwise circling by 
large groups, with a running step or stomp to antiphonal 
singing (alternation of two groups or of leader and group). 
Medicine rites are often exclusively for female or male

Photo Trends

Moros y cristianos dance-drama from Guatemala. The 
Moor is on the right and the Christian on the left.

members of a society, but dances for hunting or agricul­
ture admit men, women, and children. In winter and in 
war or hunting ceremonies, men are the organizers and 
leaders; in summer and in agricultural ceremonies, women 
are featured performers.

The Iroquois continue to maintain their ancient cere­
monies and a large repertory of dances and songs, includ­
ing rites for crises of life and for animals and plants. They 
also have acquired steps and dances from other tribes, 
especially those of formations in two straight lines. The 
Iroquois bear dance combines former hunting associations 
both with a clan-origin legend and with a curative soci­
ety. When the bear spirit is displeased, he causes neurotic 
spasms in a person and must be appeased in a ritual at 
midwinter or in private summer ceremonies. The focal 
personnel consist of the patiënt and paired conductors, 
dance leaders, and singers from opposite moieties. Cere­
monial songs and ritual offerings are followed by group 
dancing in which visitors and society members participate.
Although the Cherokee of the Smoky Mountains in 

North Carolina and Tennessee, a Southern Iroquois peo­
ple, have animal dances, they emphasize corn dance cer­
emonies. The Creek, Yuchi, Seminole, and other tribes 
of the southeastern United States greatly emphasize the 
summer green corn harvest ceremony, or Busk. Before 
the removal of many of those tribes to reservations in 
Oklahoma, they acquired few dances outside their own 
traditions. They carried the stomp circling to its utmost 
development by winding the line of dancers into a spiral 
or even into four spirals at the four comers of the dance 
ground. They differed from the northerners in preferring 
an outdoor dance setting.
Among tribes of the large Algonkian family, survivors 

on the northeastem Atlantic coast of North America 
have long forgotten their tribal lore. The stomp dances 
performed until a few decades ago by the Penobscot of 
Maine and Narraganset of Rhode Island have experienced
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Crop fertility dance of an Algonkian tribe in Virginia, detail of 
an engraving by Theodor de Bry after a watercolour by John 
White, 1590. In the collection of the Thomas Gilcrease Institute 
of American History and Art, Tulsa, Oklahoma. 31 X  22 cm.
By courtesy of the Thomas Gilcrease Institute of American History and Art, Tulsa, Oklahoma

a strong revival. Algonkian tribes around the Great Lakes 
share many of the medicine and animal dance ceremonies 
known to the Iroquois, and the more southerly groups 
hold corn dances. The Ojibwa (Chippewa) in the Upper 
Peninsula of Michigan and the Menominee and Winne- 
bago of Wisconsin have maintained a hunting dance and 
a special wild-rice ceremonial danced in September when 
this crop is harvested. These groups show the influence 
of the adjoining Great Plains tribes in some of the circle 
dances, men’s war dances, and buffalo dances.
The Great Plains. In the area extending from the Mis­

sissippi River to the Rocky Mountains and from Texas 
and Oklahoma into Canada, the dream dance ritual is 
made part of a visionary cult associated with boys’ puberty 
and with a votive sun dance ceremony. During the one 
to four days’ duration of the sun dance, usually held dur­
ing the summer solstice, the participants abstained from 
food and drink. Dancers painted their bodies in symbolic 
colours and carried an eagle-wing bone whistle in their 
mouths. To a large drum and special songs, they circled 
in procession and saluted the sun with lamentation. They 
danced in place facing the sun, and continued until they 
feil unconscious or achieved their vision.

By courtesy of the National Collection of Fine Arts, Smithsonian Institution, Washington, D.C.

“Bull Dance of the Mandan Indians,” oil painting by George 
Catlin, 1832. In the National Collection of Fine Arts, 
Washington, D.C. 70 X  57 cm.

The calumet (peace pipe) or peace dance originated in 
the tobacco rite of such northern Plains tribes as the 
Crow, Dakota, and other Sioux tribes. Its most elaborate 
development, however, was in the central plains ritual of 
the Pawnee and the neighbouring Omaha, Iowa, Ponca, 
and Osage. The war dance is organized into male war 
societies. Women have few such societies, although they 
perform a scalp dance. Animals are associated as tutelar- 
ies, or guardian spirits, both in the vision and war cults.
The most spectacular hunting ceremonies, such as the 
bull dance of the Mandan Indians, developed from the 
economic significance of the buffalo herds. Buffalo rites 
merged with sun and war ceremonies and spread to tribes 
in other areas. The individual warrior, his prowess, and 
dancing skill were extolled as women progressed clockwise 
in a closed circle, with a sideward shuffle or bounce unlike 
the running step of the woodlands Indians.

The Northwest Coast. Indian tribes along the Pacific 
coasts of Washington and British Columbia developed 
masked medicine dances and elaborate fishing ceremonies, 
such as that performed for a bountiful salmon catch. Their 
two most striking types of ceremonies are the potlatch, a 
feast and a dance for display and distribution of the host’s 
wealth, and the midwinter initiation ceremony. Lasting 
several months in a special dance house, this rite initiates 
young men into a ceremonial society and includes many 
highly individual masked enactments of totemic spirits.

The northern desert and California. Southerly tribes, The Ghost 
such as the Havasupai of the Grand Canyon and the Dance 
related Yumans, developed agricultural dances. The Yu­
man Mojave (Mohave) stress cremation processions and 
ceremonies, but, like the Navajo, they also have curative 
and animal dances with long song cycles. In this area, 
the vision quest ceremony is at its peak, and in Southern 
California the Diegueno and Luiseno aided the vision by 
means of a narcotic, Datum. The Northern Plateau tribes, 
such as the Paiute and the Salishan, individually danced 
themselves into trances. In this area arose the Ghost 
Dance, a hypnotic circle dance that spread to the Great 
Plains in the 19th Century. The ceremonies are frequently 
addressed to the spirits of the dead. There are also many 
two-line dances, especially among the Ute and Southern 
Paiute. The innumerable small tribes of California shared 
some of the preoccupations with vision, eure, and death, 
as well as the seed and root gathering economy of the 
tribes adjoining them on the east. They specialized in 
elaborate masked ceremonies for the initiation of boys 
and less elaborate circle dances for girls’ puberty rites. The 
more northerly groups also stressed exhibition of dexterity 
and costuming.

The Southwest. The semi-arid desert country from the 
Rio Grande west to the Mohave Desert of Southern Cali­
fornia and into northern Mexico and the Southern Rocky 
Mountains is subdivided into three tribal areas: the Pueblo 
farmers along the Upper Rio Grande, the Zuni of New 
Mexico, and the Hopi of northern Arizona; the Navajo 
nomads, now turned shepherds; and the desert tribes that 
include agriculturists such as the Pima, Papago, Yaqui, 
and former nomads, such as the Apache. The Pueblo 
dwellers of New Mexico and Arizona perform medicine 
rites and many winter animal and fertility dances. But 
the cycle of summer corn ceremonies and continuous 
prayers for rain form the core of their ceremonialism. The 
dances, organized by a male priesthood, are mostly well- 
drilled collective performances. Summer and winter clan 
groupings or moieties dominate ceremonies in alternation 
rather than through interaction as among the Iroquois.
The most characteristic step is a stamp followed by a foot 
lift in a stationary line. This predominates especially in the 
very sacred dances held in the kivas, or sanctuaries. Semi- 
sacred dances in the village plaza add other steps and for­
mations such as double lines, circles, and interweavings.

The most spectacular public dances of the Pueblos are 
the corn dances or tablita dances, after the women’s tablet 
crowns with cloud symbols. They recur at various times 
during the spring and summer, with most pageantry after 
Easter and on the Pueblo’s saint’s day. The Indians pay 
homage to the patron saint in an early morning mass and 
a procession to the plaza carrying his image, followed in
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Masked medicine dance of the Clallam Indians, British Columbia, Canada. Oil painting 
by Paul Kane (1810-71). In the Royal Ontario Museum, Toronto. 76 X  46 cm.
By courtesy of the Royal Ontario Museum, Toronto

dance, called the gahan, to obtain eures but chiefly to 
celebrate a girl’s coming of age. They also have rites for 
vision and divination, sometimes with the aid of a vision- 
inducing communal drinking ceremony. The male dance 
style is strong, angular, even acrobatie, while the women’s 
style is subdued.
Mexico and Middle America. The triple teams of pas- 

colas, or wooden-masked clown dancers, of the Yaqui 
Indians in Arizona and the Sonora desert in Mexico, de- 
scend from prehistorie clown-shamans. They dance with­
out masks in semi-Spanish style, then, with masks, in 
an aboriginal, mimed deer hunt. By contrast, the cha- 
payekas clown society recalls the Pueblo tsaviyo clowns in 
their antinatural behaviour and hide masks. The serious, 
vowed-membership society of the matachini dancers ties 
in with the sernï-Hispaiiic rnaiachina dancers of the Rio 
Grande tribes and of the northern Mexican mountains.
These dances are related to those further south such as the 
various types of moriscas. A fantastically hybrid Passion 
drama points toward Middle America.

A few indigenous dances survive in the mountains of 
Mexico. The circular mitote remains the ritual dance of 
the Southern Tepehuän and other tribes of the Sierra 
Madre Occidental, like the Tepecano, Cora, and Huichol.
Men and women skip in a counterclockwise circle, five 
circuits in one direction, then five in the other. A shaman 
accompanies with native songs, assisted by a musical bow 
on a gourd resonator. Formerly a deer dance followed the 
rounds.

The hikuli, or peyote dance, held in November, follows 
Huichol and Tarahumara pilgrimages for peyote. The 
dance of the Huichol is the more ecstatic. After consuming 
the trance-inducing peyote, men and women move in a 
counterclockwise progression, leaping jerkily and twisting 
their bodies.

The rutuburi is the typical ritual dance of the northern 
Mexican Tarahumara for three agricultural festivals—rain, 
green corn, and harvest—and for death and memorial 
rites. After triple invocations by a shaman, the women 
cross the dance space six times, then circle counterclock­
wise, holding hands and leaping with a stamp from left 
to right foot.

Tribes of the Sierra Madre Oriental also engage in native The 
survivals such as the quetzales, with great disc headdresses, voladores, 
and voladores, or flying acrobats. After ritual preludes to or flying 
a fiesta, the flyers first dance around the pole with their acrobats 
musician and his flute and tabor. Traditionally there are 
four dancers, but the Otomi prefer six, including a man- 
woman, Malinche. They climb up a rope ladder and seat 
themselves on a small framework near the top, while each 
in turn dances on a two-foot central platform. During the 
flight songs they launch themselves into space with ropes 
tied around their waists and descend head down in 13 
ever-widening circles until they reach the ground and land
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each performance of the corn dance includes a slow and 
a fast dance. In the slow dance for entering the plaza, a 
chorus of seven to 70 older men shuffles across the plaza, 
singing and invoking the rain gods. A banner bearer leads 
a double file of 12 to 200 dancers, with a pair of men 
always ahead of a pair of women. For 10 minutes they trot 
counterclockwise around the plaza. Following a pause, the 
singers form an are, and the dancers line up face to face 
in two or four long files. They cross over, circle, and in- 
terweave in elaborate formations. Clowns meander in and 
out among the lines. The entire set is repeated at the other 
end of the plaza, and the group retires. The two moieties 
make alternate appearances. On the last appearance they 
combine, the two choruses singing simultaneously.

One of the most famous ceremonies is the snake-antelope 
dance of the Hopi in Arizona, a rite in which snakes are 
released in the four directions to seek rain. It includes 
swaying dancing to rattles and guttural chant, circling of 
the plaza with snakes, and ceremonial sprinkling of corn 
meal on the principal dancers by women of the snake clan.

Masked dancers are a striking feature of Pueblo ceremo­
nialism. The kachina dancers are sacred and represent the 
rain gods. Clowns with various names represent an ancient 
ritual heritage; in their black-and-white striped disguise of 
paint, they are eerie and also comical. Pueblo masking 
influenced neighbouring tribal dances such as the curative 
yeibichai of the Navajo. Curative ceremonies, with long 
song cycles, are emphasized by the Navajo, along with 
circular social dances, recalling those of the Great Plains 
tribes. The Apache have developed a spectacular masked

Oourtosy of the D'-ruor Art Museum Colorado
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“Hopi Snake Dance,” watercolour by Awa Tsireh, c. 1920. 
In the Denver Art Museum, Colorado. 62 X  48 cm.



American Indians 391

on their feet. The musician often performs special acro- 
batics, leaning back in an are as he sits on the platform or 
jumping or pirouetting as he salutes the four directions. 
He may slide down one of the ropes amid acclaim.
The numerous clown dancers throughout Middle Amer­

ica are usually associated with various rituals. Some im- 
personate animals, like the tecuanes (tigers) of Guerrero 
state. Some, like the viejitos (little old men) of Michoacän 
state, combine native and Spanish features. Some, like 
the catrines, wear ragged modern outfits and poke fun at 
the bourgeoisie. Always connected with the dance dramas 
held in conjunction with religious fiestas, the clowns are 
not simply comics but also social satirists.
The semi-urban Indian fiestas of Middle America in­

clude three types of European-influenced dance dramas: 
the morisca and its variants, moros y  cristianos, Santiagos, 
matachini, and related plays; Passion plays; and posadas, 
pastorelas, and Guatemalan loas. These are often true 
dramas, with dance and music. The dialogue may be in 
Spanish or in an Indian language or a mixture of both.
Moriscas, ritual dances deriving from ancient European 

ritual dances, abound during camival (the week before 
Lent begins) but also occur at Corpus Christi (second

By courtesy of the Museo Nacional de Antropologia, Mexico City
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Thursday after Pentecost), Santiago (St. James Day, July 
25), and on other feasts. In the drama of moros y cris­
tianos, two factions mimetically tangle in arguments and 
battle with the ultimate victory of the Christians and the 
conversion of the Moors.
Posadas and pastorelas are danced episodes of the Christ- 

mastime coloquio de los pastores, or “Play of the Shep- 
herds.” Most populär in Southern and central Mexico, New 
Mexico, and Texas, the posadas are generally processions 
by city boys and girls who go from house to house asking 
gifts and lodging and singing special hymns. On Christmas 
Eve, youngsters dance quadrilles of pastores and pasto- 
ras (shepherds and shepherdesses). The Guatemalan loas 
are short religious dramas presented at Christmas, during 
Holy Week, and on other holy days.

Secular In form, the regional, secular dances are distinct from 
couple the ritualistic dances. Except for the circular mitote types, 
dances they are all for couples who do not touch. Among the 

best known are the j arana of Yucatan, the zandunga 
and llorona of the Zapotec Indians of Oaxaca state, the 
chiapanecas of Chiapas state, and the huapangos (called 
fandangos in some locales) of the east coast. The jarabe 
has many regional variants, as the jarabe tapatio (or Mex­
ican Hat Dance) of Guadalajara, the jarabes of Tlaxcala 
and Michoacän States, and the zarabanda of Guatema­
la. Sometimes the theme of flirtation or female coyness 
blossoms forth in humorous interludes. Contests of im- 
provisations to la bamba, widely danced in the Mexican

Gulf Coast area, also contribute to the merriment of the 
Veracruz huapango.
These regional couple dances blend European and native 

steps and styles and use European or European-derived 
instruments and tunes. Even though they are mestizo 
dances, Indians enjoy them and give them a native fla- 
vour—e.g., in steps or posture. The dances’ European or­
igins must usually be deduced from the style—Andalusia 
for the zandunga, the flamenco fandango for huapangos, 
and the jota of Aragon for jarabes.

South America. South American dances resemble those 
of Middle America. Native dance rituals have their last 
strongholds in the jungles and highlands of the interior.
Iberian dance-dramas show their relationship with those 
of Middle America. Couple dances are prominent.
Northern South America. In Venezuela several tribes of 

the Orinoco River held masked puberty rites. For example, 
among the Maipure and Baniva tribes, Mauari, the spirit 
of evil, is impersonated by a dancer who is fully covered 
with red and black body paint, a face-covering of puma or 
jaguar pelt, and a crown of deer anders. At the initiation 
of a youth or girl, he emerges from the forest with mas­
kers representing lions, tigers, deer, bears, and other wild 
beasts. Their bloodcurdling growls and howls mingle with 
the groans of the botutos, the sacred tmmpets, to fill the 
night with a gmesome din. With wild leaps and contor- 
tions, they dance around the neophyte and four shamans.

Ancient puberty ceremonies evidently had wide distribu­
tion, with distinctive features, in the Amazon Basin and 
in the Mato Grosso highlands of Brazil, the Gran Chaco 
region of Bolivia and Paraguay, and Patagonia and the 
Tierra del Fuego in Argentina. They formed part of a 
complex emphasizing shamanistic eures, death rites, and 
animal dances for the hunt.

Today the most prominent dances of Venezuela are the 
many versions of the morisca on Christian holidays and 
a dance of medieval devils on Corpus Christi. The joropo, 
a lively couple dance in waltz time, is the national dance 
of Venezuela.
Colombia has fewer religious celebrations and a greater 

profusion of courtship dances. The joropo extends into Profusion 
eastern Colombia. On the Caribbean coast the bullerengue, of 
lumbalu, and the circular cumbia mingle Indian reticence courtship 
and black ebullience. The Colombian fandango derives dances in 
more from Spanish diversions. The national dance, the Colombia 
bambuco, originated in the Andean zone. Male and female 
partners, waving kerchiefs, enact a courtship mime of pur- 
suing and flirting, combining dignity with sensuousness.

The Andean region. Along the Pacific coast and in 
Ecuador, Peru, Bolivia, and Chile, native dances have re­
ceived Spanish influences. On Catholic holidays the north­
ern Andean Indians perform vestiges of aboriginal animal 
rites for the vicuna, the tiger, and the condor by a solo 
mime within a large circle. Conveniently, Corpus Christi 
synchronizes with the Inca solstice ceremony, intiraymi, 
and presents an excuse for the reappearance of the native 
sun god in a huge, gold disc headdress.

The Araucanians of Chile, who resisted Incan influences, 
preserve a shamanistic harvest ceremony, the nillatun, a 
combination of Christian ritual and an indigenous mass 
dance. During interludes two men mime ostrichlike rheas, 
with shawls as wings.

The highland fiestas of Andean Indians show more Eu­
ropean influences than the nillatun. Generally timed in 
accordance with Catholic festivals, the dances feature bat­
tles of Moors and Christians, clowns, demons in fantastic 
masks, and European animal characters. Some dramas 
ridicule the Spanish. The mountain fiestas often conclude 
with gay couple dances.

The coastal celebrations feature widespread couple dances 
of mixed Indian-Spanish origin. Only the cumbia shows 
Negro qualities. The mournful huayno (or wayno), yaravi, 
and sanjuanito of Ecuador, Peru, and Bolivia reveal Incan 
origins in their restrained manner and haunting music.
The gay marinera of Peru and the headstrong cueca are 
more Spanish. The fandango and pasacalle are also at 
home in the urban balhoorn.

The southem plains. Argentinians have developed such 
ritualistic mestizo (Spanish-Indian) dances as las cintas, a
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maypole dance, and the sumamao (“beautiful river”) cele­
bration. Argentina shares some Andean social dances, as 
the semi-Indian carnavalito, a collective circle dance. The 
liehest repertoire of Argentina and adjoining Uruguay de­
veloped among the cowboys, or gauchos, of the Pampas. 
Their dances reveal more of the Spanish elements than 
those of the Andean regions. In the pericón, the dancers 
manipulate handkerchiefs; and in the pericón, chacarera, 
and gato, couples perform zapateados as groups. In the 
bailecito, cuando, firmeza, and cueca, they enact courtship 
mime with emphatic waltz steps. Other dances are urban, 
as the milonga of the lower classes and the sophisticated 
Spanish-French tango balhoorn dance. Andeans and Ar- 
gentinians have exchanged dances. In fact, the diffusion 
of dances is much greater in this area of South America 
than in Middle America.

STUDY AND EVALUATION

The secular pan-Indian dances of North America, such 
as the Oklahoma dances, the round and war dances of 
plains tribes, and the stomps of southeastern tribes all 
have in modern times spread from coast to coast—to the 
salvation of tribes who lost their heritage but want to 
perform something Indian, especially in urban gatherings. 
The most copious and reliable materials on these and 
other aboriginal dances are strewn through the works of 
anthropologists, folklorists, and a few musicians. General 
descriptions are often incorporated into anthropological 
studies and into notes on earlier observations by colonists, 
missionaries, and 19th-century scholars. Lacking a major 
specialist, Middle American Indian dances are in large 
part unstudied in a scholarly manner. Essential to future 
studies is an examination of the arts in their cultural 
context. It is equaliy important to recognize the dance as 
an expressive art, to learn and analyze the movements, 
and to present them in dance notation alongside musical 
scores. Such presentation facilitates intertribal and inter- 
continental comparisons. The materials must stem from 
field work, but they can be supplemented by the many 
motion pictures in college archives and museums and in 
repositories such as the Wenner-Gren Foundation and the 
American Philosophical Society.

(G.P.K.)

Visual arts
NATURE AND ELEMENTS

The role of the artist. The very use of the word art 
suggests one of the basic differences between Western and 
American Indian concepts. For not only did few Indian 
groups allow art to become a major way of life, as in 
the West, but many Indian languages even lack a term 
for “art” or “artist.” If one wished to refer to a beautiful 
basket or a well-carved sculpture, it was usually necessary 
to rely upon such terms as well-done, effective, or perhaps 
powerful (in the magical sense). And the concept of an 
artist was largely of a person who was simply better at 
the job than was another. Generally, artists were accorded 
special significance only where wealth was a major factor 
in the culture. Wealthy chiefs, particularly on the North­
west Coast, hired stables of carvers for their personal ag- 
grandizement, giving rise to a class of professional artists. 
Yet, the fact that the talented artist was in such demand 
did not set him apart as a person of undue importance; 
rather, his role was important at the moment his product 
was in demand—and if he happened also to be a religious, 
political, or war leader, so much the better.

Although Indian people, unlike Westerners, may not 
consider artistic skill in terms of a superior individual at- 
tribute, the difference between a well-woven basket and a 
careless piece of work or a particularly well-designed carv­
ing and a crudely made example did not go unnoticed. 
Fine workmanship commanded a premium, even in pre- 
European times, and with the advent of the dollar system, 
it was even more highly prized.

Collective versus individual art. The basic role of the 
American Indian artist is the same as that of the artist 
in any culture: to arouse an emotional response in his 
audience. In Indian cultures, the artist’s ability to com-

municate successfully with his own people depended 
largely upon his recognition of the force of tradition. 
The social organization of the various tribes allowed 
less latitude for experimentation than Western cultures 
and usually compelled him to work in familiär Chan­
nels. (The frequent failure to communicate with a non- 
Indian audience does not necessarily mean that the In­
dian artist has failed as an artist but that many of the 
cultural, racial, social, and political traditions involved in 
his work have proved to be almost insuperable barriers to 
understanding.) Yet, within this rigid framework of tradi­
tion, there was sometimes a surprising degree of freedom 
of expression. There are recorded instances of individuals 
having made considerable changes in the art (and the 
economy) of their tribes. Perhaps the most striking have 
been the careers of Nampeyó (18597-1942), the famed 
Hopi potter, and Maria (18817-1980) and Julian Martlnez 
(1897-1943), of San Ildefonso pueblo. Through sheer indi­
vidual talent these people achieved a personal triumph by 
developing a style that not only was copied by other artists 
but in time also was regarded as “traditional” in that par­
ticular village. Although there is no way of knowing how 
often this happened in the past, there are suggestions that 
it occurred at Mimbres, among the Haida slate carvers, 
and quite possibly in some areas of the so-called Mound 
Builder cultures of the Southeast.
The origins of most Indian decorative designs can­

not be traced accurately today; most of them are 
lost in antiquity. Many obviously came from natural 
forms, while others are simple developments of geo­
metrie or lineal motifs. Some have become so inter- 
woven with alien concepts—Western, after tfie advent 
of the European, for example—that it is impossible to 
completely unravel their sources. There is evidence, how­
ever, that some of the original forms were creations of 
individual artists and were often inspired by what the In­
dians called a vision. The vision is closely akin to a dream. 
To the Indian, the dream world was a mysterious, super- 
natural land, where his soul, which had left his body, par- 
ticipated in many stränge activities and saw many stränge 
sights. Since many of the designs or creatures that he saw 
were regarded as protective forms or beings, sent as signs 
from the spirit world, he would carefully re-create this 
dream world during his waking hours. If he were not an 
artist, he would occasionally describe his dream creature 
so that the proper individual could record it on hide, in 
wood, or in stone. But since these supernatural vision de­
signs were extremely personal, they were usually recorded 
by the individual himself; hence, they vary tremendously 
in aesthetic quality.
Because art designs were regarded as personal property, 

an artist could buy a design or receive it as a gift from its 
creator, but to appropriate and use it for his own purposes 
was taboo. This custom amounted to quasi-religious and 
social copyright.
The function of art. Since the early Indian peoples trav- 

elled extensively, their household goods had to have the 
maximum utility; thus, Indian art objects are basically 
intended to perform a service—for example, to act as a 
container or to provide a means of worship. Only in later 
years could these peoples afford the sophisticated luxury 
of household possessions that did nothing but “look nice.”
The particular utilitarian form that Indian arts take often 

reflects the social organization of the cultures involved. 
Political and military societies seem to have found their 
major art forms in the world of weaponry, pageantry of 
costume, and panoply. This is most pronounced in the 
Plains, Aztec, and Inca civilizations, all of which reflect 
the dominant warrior cult forces active in their arts. Those 
cultures in which life was heavily governed by religion— 
the so-called theologies of America—tended toward a 
greater degree of ceremonial art than those in which life 
was less ritualized. All of the aesthetic expressions that 
have come down from the Maya, for example, obviously 
reflect the considerable weight of theocracy that existed in 
their world.

Generally, but not necessarily, the best of Indian artwork 
was applied to those objects intended to please a deity, 
soothe the angry gods, and placate or frighten the evil
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spirits. Through such means, the Indian sought to control 
his environment and the human or supematural beings 
that surrounded or threatened him.

Some specific articles were reserved solely for religious 
uses, and some were for secular needs alone. Decoration 
does not always provide a clue as to these uses. Some of 
the most highly revered religious articles are completely 
devoid of omamentation—in fact, may be rather ugly— 
while others are highly embellished. Sometimes plainware 
bowls were used for food preparation, while other peoples 
did the same chore in polychrome bowls. Many objects 
served a dual function: normally, they were used for ev- 
eryday household purposes, yet under a different set of cir- 
cumstances they could fulfill a religious function. Beneath 
the surface, there was a magie at work, and, in initiated 

Supematu- hands, a mundane article might release its supematural 
ral powers power, calling upon unseen forces to aid the owner. This 
of art power might be visually evident in the form, shape, or
objects decoration of the object, or might simply be “believed in”

no matter what the physical state or appearance of the 
object might be.
The aim of the Indian artist was not merely to set down 

realistic records but to create the semi-magical designs 
so common in primitive art. He quickly realized that he 
could not draw a tree as perfectly as it could be made 
by the Creator; so, with common sense, he did not try. 
Instead, he sought the spirit or essence of the tree and 
represented this in his design. Carvings, paintings, effigies, 
or “realistic” portraits are not simply pictures o f people or 
objects; they embody the essence of that particular subject 
as well. In a sense, this can be called a form of witchcraft, 
since it captures the soul of the object or the person. 
This semi-magical character of Indian art is difficult for 
the Western mind to understand. Not infrequently, the 
non-Indian will ask, “what does that design mean?”—a 
question that makes little sense to the artist. He might 
reply, were he so inclined, that it meant what he wanted 
it to mean. Also confusing to the questioner is the fact 
that the Indian often attachés names to designs, largely 
for convenience. When asked, an Indian will frequently 
call a given design a “leaf,” or an “arrowhead,” when 
what he actually means is that the design is “leaflike,” or 
“leaf-shaped,” and so on. But the inquirer immediately 
translates this to mean that the design signifies a leaf or 
an arrowhead and tries to impart a “story” to the overall 
visual concept that may have no basis in reality insofar as 
the original artist is concerned.

Ritual was often interwoven into the very process of 
creating Indian art. The Westemer, whose attention is de- 
voted primarily to the product and not the process of art, 
is satisfied to define the Zuni war god Ahayuta as wood 
sculpture of a religious nature; other details are simply 
added ethnographic data. To the Zuni, however, it is vi- 
tally important that the wood come from a tree that has 
been struck by lightning and that it be ritually prepared 
for carving. This is equaliy important in the making of 
an Iroquois False Face mask, which must be carved from 
the trunk of a living tree—hence the term “live mask.” 
The tree is ritually addressed before the carver begins, and 
the mask and the tree are “fed” tobacco before separating 
the two. Such prescribed ritual is of equal, if not more, 
importance than the artistic skill employed in the pro­
duction of the work. If the ceremonial acts were ignored, 
the article would lose its efficacy—and might even prove 
dangerously counteractive. This ritual aspect of Indian art, 
which permeates most of the ceremonial paraphernalia, 
is extremely complex and must be considered throughout 
the creation of the work of art.

Not all Indian art, however, was religious or political. 
There was also a considerable amount of mundane, hu- 
morous, and even profane art produced by most cultures. 
Although much of the eroticism has disappeared in the 
Puritan fires that continue to bum the Westemer, suffi­
ciënt examples remain from prehistorie and recent times 
to indicate a wholly relaxed freedom of expression reflect- 
ing a healthy, naturalistic outlook.
Materials. Working in the materials natural to their re- 

spective homelands, the various Indian cultures produced 
art that reflected their environment. Those peoples living

Wooden figure of the Zuni war god Ahayuta, 
c. 1900. In the Denver Art Museum, Colorado.
Height 70 cm.
Courtesy of the Denver Art Museum, Colorado

in heavily forested regions, for example, inevitably be­
came gifted sculptors in wood; those for whom clay was 
a major resource became skillful potters; and those living 
in the grasslands became fine basket weavers. There is 
virtually no medium, however, that has not been explored 
and mastered by the Indian: jade, turquoise, shell, metals, 
stone, milkweed fibre, birch bark, porcupine quills, deer 
hair, llama düng, sea lion whiskers—all were used by the Role of art 
artist to lend colour or texture to the finished product, materials 
In many instances, such materials became desired com- in trade 
modities in themselves, to be traded over great distances; 
for certain objects were not regarded as “official” unless 
they were manufactured from a prescribed material, and, 
especially for religious purposes, a Substitute could not 
be tolerated. Often, in such cases, the materials became, 
in a sense, currency, for they achieved a Standard value 
within the economy, with ready acceptance wherever they 
were in vogue.
The relationship between material and design in Indian 

art was quite different from that in the Western tradition.
The Western painter usually imposed a design on the 
artificially limited surface of a flat, rectangular canvas; 
and the sculptor, following predetermined spatial arrange- 
ments, imposed a shape on his material. On the other 
hand, the Indian painter and sculptor were less likely to 
force their materials to conform to a preconceived design.
They tended instead to adapt their design to the natural 
outlines of their materials, which often happened to be 
a complete and therefore irregulär buffalo hide, a tree 
branch, or a stone. This naturalism is one of the most 
pleasing aspects of Indian art and often demonstrates the 
artist’s remarkable ability to incorporate the natural form 
into his composition.

REGIONAL STYLES OF AMERICAN INDIAN VISUAL ARTS

The term “Indian art” covers an extremely broad cat­
egory, encompassing all art expressions of the original 
inhabitants of the Americas and their cognate descen- 
dants. It thus includes not only varied and completely 
disparate cultures but also Spans great time sequences— 
from the mid-20th Century back to prehistorie times. (Sur-
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D iv e r s e  n a tu ra l m a te r ia ls  u s e d  b y  N o rth  A m e r ic a n  Ind ians.
(Left) Iroquois buckskin shoulder-bag deeorated with porcupine quills and deer hair, c. 1750. 
In the Linden-Museum für Völkerkunde, Stuttgart, West Germany. Length of pouch 24 cm. 
(Centre) Karok twined basket, c. 1890. Height 15.5 cm. (Right) Woodland Cree birchbark 
container with scraped-surface motifs, c. 1870. Height 19 cm. (Centre and right) In the Denver 
Art Museum, Colorado.
(Left) By courtesy of the Linden-Museum fur Völkerkunde, Stuttgart, Germany, (centre, right) courtesy of the 
Denver Art Museum, Colorado

viving artifacts clearly demonstrate that ancient man was 
already possessed of considerable aesthetic ability; flint, 
for example, was carefully flaked into attractive, well- 
balanced forms; and stone carving and pottery were capa- 
bly handled.)
Although the dissimilarities between the artistic expres­

sions of different cultures and different times are great, 
there are also similarities; for the borrowing of art forms 
from distant and occasionally alien peoples was a com­
mon practice. Objects in museum collections reveal, for 
example, that prehistorie merchants travelled thousands of 
miles seeking and bringing back from other tribes such or­
namental materials as feathers, shells, jade, and turquoise. 
This far-flung trade expanded the limits of tribal styles, 
for the Indian merchant returned with new ideas as well 
as materials. In time, new designs and motifs became part 
of the stylistic concepts and traditions of his own people. 
Intertribal marriage, too, affected regional styles. While 
in some tribes marriage within the group was required, 
in others it was forbidden. In the latter case, the girl— 
who was often the artist—took her own artistic traditions 
to the new group, into which they were subsequently 
incorporated.

It is becoming increasingly evident that there were com­
mon forces at work in the art of various groups, even if 
widespread in time and space. There are certain symbols 
that are widely encountered, and some would seem to 
have had similar significance over a wide area. It is likely 
that trade routes or political hegemony levied the major 
influences upon this phenomenon, and it may be said that 
the depth and spread of symbols is relatively equal to the 
migration of the peoples involved. In Middle America, 
for example, the so-called Plumed Serpent motif is to be 
found in one form or another in almost every culture, 
and this motif extends even into the United States, where 
it is encountered in visual form as well as in legend. The 
existence of the feline deity virtually throughout South 
America, from the south up into the northern Andean 
region, is another instance of the travel of an idea and a 
visual element. Certain customs also have enjoyed wide 
acceptance; for example, the role of trophy heads, the 
use of masked personations, and winter solstice New Fire 
ceremonies. And each of these customs was accompanied 
by related visual art expressions.

Despite the similarities between the art forms of different 
cultural groups and different times, one cannot speak of 
Indian art as though it were a single concept. Just as there 
were several hundred native tongues, dialects, and speech 
forms, so were there an equal number of tribal styles, 
motifs, and design forms. In trying to establish a common 
aesthetic bond, the well-schooled researcher generally finds 
as many differences as he does similarities.

When two completely different peoples move into a

common area, such as occurred with the migration of the 
Athabascan Navajo into the Pueblo Southwest, the even­
tual result may be a melding of cultures, the loss of certain 
ancient individualities—since each contributes to the new 
expression—and the emergence of new aesthetic qualities. 
It is not certain just how skilled the Navajo weavers 
were when they arrived in the Southwest, but the Pueblo 
people were highly developed in that art. Subsequently, 
the Navajo not only learned new weaving techniques and 
designs but in time also improved upon the acquired 
Pueblo methods, transferred the sex role of the weaver 
from male to female, and matured as far more sophis­
ticated craftspeople. On the other hand, under the same 
drciimstances, surprising differences can sometimes be 
found; for example, while the Hopi and Zuni people live 
almost side by side and under similar cultural conditions, 
it is quite possible to identify the art products of both 
groups without great difficulty. This is equaliy true of 
cultures in ancient times, such as the Aztec and Mayan, 
or in another time and another region, the Sioux and the 
Crow.

It is in those tribes or cultural entities that at one time 
were part of a whole but have subsequently split off that 
one most often finds common themes, art elements, and 
cultural patterns so similar as to be confusing.
To most readily understand some of the artistic impulses 

active among the Indian tribes of the New World, it is 
convenient to take them in geographical sequence, north 
to south.

North America. The aesthetic products of the prehis­
torie Indian artist in North America are perhaps the least 
well known to the non-Indian public. This is partly be­
cause these early people left few spectacular architectural 
ruins as compared with their Latin-American cousins. 
This is not to say that architectural monuments did not 
exist. Spanish accounts report that great temple mounds 
were in use in the Southeast at the time of the first 
European entry, in the mid-16th Century. But most of 
these structures were of perishable wood and have long 
since disappeared—as have most examples of the great 
use of colour (in which the ancient folk gloried) and their 
tremendous range of textiles.

So many Indian materials were perishable that scholars 
have little by which to judge their arts and must, in effect, 
evaluate a people by only a small proportion of their 
achievement.
American Southwest. In the United States, it is only in 

the Southwest that any major prehistorie architectural sites 
are to be found. The monumental stone cliff dwellings 
that remain are eloquent testimony to the culture that 
existed there. Progressing from a simple pit house through 
aboveground homes, these people moved out onto the 
plateau regions of Arizona and New Mexico and built
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(Right) By courtesy of the Museum of the American Indian, Heye Foundation, New York; (left) collection of the Newark Museum, New Jersey
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remarkable multistoried structures, some—such as Pueblo 
Bonito in New Mexico—sheltering hundreds of families 
in over 400 rooms.
These apartment houses were well suited for the demands 

of their environment; their walls were of stone, clay, and 
sand mixed as an adobe—although true mixed adobe in 
block form did not come into use until the arrival of the 
Europeans. The thick stone walls provided excellent insu- 
lation, being warm in winter and cool in summer. Heights 
reached to seven stories, although most villages were of 
three or four levels.

Major divisions of these early Southwestern Indians, of­
ten called by the generic name Anasazi, include the Ho­
hokam, of Southern Arizona; the true Anasazi, of northern 
Arizona-New Mexico; and the Mimbres, of southwestern 
New Mexico. In addition to these groups—each of which 
produced a style of its own distinct from all others—were 
dozens of lesser subgroups that archaeologists have been 
studying for decades in an effort to assemble the pieces of 
this giant jigsaw puzzle.

The people living in the pueblos produced some of 
the most successful Indian art work. They were masters 
of weaving, painting, and particularly of pottery-making. 
Their weaving techniques long antedated the arrival of 
Spanish sheep; a native cotton provided ample fibre for 
intricate weaves coloured with native dyes. Mineral and 
vegetable pigments provided colourful decorations when 
applied with a fibre brush to wood, clay, or to white- 
plastered walls in a fresco technique. Fortunately, abun­
dant kaolin deposits yielded high-quality clay for the 
creation of excellent pottery forms. Although small stone 
effigies have been found, sculpture was not a highly devel­
oped art form. Pueblo art is essentially linear or geometrie 
in design and reveals a preference for applied decoration. 
The large underground kivas (rooms used for religious 
purposes) were deeorated with murals executed in brilliant 
mineral-pigment colours.
Pueblo art became a strongly conventionalized art, held 

to relatively rigid forms. This characteristic was deter­
mined, no doubt, by the closely knit communal nature 
of a culture that depended upon close Cooperation for 
survival. At its best, early Southwestern art is marked 
by technical competence and fine control of line and 
form; but it reflected little experimentation, tending more 
to rework established patterns in many intricate designs.

B eca u se  o f  th is  co n se r v a tism , th e  cu ltu re  o f  th e  C on tem ­
p orary P u e b lo  In d ia n  sh o w s str ik in g  p a ra lle ls  to  th a t o f  h is  
a n c ie n t  a n cesto rs .
In more recent times, the richest variety of art expres­

sions is to be found in the Southwest. Whereas in other 
regions the arts flourished and waned, here they are still 
active forces in the lives of the Indian people. Almost all of 
the crafts practiced in prehistorie times are still practiced 
today, along with some newly introduced expressions.

Following early trade routes, merchants brought new 
ideas to the Pueblos, departing with the finished prod­
ucts they had sought. Thus, new creations continued to 
develop, and new markets strengthened—as continues to 
be true today. Yet, because of its essential conservatism, 
Pueblo art remains a closely related continuüm of ancient 
techniques, affected more by the introduction of new tools 
than of new ideas.

Along the same trade routes came invading tribes from 
other regions, particularly the Navajo and Apache, who 
subsequently settled in the Southwest and in time sur- 
passed their teachers in certain arts that they adopted, 
improved upon, and made their own—notably, silver- 
smithing and weaving. Whereas Pueblo weavers once 
dominated the textile field, the work of the remarkably in- 
ventive Navajo weavers became highly sought after in the 
late 20th Century. Silversmithing, another famed Navajo 
art, is more recent; it was only in 1853 that the first 
Navajo smith took up the tools of his craft, but within 
the next Century Navajo jewelry and Ornaments acquired 
a wide appreciation.

As in the prehistorie era, Southwest sculpture has failed 
to develop as a major art form. The most active sculp- 
tural work in the Southwest is reflected in the carved and 
painted cottonwood kachina dolls of the Hopi and Zuni, 
which have enjoyed wide popularity as collectors’ items. 
Many variations of these wood carvings are also found 
in altar and shrine figurines, which are not produced for 
commercial consumption.

The crafts of basketry and pottery are moderately active. 
Both face the problems of economic balance: the problem 
of the time invested as against the economic return of 
the craft object exacts a serious price. By and large, a 
craftworker today can enjoy a more stable income from 
manual labour, or by clerking in a store, than from any 
Creative activity. This is particularly true if one includes
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the time required to go into the desert, find grasses or 
pigments, then wash, grind and process them—all prepara- 
tory to the tedious hours spent actually forming the 
products for later sale. It seems certain that, in time, the 
former will entirely disappear, and only the luxury-scale 
pottery arts will continue. Even now, very little pottery is 
made for native use; it is largely intended for the outside 
market. Although pottery and basketry are produced in 
much smaller quantity, the work is of better quality than 
in years past.

Specialization has long been a factor in Southwestern art 
and has become increasingly so in recent years. Certain 
tribes produce almost all of the small carved fetishes, or 
tiny drilled Shell and stone beads; the Zuni favour intri- 
cately worked silver jewelry with tiny turquoise settings, 
while the Navajo make use of massive silver castings with 
heavy turquoise sets. The Navajos also make most of the 
heavy rugs and textiles, while the Hopi supply lightweight 
ceremonial kilts, sashes, and similar costume fabrics.
Another art form that may have been brought from the 

north, but that was more likely adopted from Pueblo 
culture, is sand painting (more accurately termed dry 
painting). The use of a variety of finely-ground mineral 
pigments, which are allowed to trickle through the fingers 
to form a variety of complicated patterns, has become 
uniquely Navajo. These designs provide a focus for curing 
ceremonies.

Great Lakes-Midwest. The existence of rieh textile art 
in the prehistorie Middle West is known, but its range and 
development are lost in hundreds of years of history from 
which few examples survive. Examples of basketry and 
wood are similarly rare. Enough of these perishable items 
have survived to indicate that these people had mastered 
the arts, but not enough to enable scholars to judge their 
aesthetic development. What has survived in profusion is 
stone, worked skillfully and in many ways. Pottery, too, 
though not of highest quality, and copper Ornaments have 
been found. Of the relatively perishable substances, finely 
carved and incised Shell is common, which, along with 
bone, indicates the artistic range of these early peoples. 
The quantity of objects found is impressive. Numerically 
significant groups, the peoples of the region were active in 
the production of materials and implements with which 
to meet the challenge of their environment. The func­
tion of all of the recovered examples of stonework is not 
known, but it is known that much of the archaeological 
wealth was ceremonial in nature, indicating a highly orga­
nized civilization.

Ritual structures existed, such as the so-called “effigy 
mounds”—great piles of earth fashioned in various forms

to represent animals. The Serpent Mound in Ohio is an 
example of this custom. Truncated pyramids apparentiy 
served as large bases for wooden “temples,” now long 
vanished but still in use when Spanish explorers first en­
tered the region. Cahokia, in Illinois, was the largest such 
earthwork in existence before it was bulldozed to make 
way for modern buildings.
Major cultural expressions from this region included the 

Adena, Hopewell, Oneota, and copper culture peoples; 
their art was extensive, making great use of sculptured 
stone pipes, poiished omaments of both stone and copper, 
and incised Shell decorations that may have served as both 
inlays and clothing accessories.

Great Plains. The later Great Plains region is the area 
most familiär to the average non-Indian, for this is the 
world of the “Buffalo Bill” shows, television and movie 
programs, and fiction. From it came the buckskin and 
beadwork costume, feathered war bonnets, colourful por- 
cupine quill decoration, and painted shields that personify 
the American Indian in the minds of most people.

Yet, there was no monolithic culture. The arts of the 
Great Plains Indian varied from tribe to tribe; some 
peoples seem to have had superior aesthetic taste, with 
sensitive and inventive developments in the arts.

Tony Linck

Adena Serpent Mound near Locust Grove, Ohio, c . 2nd Century BC. 
Length 405 m, height 1-2 m.
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Hopewell pipestone pipe, c. 300 B C -A D  400. 
In the Museum of the Ohio H istorical Society, 
Columbus. Length 7.5 cm.

By courtesy of the Ohio Historical Society, Columbus

Very little woodcarving was produced here in proportion 
to the other arts; yet a respectable body of wooden bowls, 
clubs, effigies, figurines, and similar objects indicates that 
the Plains artist did not ignore this medium. Even less 
pottery and basketry was produced, for containers were 
primarily made from buffalo hide.
A great deal of Plains art served both decorative and 

spiritual ends. A given design might appear to be primarily 
a colourful decoration, yet to the initiated it was also the 
guardian spirit of the owner.

Colour was originally achieved by mineral pigments or 
vegetable dyes. In time, these were supplanted by com­
mercial dyes and trade colours. Porcupine quilling—the 
use of small quills of the American porcupine, Erethizon 
dorsatus, which are flattened, dyed, and then applied to 
the surface of animal hides or textile materials—is an art 
produced nowhere eise in the world. It became outmoded 
in favour of glass trade beads, which were not only tech- 
nically similar in their application to quillwork but did 
not fade and gave a richness of colour unobtainable in 
any other way.
The art forms themselves range from realistic to ex­

tremely abstract and symbolic. Often they are narrative in 
content, as with the Winter Counts, those painted records 
that recounted tribal history by means of annual symbols, 
and the personal history paintings on hide that recount 
the exploits of the owner.

Not only did the Plains Indian decorate his home but 
also his person, with carefully coiffured hair, facial paint­
ing, and clothing enhancement. And he devoted the same 
aesthetic attention to his horse as he did to himself, 
creating beautifully deeorated gear for special occasions. 
Statically displayed in a museum exhibit, much of this 
omamentation loses the grace of motion. When worn as 
intended, the motion of the wearer and the wafting of the

By courtesy of the Museum of the American Indian, Heye Foundation, New York
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Cheyenne painted buffalo hide, depicting the Battle of the 
Little Bighorn, c. 1878. In the Museum of the American Indian, 
Heye Foundation, New York City. 116 X  87 cm.
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plains breeze gives the feathered war bonnet or the fringed 
buckskin a lively grace and colour.

Peripheral North America. Four other art-producing re­
gions of North America include the far west, northeast, 
central south, and southeast.

In prehistorie times, the central south and southeast were 
part of the most artistically exciting region of the North 
American continent. This land of temples, mounds, and 
monuments was an amazing world, and one can truly 
understand the legends that grew up around the riches 
that were evident when the Spanish arrived and that 
are still found in archaeological excavations. Testifying 
to the highly developed civilizations that existed are the 
beautifully carved shells, incised gorgets, and intricately 
deeorated clothing omaments; the carved stone effigies of 
ancestor figures or deities, which suggest a strong affin- 
ity with ancient Mexico; and the many bird and animal 
pipes in museums throughout the country. Had the Mid­
dle Mississippian culture diorite bowl (Museum of the 
American Indian, New York City) found at Moundville, 
Alabama, been the only masterpiece to survive, however, 
no other proof of the artistic brilliance of these peoples 
would be required.

Prehistorie
art of
central
south and
southeast
North
America

By courtesy of the Museum of the American Indian, Heye Foundation, New York

Middle M ississipp ian diorite bowl in the shape of a 
crested wood duck, from Moundville, Alabama, c. AD 
1500. In the Museum of the American Indian, Heye 
Foundation, New York City. Length 25.4 cm.

Wood was used in profusion, although little of it has 
been preserved in anything resembling its original condi­
tion. A quantity of textiles, albeit in fragments, has also 
survived. Other perishables include decorative freshwater 
pearls, featherwork, bone, and animal hides.

But it is in the claywork that the greatest vitality seems 
to have been expressed. While much of the clay used was 
of inferior quality, the results were astonishing. Exuberant 
forms, delicately traced surface lines, and strong, powerful 
designs were all executed with a confidence and grace that 
still attracts Contemporary art students. A tremendous as­
sortment of vessel designs was created in the Southeast: 
floral, geometrie, clay appliqué, delicate poiished water 
bottles and huge burial jars, as well as many lovely ves­
sels created to hallow a shrine, decorate a temple, or do 
homage to a god—all providing evidence of the imagina- 
tion, skill, and sheer love of clay for its own sake that 
these early potters must have feit. While much of this 
pottery art is extremely fragile, enough of the remarkably 
large output has survived to give an excellent idea of the 
aesthetic heights that were attained.

With the coming of the white man, this creativity was 
ended or diverted. Tribes were killed off or dispersed, 
or their social organization was so disrupted that normal 
pursuits were destroyed or directed into other, non-Indian 
channels. While the introduction of new and better tools 
allowed greater technical proficiency, the pride and dignity 
that had formerly provided such a strong Creative impetus 
was no longer present. The artist had lost his old market— 
purchasers who understood what they were buying—and 
instead served a customer more concerned with external 
appearance than with the function of the object. The result 
was what is disparagingly known as tourist art—ostenta- 
tious elaboration that had little to do with the integrity of 
the product.
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Today, almost all of the aboriginal arts of the Southeast 
have been lost or are much less actively pursued. The 
great stone sculpture for which it was so famous has 
entirely disappeared, although excellent wood sculpture is 
a continuing art; pottery is quite different from the ear­
lier styles and far less imaginative. The clays from which 
Contemporary Cherokee and Catawba pottery is produced 
are better grade, but the range of design is markedly 
limited. The most active art, and probably the most 
successful, is basketry, in which the present-day artists 
are in every way equal to, or better than, their tribal 
predecessors.

The breakup of the great Cherokee tribe, when a major 
portion was forced to remove from South Carolina and 
Georgia to Oklahoma in 1838-39, destroyed the unity of 
the people. Today, very little Cherokee culture as such is 
to be found in Oklahoma; it has been kept alive largely 
by the smaller Eastern band still living in North Carolina. 
It is this group that is responsible for the pottery, wood 
sculpture, and basketry referred to above.
The great art of the California Indians was basketry; 

no other people in the world has produced such a wide 
variety of superb basketry. The Porno, Hupa, Yurok, and 
Karok peoples of the north developed basketry to its ul­
timate with weaves so tightly composed as to provide a 
watertight container, baskets so small that they measure 
less than one-eighth inch (three millimetres) in diameter, 
huge grain-storage baskets, and delicately woven “gift” 
baskets with the feathers of birds interwoven that provided 
not only an opportunity for the weaver to demonstrate 
her mastery of the art, but also a means whereby she 
could display her affection for the deceased. Elsewhere 
the Chumash, Mono-Paviosto, Washo, and Koso proved 
no less skilled.
The Woodlands tribes of the East fall into two divisions: 

the south-southeast (discussed above), and the Great Lakes 
and northeast. The Great Lakes group produced various 
arts, including woodwork, a style of weaving with rush and 
hemp, and a strong porcupine quill art, later replaced by 
beadwork. This style of beadwork was populär around the 
tum of the 19th Century, when large quantities of it be­
came available. The art depended upon a weaving frame, 
which allowed the manufacture of long strips, useful for 
necklaces, beits, panels, and headbands. Wood art made 
effective use of burls (hemispherical outgrowths on a tree), 
from which bowls and containers were fashioned. Pottery 
was almost nonexistent.

The people of the Northeast, notably the Iroquois, are 
famous for their False Face Society masks, quillwork 
and beadwork, wooden bowls and ladles, and the woven 
wampum beits, which are important historical documents. 
Some pottery was produced, but not of significant quan­
tity or quality. Woodlands basketry was common, but it 
was not of the quality found elsewhere. Primarily a splint- 
weave type, it was rarely ornamented, and when it was, 
the ornament consisted of stamped or painted vegetable- 
dye designs.
Eskimo. It may seem unlikely that art would occupy 

very much of the attention of the inhabitants of the bleak 
Arctic regions; not only is there little raw material to work 
with but the ever-present need to secure a food supply 
would seem to leave little time for craftwork. Yet, from 
this harsh environment came some of the most imagina­
tive and humorous of Indian carvings. During the long 
winter nights, the Eskimo had ample time to work the 
ivory that came from the walrus and whale, much as the 
Yankee farmer passed the time during the winter whittling 
on a stick of wood as he sat by the stove.

Art styles of the area favoured carving in the round, 
decoration by incising, and a modest amount of inlay. 
Since the basic material was often a tusk or a tooth, these 
objects partially dictated the form, which was embellished 
after carving by incising or engraving. Black pigment, 
from charcoal fires, was rubbed into the lines for empha­
sis. Such prehistorie wood carving as may have existed 
has almost entirely disappeared, but enough has survived 
to indicate that it was a rich and varied art form. An­
cient ivory carvings have also been excavated, revealing a 
sophisticated, formal style. The so-called fossil ivory from

Porno feathered gift basket deeorated with 
Shell pendants, c. 1890. In the Museum of the 
American Indian, Heye Foundation, New York City. 
Diameter 22 cm.
By courtesy of the Museum of the American Indian,
Heye Foundation, New York

which these carvings were made is highly prized even 
today and, when found, is invariably turned into beauti­
ful carvings that gain value because of the scarce, richly 
colourful raw material. Humour in
A predominant characteristic of Eskimo art is the warm Eskimo art 

sense of humour that is so prevalent. Sometimes it is ex­
pressed in caricature, sometimes in sequential, “cartoon” 
form. Its surrealistic expression is probably a reflection 
of the Eskimo’s awareness that, because he lives close to 
death throughout his life, humour is vital to his psycho­
logical health.
Another significant feature of Eskimo art is the remark- 

able mechanical skill that was often involved in the Cre­
ative process. Part of the Eskimo’s artistry was his ability 
to neatly niece together small parts to create a whole— 
and his ability to fashion the tools needed to carry out the 
Operation, many of which were works of art themselves.
This skill is evident in the Eskimo’s most famous art 
form: the fantastic wooden masks used for various dances 
and social affairs. While many tribes made wooden masks

By courtesy of the Museum of the American Indian, Heye Foundation, New York

Eskimo art objects.
(Left) Painted wooden mask of the Kuskokwim Eskimos, 1875; 
height 31 cm. (Right) Incised walrus ivory shaman’s figure, 
Kinugumiut Eskimos, c. 1890; height 9 cm. In the Museum of the 
American Indian, Heye Foundation, New York City.



American Indians 399

Totem
poles

and deeorated them with colourful ingenuity, no North 
American aboriginal people developed the art of imag­
inative characterization to such an extreme. Surrealism 
par excellence. These masks demonstrate a combination 
of realistic, imaginative, and supematural qualities that is 
uniquely Eskimo.

In more recent times, with its inception around 1950, a 
stone art form, utilizing deposits of gray and green soap- 
stone, or steatite, found in the vicinity of Hudson Bay, 
has become familiär to art collectors. Usually given an 
artificial colouring, these examples of small-scale sculpture 
are populär examples of genre art. While they reflect the 
inherent sculptural skills of the Eskimo, they owe their 
origin and promotion to non-Indian agencies that have 
worked closely with several of the crafts groups in the 
region. A form of graphic art derived from Japanese print- 
making techniques has also become populär in this way.
Northwest Coast. It was in this region, richly endowed 

with tremendous cedar and spruce forests, that the Amer­
ican Indian sculptor achieved his finest expression. It is 
probably here that the influence of tools upon the artist is 
best exemplified; for, with the introduction of steel cutting 
knives, the Northwest Coast artist was free to demonstrate 
his latent talent in the aesthetically superb sculpture that 
is rivalled by no other Indian people in North America.

Tall, straight cedar poles fumished the material for the 
huge totem poles, the smaller wooden figures, the masks, 
and the other carved objects so loved by the Northwest 
Coast Indian. Inlaid with Haliotis, or abalone Shell, and 
carefully painted, these products took on a quality so dis­
tinctive that they are immediately identifiable.

Courtesy of the Denver Art Museum, Colorado

Haida painted wood and swansdown headdress, inlaid with 
abalone, c. 1870. In the Denver Art Museum, Colorado. 
Central section 1 5 X 1 8  cm.

Another remarkable quality of the Northwest Coast artist 
is his skill and interest in fitting designs into forms. He 
excels at fitting his designs into a given area, shape, or 
prescribed form, yet without sacrificing the integrity of the 
design.
The role of the tall totem poles from this area has not 

been well understood by non-Indians, and many erroneous 
accounts have been published as to their purpose and 
“meaning.” In actuality, they were not religious and were 
never intended to be worshipped. They were historical 
documents of a sort, recording the social position, wealth, 
and relative importance of the person who had paid for 
the pole. Because family lineage, class status, wealth, and 
other social facts were thus recorded, it was possible to 
gain an “introduction” to the village chief or house owner 
by simply examining the tall pole.
The goal of most of this rieh art was the exaltation of the 

individual—more specifically, a wealthy village chief or a 
great noble, for the society was based on a class System. 
Part of the insignia of social position was the accumulation 
of wealth, and objets dart were an important part of that 
wealth. With the coming of the white man, who coveted 
the rieh fürs of the region, the control of the great fishing

Reconstructed Tlingit longhouse with totem poles. In the 
Totem Bight Totem Pole Park, Ketchikan, Alaska.
Bob and Ira Spring

areas and strategie position of the Northwest Coast tribes 
enabled them to acquire staggering wealth in an extremely 
brief space of time. The existence of an Indian purchasing 
class, with its ever-increasing need for impressive posses- 
sions, created a supplier: the professional artist. This was 
thus one of the very few aboriginal cultures that gave rise 
to art patrons who hired artists on a Commission basis.

More surprising, the works that were commissioned were The short 
destined to be destroyed, given away, or otherwise ne- existence 
glected. For the life goal of many of these tribes involved of works 
the belief that the greatest value was to give away all of of art 
one’s possessions. While this may seem paradoxical the 
logic was simple: the more one gave away, the greater 
one’s prestige.
Combined with the potlatch, this system tended to im- 

poverish groups from time to time, sometimes to the point 
of enslaving whole villages. The rule was that the wealthy 
individual hold a feast to which his major rival was invited.
The host would give away all of his possessions, and the 
rival would return the courtesy, giving back more than he 
had received. To show even greater contempt for material 
possessions (and one’s rival), frequently goods were pub- 
licly burned, broken up, or cast into the sea. Slaves were 
even killed and families sold into slavery. From all of this 
megalomania came the surviving aesthetic masterpieces 
that are valued so highly today.

The Northwest Coast tribes were among the first Amer­
ican Indians to master metalcraft. While some copper 
came from local sources, most came from whaling ships,

By courtesy of the Museum of the American Indian, Heye 
Foundation, New York

Haida “slate carving” of three bears depicting 
cesarean birth, argillite c. 1890. In the Museum of the 
American Indian, Haye Foundation, New York City. 
Height 18 cm.
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both as cargo brought in for trade and as scrap peeled 
from the hulls of wrecked ships. This metal was worked 
with great skill by Tlingit and Haida artists into fighting 
knives, masks, overlays for art works, and the great shield- 
shaped tinneh that were so highly prized.

Among the Northwest Coast tribes, the Tlingit people 
of Alaska seem to have produced the most sensitive and 
sophisticated sculpture. The Kwakiutl, on the other hand, 
expressed their feeling for line and form in extremely 
impressive and powerful painted carvings: the designs are 
usually outlined in strong colours; there is far less subtlety 
of form; and the overall feeling is of a potent force at 
work. Between the two extremes are the Haida carvers, 
whose work, often less strongly painted than Kwakiutl 
work, is marked by precision of design, skill in execution, 
and strength of expression. These are the people who were 
responsible for the familiär black “slate carvings,” which 
are actually made of argillite, a stone found locally only 
on Queen Charlotte Islands, in British Columbia.

The work of the neighbouring Northwest Coast peoples, 
such as the Niska, Kitksan, and Tsimshian, who lived up- 
river from the Tlingit, is perhaps slightly less well known, 
due largely to the smaller population and their more re­
mote interior location. It is, however, of equal aesthetic 
ment, and can stand comparison on any basis with the art 
of the rest of the peoples of this region.

With the coming of the white man, there was a brief pe­
riod of economic benefit enjoyed by the Northwest Coast 
people, but this soon disappeared, and the arts rapidly 
degenerated to curio-shop products. In time, even these 
provided so little income that all but a few Indian carvers 
and basket weavers abandoned the arts. Today, again, 
there are several crafts products that seem destined to 
disappear, particularly the famed Chilkat blankets. On the 
other hand, some crafts objects, especially wooden masks 
that are often carved and painted replicas of older ones, 
have enjoyed a revival; but, in essence, this is a copying 
process, largely mechanical and lacking any of the cre- 
ativity of the original. Argillite carving is experiencing a 
modest renaissance, but as yet most of the products are 
very small, ornamental, accessory forms. In general, the 
exuberance and power of the earlier forms is yet to be fully 
realized by these gifted, determined artists of Northwest 
Coast Indian descent.

Mexico and Middle America. Although Mexico is ge- 
ographically part of the North American continent, its 
cultural world is so different that it is more convenient 
to consider it as part of Middle or Central America. The 
Indian groups in the region are also somewhat different 
in that they reflect a strong Spanish influence that was 
largely absent from most of the North American aborig­
inal peoples. It is true, however, that a strong intertribal 
trade existed between Mexican tribes and those of North 
America in prehistorie times, and this influence must be 
bome in mind when considering the arts of both regions.

Jlmec art The earliest identifiable art form of major significance 
in Mexico is that of the Olmec, the mysterious “rubber 
people,” whose culture was flourishing as early as 1000 
b c  over an area from Guerrero to Veracruz in Mexico, 
and into Guatemala, Honduras, and El Salvador. These 
Indians carved the tremendous “colossal heads” that the 
American anthropologist Matthew W. Stirling found at 
La Venta; delicate greenstone “baby-face” figures; and fig­
urines with a rounded facial form, thick features, heavy- 
lidded eyes, and down-tumed mouth that are referred to 
as “were-jaguars” because the image of this mythological 
or quasi-symbolic, supematural being is a humanoid type 
thought by many to combine human aspects with the 
jaguar concept.

Closely associated with, but somewhat later than, the 
Olmec culture came the people who inhabited Tlatico, 
Chupicuaro, and related early sites, which have become 
well-known for their lovely clay figurines of nude women 
with fantastic coiffures. At about the time of the slow 
demise of these civilizations, other peoples had begun to 
develop their own way of life in western Mexico, notably 
in Colima, Jalisco, Nayarit, and Michoacän. Far less is 

J known about the cultures of these areas, for relatively little
professional archaeological work had been undertaken on

Tlingit “Chilkat blanket,” mountain goat wool and cedar bark, 
late 19th Century, Alaska. In the Metropolitan Museum of Art,
New York City. 167 cm X  134 cm.
By courtesy of the Metropolitan Museum of Art, New York City,
The Michael C. Rockefeiler Memorial Collection of Primitive Art, 
bequest of Nelson A. Rockefeller, 1979; photograph, Lisa Little

the scale that would be needed for accurate investigation. 
The tremendous amount of looting that took place be­
fore the major sites came under professional control has 
virtually destroyed all hopes of unravelling the story of 
these peoples.

The major architectural construction in ancient America 
was evolving at this time and reached its apogee about a d  
600. The city of Teotihuacän (outside present-day Mexico 
City), the “Home of the Gods,” exercised a tremendous 
influence from central Mexico into lower Central Amer­
ica; objects inspired by ideas originating at Teotihuacän 
are still being unearthed throughout the region. The fa­
mous masks, so typical of the style, were made c. a d  250- 
750. Their monumental quality formed by the great mass 
of stone from which the oval eyes, sensual mouth, and 
broad face are fashioned, provides a powerful sculptural

George Holton— Photo Researchers

Olmec co lossal head, basalt, c. Is t Century BC. In Parque La Venta, 
Tabasco, Mexico. Height 2.4 m.
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Teotihuacän, Valley of Mexico, with the Pyramid of the Sun in the 
background, c. 3rd Century BC-8 th  Century AD.
Gianni Tortoli— Photo Researchers

concept. Far too massive to have been worn, it is more 
likely they were intended as burial offerings, or perhaps 
facial coverings for wooden effigies.

The Toltecs, Mixtecs, and Zapotecs, widely separated one 
from the other, have also left their imprint. The former, 
spreading out from their home area around Tula, eventu­
ally travelled as far as the Yucatan Peninsula, leaving ev- 
idences of their culture wherever they went. The Zapotec 
and Mixtec peoples of Puebla and Oaxaca were famed 

Mixtec for their unique arts, particularly Mixtec goldwork; these 
goldwork master craftsmen were sought out over great distances for 

the beautiful jewelry and finely fitted craftworks that are 
still so highly valued today.
Along the east coast, in the state of Veracruz, a group 

of Mayan people called the Huästec had settled by about 
250 b c . In time they developed a new cultural expression, 
which, because they were isolated by Totonac settlers then 
building up a major centre at El Tajin, remained limited 
to their own group. Other pre-Totonac folk who were 
active in Veracruz produced innumerable “smilingface” 
figurines and related works that give an impression of an 
exuberant, happy people. Remarkable among these clay- 
works are the small clay whistles that abound in the area. 
They are valuable not only as artworks but also as exam­
ples of musical instruments populär during that period.

Unique to this region is the use of chapopote, a native as- 
phalt commonly applied to clay figurines as a decoration; 
occasionally, chapopote entirely covers the figures, while 
in other examples, it is used to decorate only the face, 
mouth, or eyes.

Some puzzling stone carvings also have been discovered 
in Veracruz. Although these objects have been found 
throughout Central America from central Mexico to El 
Salvador, their centre seems to have been in the coastal 
Veracruz area. One of the objects, the palma, or pal- 
mate stone (shaped like a hand with extended fingers), 
was first thought to have had some religious significance. 
The thin-bladed hacha, or “axe,” so termed because of 
its resemblance to that implement, was thought to have a 
ceremonial function of some sort. The yugo, or “yoke,” 
was believed to have been used to hold down the head and 
neck of a sacrificial victim. Today, none of these theories 
is accepted. Although scholars are still uncertain as to the 
use of these objects, the best evidence suggests that the 
hacha had an architectural function, perhaps as a wall fit­
ting, or protruding structural decoration. It is possible that 
some hachas were used with the yugo; extant sculptures 
suggest such a use, along with the palma, in connection

with the ceremonial ball game, tlachtli. These sculptures 
portray an elaborately costumed individual, wearing what 
is apparentiy a yugo around his waist. Supported by and 
protruding from the latter is a palma, indicating that the 
two may somehow have been fastened together, or were 
used in combination. It is not believed by scholars that 
the player actually engaged in the game so encumbered.
Tlachtli was not unlike today’s soccer game; the object 
was to propel a gutta-percha ball through the air without 
touching it with the hands; if it went through a small hole 
in the carved stone disk, or hit that circular goal, the game 
was won. Tremendous exchanges of personal property re­
sulted from such a victory—indeed, often life itself was 
forfeit in important contests.
As the Zapotec people of Oaxaca yielded in turn to the 

more warlike Mixtec, whose centre at Cholula was the site 
of the largest pyramid of the ancient world (it consider­
ably exceeded the size of the pyramid of Giza in Egypt), 
so the latter in time became secondary to the Aztec. By 
1200, these nomads, who came from the northwest, had 
established themselves in the central valley, which they 
called Méxica, whence the name Mexico. The world they 
built gave rise to a powerful—at times brutal—art form, 
in which stone was a favourite medium. The rounded, Aztec 
muscular figures that they produced were originally bril- sculpture 
liantly painted, much like ancient Greek sculptures. The 
Aztec turned out an astonishing quantity of these figures, 
which, standing in rows, served as Standard bearers along 
the avenues leading to various buildings. The other arts, 
such as pottery and goldwork, seem not to have fared so 
well during Aztec times. Even the examples that have been 
found were perhaps less products of Aztec craftsmanship 
than creations of neighbouring peoples that were intro­
duced into the Aztec empire as tribute or as trade objects.

By courtesy of (top left, bottom) The Metropolitan Museum of Art, New York City, The Michael 
C. Rockefeiler Memorial Collection of Primitive Art, bequest of Nelson A. Rockefeller, 1979, (top 
right) the Asian Art Museum of San Francisco, the Avery Brundage Collection, Adriani Bequest 

to the California Palace of the Legion of Honor; photographs (top left, bottom) Lisa Little

Stone carvings from Veracruz, Mexico, about AD 300-900.
(Top left) Palma. In the Metropolitan Museum of Art, New York City. 
Height 51 cm. (Top right) Hacha. In the Asian Art Museum of San 
Francisco, The Avery Brundage Collection. Height 40 cm. (Bottom) 
Yugo. In the Metropolitan Museum of Art, New York City.
Length 41 cm.



402 American Indians

Mayan fresco from Bonampak, original c. AD 800. Reconstruction 
by Antonio Tejeda F. In Chiapas, Mexico.
Ygunza— FPG

To the east and south, another completely different 
world appeared under the name of the Maya. Centring 
in Guatemala and Honduras, where the twin capitals of 
Quiriguä and Copän are still well-known sites, the Maya 
spread out to El Salvador, into what is today British Hon­
duras, and into well over one-half of Mexico. The Yucatan 
Peninsula and the neighbouring state of Campeche are 
areas where a large number of Mayan sites have been 
found; of these, undoubtedly the most famous Mayan ar­
chitectural monuments are at Uxmal, Labnä, Kabah, and 
Sayil and the most renowned examples of Mayan fresco 
painting have been found at Bonampak. Chichén Itza, the 
famous archaeological area near Mérida, combines both 
M a y a  a n d  T o lte c  in flu en ces .

Jaina Just off the coast of Campeche is the island cemetery
figurines of Jaina, from which have come magnificently modelled 

figurines that are certainly among the finest clay works 
of antiquity. These sacrificial burial figures, replicas of 
Mayan personages in ceremonial finery, provide a remark- 
able insight into the customs, life-styles, and costumes of 
the classic Mayan people.
Unlike the brutal force of Aztec sculpture, Mayan art 

forms are relatively delicate. Yet, although light tracery 
is characteristic of their sculpture and painting, there are 
also occasional bursts of sheer power. Perhaps they were 
the most art-conscious people of the ancient Americas; 
certainly everything they created seems to have been in 
terms of aesthetics. They were competent in the use of 
many raw materials—shell, bone, stone of various kinds, 
wood, fibres, even feathers became part of their art. Sur- 
prisingly, with all of their skills, they seem never to have 
undertaken much metalwork: gold, silver, and copper ob­
jects are exceedingly rare from Mayan sites.

From an early beginning, around a d  250, the Mayan 
civilization had reached its apogee around 750 and had 
disappeared by 900. Remnant groups kept the cultural 
thread as a continuüm up to about 1200; but by then, ex­
cept for their language, they could no longer be regarded 
as cognate with the earlier Mayan.

Farther south, in Nicaragua, Costa Rica, and Panama, 
the relationships of the various people are less clear, due 
largely to the paucity of archaeological work that has been 
undertaken. Moreover, because Panama was something of 
a crossroads, both east-west and north-south, the variety 
of influences found there makes conclusive evaluations of 
the native art almost impossible. But even though far less 
is known about these peoples, there is no question about 
the excellent quality of their various kinds of artwork.

The two greatest artistic achievements of the region seem 
to have been in jade carving and goldsmithing. From 
the isthmus area come some of the finest gold castings 
known. Although some delicate, finely wrought goldwork

is known, most pieces consist of heavy casting, with lost- 
wax tracery (interlaced patterns of metal cast in a wax 
mold) in which animal and bird forms predominate. The 
poiished jadework of Costa Rica is famous throughout the 
Central American area. The beautiful “ax gods,” carved 
from green jade, must have been as sought after in ancient 
times as they are today.

Pottery was not an unknown art, and the brilliantly 
painted vessels found here are emphatic proof of this fact. 
Surprisingly, the art has yet to receive the recognition due 
it on aesthetic grounds. Some of the designs are remark- 
ably intricate, bold in form, and frequently as sophisticated 
as anything found in the Western Hemisphere. And here 
and there are intriguing touches of humour—a quality 
largely absent from Aztec and Mayan arts.

Little has survived of the architectural expressions from 
this area. Some large stone sculptures from Penonomé, 
in Chiriqu! province, Panama, suggest that the use of 
stone in large structures was not unknown; but appar­
entiy all of these structures were destroyed, in the years 
after the Spanish Conquest, by people using the stones 
for building.

Following the Conquest, the eradication of native cul­
ture in Central America was more rigorous than in many 
areas, and the net result is that south of Guatemala, there 
is almost no truly indigenous culture to be found. There 
are some remnants in Costa Rica, but they are few, and 
evidence of their pre-Columbian culture is only marginal. 
Today, such arts and crafts as are pursued may reflect a 
continuüm of design but they are basically dominated by 
European influence. The only regions in which consid­
erable prehistorie aesthetic influence survives are Mexico 
and Guatemala, where the native craftsman has been able 
to keep his art somewhat alive by recourse to ancient 
designs and functions.

West Indies. The Caribbean region of the Americas has 
undoubtedly lost more of its aboriginal character than any 
other region. The total decimation of the islands shortly 
after the Conquest and the subsequent populating of the 
area by black slaves made any carry-over of Indian cultural 
expressions impossible. And so it is today that residents 
of those islands rarely feel any sense of relationship to the 
ancestral inhabitants. Certainly it is true that the average 
non-Indian has no understanding of the wealth of arts that 
were to be found there in the past.

The delicate wood carvings, textiles, featherwork, and 
related perishable objects that are known from references 
in Spanish accounts to have existed have largely disap-

Jadeite ornament, or “ax god” from Costa Rica, c. 500-750. In the 
Dumbarton Oaks Collection, Washington, D.C. 5.1 X  12.5 cm.
By courtesy of Dumbarton Oaks Research Library and Collection, Washington, D.C.

Central 
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peared. Only a few wood carvings and a small number of 
shell and bone carvings are known. The great strength of 
surviving prehistorie art from the area is in stone; and in 
this medium there are remarkably sophisticated, powerful 
works. Small, tripointed carvings, that were often human 
or zoomorphic in form, represented the spirits (zemi) of 
the land. The Taino culture is famous for these zemi 
carvings, which are found in many of the islands, notably

Wooden effigy figure inlaid with Shell teeth that is a variant of the 
zemi form, from Jamaica, c. AD 1500. In the Metropolitan Museum 
of Art, New York City. Height 69 cm.

By courtesy of the Metropolitan Museum of Art, New York City, The Michael C.
Rockefeiler Memorial Collection of Primitive Art, bequest of Nelson A. Rockefeiler, 1979; 
Photograph, Lisa Little

Puerto Rico and Hispaniola. Carved stone pestles, with 
human and animal designs, are also common, along with 
stränge “stone collars”—oval carvings that may be related 
to the yugos of Mexico and Guatemala. The most preva- 
lent form, however, is the human head, often a death’s- 
head, which suggests a culture preoccupied with mortal- 
ity. The peoples of this area were also fascinated by odd 
shapes in stone. Unusual “comma stones,” the meaning 
of which—if they had any—scholars have been unable 
to discover, have been found scattered throughout the 
Antilles. Their number and the care and skill with which 
they are carved suggests that they had an important role 
in the culture.

Although the Taino are thought to have surpassed the 
other peoples of the West Indies in aesthetic develop­
ment, examples of later artistic forms and techniques 
characteristic of the Arawak, Carib, and related tribes still 
surviving in neighbouring South America may provide a 
link between ancient and modern. Since the Taino were a 
division of the Arawak, so may modem Arawak weaving 
indicate something of what must have existed among the 
prehistorie Taino.
The trans-Caribbean sea route from the islands to the 

mainland obviously carried influences, as well as materi­
als, back and forth; but far too little is known about these 
influences to be able to determine which area (the islands 
or the mainland) was most affected. Little more is known 
about the West Indies civilization, therefore, than that it 
produced extremely successful sculpture. The civilization

disappeared so rapidly and completely that one can ad- 
mire but not wholly comprehend it.

South America. The greatest single problem in assessing Role of 
the Indian art of this region is the unfortunate historical Inca art 
tendency to lump everything together under the head- 
ing Inca, as though no other culture had ever attained 
significance. In fact, when one examines the continent 
critically, it is evident that the Incas were among the least 
aesthetically remarkable of the peoples of South America, 
almost all of whom attained artistic levels only occasion­
ally equalled by the latecomers. It is probably only in the 
architectural use of stone and in the textile arts that the 
Inca held his own in artistic comparison.
Weaving was one of the three arts that were South Amer­

ican strengths, the two others being metalwork and pot­
tery. No other peoples in the Western Hemisphere—and 
less than a handful elsewhere in the world—came close to 
equalling the aesthetic and technical accomplishment of 
the Peruvian weaver. One can imagine the astonishment 
of the early Spanish explorers when they saw this radiant 
clothing for the first time, even though they very soon 
passed it over for the gold they coveted.

Metalwork was at its zenith in Peru, Colombia, and 
Ecuador, each of which developed major cultures whose 
arts were equal to the demands of the raw material.
Tairona gold, in Colombia, rates very high in design 
and craftsmanship, as does the work of the Quimbaya, 
whose skill in creating poiished metal flasks is remarkable.
Notable also is Sinü casting, which could execute works 
weighing several pounds. In Ecuador, the goldwork found 
at La Tolita is legendary and shows a skill in casting 
and overlay that did not seem to exist elsewhere in the 
region. In Peru, most surviving goldwork was created by 
the Chimü and Nazca peoples. Yet, that this was a well- 
advanced art as early as the Chavin era is demonstrated 
by major discoveries at Chongoyape; indeed, these pieces 
seem to be the earliest gold products in America, having 
been created around 900-500 b c .

Perhaps the art that was most widespread and had the 
greatest variety of form is pottery. In the exciting range 
of imaginative forms, exuberant vessels are found side by 
side with sombre, formal works. The use of brilliant colour 
is common, and the degree of careful modelling makes 
of many of these pottery containers verkable sculptural 
masterpieces.

A populär material, stone was used throughout most of 
South America for massive forms; the small delicately 
traced stone carvings found in Central America are rarely 
encountered south of that region. Architecturally, the In­
cas surpassed all others in their use of intricately cut, 
giant-size stone blocks, at the sites of Machu Picchu, Sac- 
sahuamän, and Ollantaytambo. Only in San Agustln, in 
Colombia, was there a similar monumental use of stone.
In Manabl, in Ecuador, blocks of stone were skillfully 
carved into thrones and huge seats. None of this South 
American stonework, however, reflects the degree of skill 
common in Mexico.

Colombia. Colombia is among the first South American Antiquity 
regions to have enjoyed settlement. A pre-pottery Indian of Colom- 
culture is known to have come into the region around bian art
10,000 b c ; and Puerto Hormiga excavations reveal that a 
pottery-making culture existed as early as 3,000 b c . The 
more definite cultural expressions, however, are not found 
in quantity until San Agustin, which came into existence 
with the advent of the Christian Era. Little pottery has 
been recovered from the region as yet, but stone carvings 
are very well known. A later culture north of this site, 
which has yielded a more generous quantity of art objects, 
is Calima, known for its goldwork, and Quimbaya, whose 
gold and pottery are both important cultural indicators.
Since the Southern and eastern regions of the country are 

almost unknown archaeologically, conclusive evidence is 
absent, but at the moment it does not appear that their 
prehistory was artistically rieh. Early pre-pottery sites have 
been found, notably at El Jobo, in Falcón, that date to 
about 14,920 b c . Carved stone was used for such objects 
as small pendants or fetishes; shell and bone are also 
known to have been used.

It is certain that this was a contact point with many
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of the Antillean peoples and that travel back and forth 
between the two regions was a regulär custom. Columbus 
reported such trade—which seems to have been a long- 
time practice—at the time of his arrival.

Ecuador. It is to Ecuador that one must turn for an 
examination of early art forms. Straddling the Equator, as 
the name implies, this region—today the smallest republic 
in South America—is one of the most intriguing on the 
continent. For decades the region had been ignored by 
scholars in favour of the more glamorous Peruvian area, 
but in recent years its tremendous antiquity has begun 
to be recognized. It now seems that ancient man may 
have established his first foothold in Ecuador and that 
the region is also the site of the earliest datable pottery. 
From perhaps as early as 15,000 b c  until about 3200 b c , 
when pottery was known to exist at Valdivia, there was a 
long, steady period of development in the region. And the 
development was not spotty, for the population increase 
was also constant.

Although the great cities and some of the major cultural 
activities found farther south were not found in Ecuador, 
there was, nevertheless, considerable cultural accomplish- 
ment. Weaving was done in quantity, as evidenced by 

Metalwork Spanish accounts; and, more spectacularly, goldsmithing 
in Ecuador was a major expression of the artist’s skill. Large pieces, 

such as crowns and breastpiates, and tiny miniatures re- 
flecting the sureness of a master’s hand have been found. 
None of these pieces is unique; they are known in suffi­
ciënt quantity to prove the existence of a long-time craft. 
Literally hundreds of thousands of tiny gold beads, each 
cast individually, have been found in the sands of La 
Tolita; and others, slightly larger, with granulated sur­
faces indicating the mastery of a complex casting process, 
have also been recovered. The technique of inlaying had 
also been mastered, and the use of emeralds and other 
gemstones as settings was commonplace. Platinum was 
worked, as in Colombia; not only was it cast but it also 
was frequently used in combination with other metals. 
Copper, too, was worked, both in its “pure” form and 
combined with tin to make bronze; occasionally, it was 
gilded to create a  pseudo goid finish. Heavy cast copper 
axes were stock-in-trade, and many smaller objects were 
turned out in quantity.
The pottery that emerged from the hands of the clay 

workers was of high quality, beautifully designed, and well 
finished. Modelling was powerful, and there were touches

of humour. Scholars are not sure to what extent colour 
was used, for time and soil have removed much of it.
Modelled clay effigies discovered in 1966 at Bahia de 
Manta are not only remarkable for their size and quan­
tity but even more for the astonishing amount of original 
colour that had been preserved.

It seems evident that this was one of South America’s 
major civilizations and that in time much more will be 
discovered about it.
Brazil. Like the archaeology of Venezuela, little is actu- 

ally known of the archaeology of the vast region of Brazil.
Only around the Amazon area has very much work been 
done, and there primarily on the Ilha de Marajó. Size 
has hampered much of the effort to unravel prehistory, 
but weather conditions and jungle overgrowth have also 
combined to resist penetration. What is known, however, 
is tantalizing to the scholar, for at Lagoa Santa, in Minas 
Gerais, the bones of a human being have been linked with 
a mammoth slaughtered for food as early as around 10,000 
b c ; and pottery vessels have been discovered attesting to a 
remarkably advanced civilization in the Amazon lowlands 
perhaps as early as a d  1000. But what lies between these 
two extremes in time is yet to be discovered.

The most aesthetically exciting object excavated in Brazil 
is a unique pottery form, found on the Ilha de Marajó 
and called Marajoara, which incorporaies modelling and 
painting with a low relief carving of the surface. Several Marajoara 
successful expeditions have recovered modest amounts of pottery 
material, but the island, which is regularly flooded by the 
mouth of the Amazon, has resisted complete excavation.
An individual style found on the tiny isle of Maracä, 
and another from Santarém, suggest the existence in this 
region of a hodgepodge of aesthetic expressions, some 
related, some alien. Surprisingly, the strong geometrie 
Marajoara style seems not to have influenced any of the 
cultures around it.
Peru and highland Bolivia. The great civilizations of 

Peru and highland Bolivia—with their monolithic stone 
structures, major political organizations, and elaborate 
material wealth—have long attracted the attention of the 
ou ts id e  w orld . T h is  w as the o n ly  area where structures 
of any real magnitude were built in South America; the 
ruins of Tiahuanaco, Cuzco, Chan Chan, and similar 
well-developed urban centres attest to the achievement of 
highly skilled peoples. Pottery has been found in all styles 
and types, from relatively crude wares to the most highly

Ray Manley— Shostal/EB Ine.

Ruins of the Inca city of Machu Picchu, Peru, c. 15th Century.
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Art of the
Chavm
civilization

Chavm (1000-400 BC) hammered gold crown, 
from Chongoyape, Peru, 900-500 BC. In 
the Museum of the American Indian, Heye 
Foundation, New York City. 14 X  24 cm.
By courtesy of the Museum of the American 
Indian, Heye Foundation, New York

painted and poiished masterpieces. Whistling vessels are 
common, and the various forms of musical instruments 
perhaps exceed those found in other civilizations on the 
continent. Representations of daily life on the pottery re­
flect complete, well-rounded civilizations.

Man was definitely active in Peru as early as 10,000 
bc , and his pottery making dates to no later than 1200 
b c . Slowly, these dates will be pushed back, as scholars 
unravel more and more of prehistory; for, in view of the 
advanced stage of some early works, it is certain that they 
will be found to have been preceded by others.

The great Peruvian ruins around Chavln de Huäntar have 
given the name Chavln to one of the most remarkable 
civilizations in South America—and one of the earliest, 
though it is not certain whether it was coeval with the 
Valdivia of Ecuador (c. 3200 b c ). Here, remnants, famous 
throughout the archaeological world, have been found of 
one of America’s earliest cultures. Carved stone objects, 
fantastic pottery that demonstrates the most advanced 
skills, evidences of stone construction, and remarkably 
sophisticated goldwork—all bear witness to a truly mag- 
nificent era in ancient history.
A recent discovery has brought to light evidences of 

a civilization at Ayabaca, in Piura, which was probably
By courtesy of the National Archaeological Museum, Lima; photograph, Lee Boltin

Detail of embroidered Paracas mantle, c. 300-100 BC. In the 
Museo Nacional de Antropologia y Arqueologia, Lima.

coeval with the Chavln. Named Vicüs after the valley in 
which it was uncovered and dating between 250 bc  and 
a d  500, this civilization produced pottery that resembles 
the ware of nearby Ecuador and goldwork not unlike 
other early forms. The discovery of this wholly new civi­
lization, unknown until just a few years ago, suggests the 
existence of others.

South of the Chavln region, another high culture devel­
oped around the Paracas Peninsula. This civilization pro­
duced a famous thin-walled pottery and some of the most 
extraordinary textiles in existence. Great woven mantles, 
ponchos, and small tapestries were created between 1000 
and 250 b c .
Just as elements from the Chavln civilization filtered 

south to influence the Paracas people, so they influenced a 
development in the north, around the Viru, Chicama, and 
Moche valleys from 250 bc  to a d  750. Commonly termed 
Mochica, these people developed a mature art form that 
includes some of the finest plastic sculpture in the his­
tory of pottery. The range of designs makes these objects 
remarkable not only as art but also as revelations of the 
civilization from which they come. The extensive number 
of objects produced suggests that the civilization was an 
extremely populous one, in which power and wealth were 
major goals.
Gradually, this civilization gave way to that of invaders,

By courtesy of the Museum of the American 
Indian, Heye Foundation, New York

Mochica stirrup-spouted water bottle, c. AD 
250-500. In the Museum of the American 
Indian, Heye Foundation, New York City.
Height 24 cm.

the Chimü, whose Capital of Chan Chan was from a d  
1000 to 1500 one of the great urban centres of ancient 
Peru. This huge city, now largely destroyed, once housed
100,000 persons and produced a spectacular array of artis­
tic works: gold jewelry, feather mantles, great textiles, and 
considerable work in wood and clay. The arid climate 
has preserved more art from the Chimü region than from 
many other sections, and Spanish accounts aid scholars in 
understanding what they find here. Pottery was as skilled 
as any found elsewhere, although by now something of a 
paralysis had set in; certainly, many of the designs have 
a static quality, doubtless due to the extensive use of 
molds. By now customer demand was so great that the 
craftsman had to resort to mass production to keep up 
with his clients.

In the south, a great pottery talent was at work from c. 
250 bc to a d  750 around the Nazca Valley. There, perhaps 
the most technically advanced potters in South America 
were producing perfectly formed clay vessels, highly fired, 
brilliantly painted, and often intricately fashioned. Mostly 
mold-made, they were turned out in great quantities, with 
the same stiff formality seen in Chimü pottery. The Nazca

Paracas
textiles

Chimü 
and Nazca 
pottery
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The art of 
Tiahua­
naco

Nazca painted clay double-spouted water 
jar, 1st-2nd Century AD. In the American 
Museum of Natural History, New York City.
Height 21 cm.
By courtesy of The American Museum of Natural History, New York

weavers, however, succeeded in defeating the mass market, 
for their work was devoted to highest quality, and their 
skill was such that even though miles of similarly pat- 
temed cloth were turned out regularly, the repetition did 
not destroy its beauty. In fact, the overall patterns so fre­
quently seen provide a harmony that results in a beautiful 
fabric. There was literally no weaving process unknown 
to the ancient Peruvian. Nazca goldwork seems not to 
have been up to the Standards achieved by other Peruvian 
metalwork; by and large, it is a listless product, having 
only the material to recommend it. Thin, hammered sheet 
gold was commonly used for Nazca ornamentation.

Closely related to, and extending from, the Nazca work 
is the art of the Ica civilization (ad  1000-1500). These 
people produced fine textiles, the designs of which were 
often reproduced on the pottery of the area. The dry cli­
mate has also preserved a wealth of wood carving, much 
of it in such fine condition that the quality of the art can 
be clearly seen.

In the central Peruvian area, a group of people emerged, 
built a modest civilization, and developed it into a world 
that was in existence when the Spanish arrived. The Chan- 
cay people are not known for great artworks; their pottery 
produced from ad  1000 to 1500 is a simple, black-on- 
white ware, usually painted in soft colours, simply defined, 
and frequently crude in appearance. Their one outstand­
ing quality is humour; many Chancay vessels show a lively 
sense of the absurd, almost providing a Peruvian comic 
strip. Chancay weaving is excellent, and many thousands 
of surviving examples attest to this technical pre-eminence.
Farther afield, in Bolivia, another major civilization had 

been developing: the Tiahuanaco world. Its origin and the 
whole story of its development are not yet fully under­
stood, but it is known that it came to exert a tremendous 
influence over a wide area of South America from ad 250 
to 750. One of its most characteristic qualities was the use 
of stone—in walled cities, huge doorways with intricately 
carved panelling, and great paved roads. Tiahuanaco art is 
a rather angular expression, with repetitive, rather unorig­
inal motifs. The pottery from this site is equaliy uninspir- 
ing; although strong in colour, it does not show the variety 
and technical perfection seen in the wares of the nearby 
Inca and Nazca. Again, the great art is weaving. It seems 
that in many cultures the attention devoted to the textile 
arts far overshadowed that devoted to all of the other arts. 
And so it is with the Tiahuanaco, who produced ponchos, 
caps, pouches, and other costume pieces that are instantly 
recognizable wherever seen and challenge the Contempo­
rary weaver with their variety, fantastically tight weave, 
and remarkable richness of colour.
The Inca civilization had begun around ad  1200, but 

the empire itself was not established until 1438, with the 
accession of Pachacuti Inca Yupanqui, the greatest of the

Inca rulers. With the arrival of the Spanish in 1532, the 
empire was at its height but was suffering from a schism 
that proved fatal in the face of the European attack. So 
savage was the Spanish invasion that the empire, num- 
bering some 6,000,000 individuals at its height, was left 
without a head, and, within a period of thirty years, its 
population had dwindled to 1,500,000. Part of this legacy 
is that less art survives from the Inca culture than from 
many of the far older Peruvian cultures; there are many 
more Tiahuanaco ponchos known than those from the 
Inca period, for example. Enough has survived, however, 
to enable scholars to characterize Inca art forms. The 
aryballus (globular bottle for liquids) is known the world 
over, and stonework was common and of excellent qual­
ity. Silver and gold were no mystery to the Inca: religious 
tribute was claimed in the form of worked metal, treated 
as a gift to the sun god. Indeed, it was this very practice 
that proved the Inca’s undoing, for the Spanish treasure 
seekers abandoned all other pursuits in their greed for 
precious metals.

In due course, the Inca civilization declined to a point 
where it was little more than a shell, as it is today. While 
much of the ancient weaving is still an active art, there 
is no pottery of a quality similar to the old, nor is there 
the wealth of woodwork, stone carving, or other crafts 
products. As for goldwork, it can safeiy be said that this 
art is completely in the hands of Westerners.

By courtesy of The American Museum 
of Natural History, New York

Inca silver figurine of an alpaca, Inca 
period (13th—15th Century). In the American 
Museum of Natural History, New York City.
Height 19 cm.

Chile and Argentina. Farther to the south, as he con­
tinued on his long journey past the Peruvian and Bolivian 
highlands, man crossed the great Atacama wasteland into 
Chile and, in so doing, changed his aesthetic expressions. 
This journey probably took place not much before 500 b c , 
when pottery-making people became active in the south. 
However late man came, he quickly set up civilizations. 
Wandeling back and forth over the Andes, he settled both 
Chile, where he was known as Diaguita, and northern 
Argentina, where he was known as Chalchaqul. Very soon 
the peoples of this region developed their own arts, some 
of which are unique. They produced fine pottery and 
strong, colourful textiles. Gold was never a major product, 
although copper became an important metal, due in part 
to its prevalence. The peopie cast huge copper disks and 
plaques and made special burial urns for their children, 
even reserving cemetery areas in a touching demonstration 
of affection. The period of Diaguita settlement covered 
about 1500 years, or from about ad  1 to 1500.
With the extension of the Inca Empire into the Chilean 

and Argentine regions, the ubiquitous aryballus form 
found its way there, as did other, similar Inca expressions. 
Indeed, the pottery forms give a clue as to the presence or 
absence of the Inca overlords.
With the arrival of the Europeans all of this changed.
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Late Aguada or Early Chalchaqui cast copper plaque from 
Argentina depictlng a man between two felines, c. AD 
700-1000. In the University Museum of Archaeology and 
Ethnology, Cambridge. 16 X  14 cm.
By courtesy of the University Museum of Archaeology and Ethnology, Cambridge

Western Of all of the South American Indian civilizations, only in 
influence Ecuador, Peru, Bolivia, and Chile is there anything like a 
on South continuüm of native arts. And even in these, the Western 
American influence has been so pervasive as to eradicate all but the 
Indian most dominant aesthetic characteristics. Weaving retains 
cultures more of its ancestry than perhaps any other art; pottery 

has taken on much of the Western aura; woodworking is 
not at all what it was in pre-Columbian times; and very 
little metalwork is done in what can be called prehistorie 
design. Although much of the work done today is of high­
est quality, it reflects more of the tastes and needs of the 
white man than the Indian.

ARTS OF THE AMERICAN INDIAN PEOPLES 
IN THE CONTEMPORARY WORLD
In the Contemporary art world, American Indian arts oc­
cupy a peripheral role. Until the last few decades, the only 
strong effort to exhibit this art in galleries or museums 
was made by those few institutions specializing in ethno- 
logical, exotic, or art history subjects, together with the 
rare specialized museum devoted only to Indian materials 
or to those of the American West. And in these, the usual 
focus was upon sensational or romantic themes, not upon 
a carefully balanced understanding of the subject.
The most active interest in American Indian art seems 

to have been less in products of still-living cultures than 
in prehistorie arts; and less in the arts of prehistorie North 
American peoples than in “pre-Columbian art,” which is 
generally understood to mean the works of the so-called 
high civilizations—notably the Maya, Aztec, Inca, and 
Mochica. This is to be regretted, for it not only results in 
an overemphasis that destroys intellectual balance but it 
also has relegated to the background some of the more ex-

Courtesy of the Denver Art Museum, Colorado

“Herding Sheep,” watercolour on paper by Allan Houser, 
Chiricahua Apache, 1953. In the Denver Art Museum, 
Colorado. 72 X  46 cm.

citing aesthetic accomplishments of the native American. 
The diorite bowl representing a crested wood duck that 
has been called by some “the Portland vase of America” is 
not an isolated instance, for there are other fine sculptures 
equaliy deserving of attention.

The reasons for these attitudes are not difficult to dis­
cover. With the displacement of the Indian by the West- 
erner came the rejection of his products, other than as 
curiosities of a vanquished people. Only in the last few 
decades has there been a concerted effort to develop an 
appreciation for art and a concern for the survival of this 
New World heritage.

More active efforts to preserve Indian art have been made 
in the United States than elsewhere. The first was in the 
1920s, when a group of white artists located in and around 
Santa Fe, New Mexico, found excitement in the work of 
the Indians of the Southwest. Together with the so-called 
Taos Colony of artists, these influential people succeeded 
in bringing the values of Indian art to the attention of the 
outside world through publications, exhibitions, and their 
own artworks, in which Indian design often figured pre­
dominantly. In time, this group saw to the establishment 
of a School of Indian Art in Santa Fe. Out of this school 
came many of the most familiär names in Indian art to­
day. Oqwa Pi, Jack Hokeah, Awa Tsireh, Pablita Velarde, 
Andy Tsinajinnie, Allan Houser, Ben Quintana, Gerón- 
ima Cruz Montoya, Eva Mirabai, and Waldo Mootzka 
are but a very few of the students involved during this 
exciting period. Following an initial success, the school 
enjoyed a period of prosperity, but then feil victim to the 
Depression.

Another surge of interest came with the enactment of the 
Indian Reorganization Act of 1934, by means of which the 
Indian Arts and Crafts Board came into existence. Sparked 
by John Collier, then commissioner of Indian affairs, this 
body is one of the few governmental organizations set up 
specifically to promote, encourage, and revive native arts 
and crafts. While intended largely as an economic device 
to increase Indian income, the Board fortunately included 
members who were knowledgeable about, and sensitive 
to, the aesthetic and cultural strengths of the Indian. A 
program of exploration revealed surprising resilience in 
native crafts, and a core of still-active craftspeople who 
remembered older techniques was engaged to perpetuate 
their arts. Out of this program came a renaissance that 
still continues, even after the Board has become less in­
fluential, as the native artist more and more finds himself 
in his art. What promises to become the major factor 
influencing Indian art is the Institute of American Indian 
Arts in Santa Fe, New Mexico, an outgrowth of the early 
interest of the Indian Arts and Crafts Board in assisting 
young Indian artists to secure needed training.
Stimulated by these developments, the interest of art 

museums and collectors in native art brought home to 
the general public the existence of a remarkable, if over- 
looked, art form.

Today, a growing interest in Indian cultural expression 
is found among North American Indians themselves, as 
they seek their rightful place in Contemporary society. 
Realizing the values in their heritage, and seeing much of 
it diminishing, many Indians want to learn what they can 
of their past and salvage what can be preserved.

Perhaps the greatest positive force to appear in some time 
are the Indian tribal councils, many of which support the 
arts in their own areas, not only to augment income but 
also out of an awareness of the cultural value of those 
arts. Many of these people, particularly the Navajo, Hopi, 
Cherokee, and Crow, have set up funds to develop crafts 
areas, sales centres, and museums to promote the appre­
ciation of their traditional arts and thereby strengthen the 
fabric of the tribe. Some have set up crafts schools so 
that the younger people will have access to the neces­
sary training.

With so many years of cultural denial, however, the 
native artist can no longer draw upon his rieh heritage 
freely but must seek an adjustment with Western-derived 
motifs that have intruded upon, and in some cases over- 
whelmed, his world. Among all of the North American 
tribes, painting is perhaps the one art that has taken
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a new and positive direction. Many younger Indians of 
talent are creating remarkable works in acrylic, tempera, 
oil, and related media, gaining recognition in the fine arts 
field and showing promise of successful careers in the 
non-Indian world. Their most serious problem is that of 
identification. Some prefer to paint in a completely “free” 
manner, meaning that their work will not necessarily re­
flect their Indian ancestry. Others remain concerned over 
the demonstration of the racial or ethnic strain and seek 
means whereby they can paint in “Indian style” and yet 
escape the stereotype so prevalent in the minds of most 
non-Indians.
In other parts of the Western Hemisphere, organizations 

similar to those in the United States have recently been 
established to promote native crafts movements. In gen­
eral, such movements find their greatest support in areas 
where nationalism is on the rise and pride in one’s back­
ground is pre-eminent. The Latin-American nation that 
has taken the most effective steps in this direction has cer­
tainly been Mexico; its Museo Nacional de Arqueologla 
(National Museum of Archeology), built in 1964, is per­
haps the finest such structure in the world and stands as 
a monument to the heritage of that country. Guatemala, 
Colombia, Peru, and Ecuador also have devoted major 
architectural attention to their native cultures.

(F.J.D.)
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Williams, A Key into the Language of America (1643, reprinted 
1971), despite its formidable title a delightful book and the best

description of a Southern New England Indian people; alden t. 
vaughan, New England Frontier: Puritans and Indians, 1620- 
1675 (1965); William w. newcomb, jr., The Culture and Ac- 
culturation o f  the Delaware Indians (1956); lewis h. Morgan, 
League o f  the Ho-de-no-sau-nee, or Iroquois (1851, reprinted 
1966); george t. hunt, The Wars o f  the Iroquois (1940); 
anthony f.c. wallace, The Death and Rebirth o f  the Seneca
(1970) ; Elisabeth TOOKER, An Ethnography o f  the Huron Indi­
ans, 1615-1649 (1964); bruce g. trigger, The Huron Farmers 
o f  the North (1969); paul radin, The Winnebago Tribe (1923); 
Walter james hoffman, The M enomini Indians (1896); ruth 
landes, Ojibwa Sociology (1937, reprinted 1969); william t. 
hagan, The Sac and Fox Indians (1958); and bert anson, The 
M iam i Indians (1970). Modern reservation life is described in 
Edmund wilson, Apologies to the Iroquois (1960); and fred­
erick o. gearing, The Face o f  the Fox (1970).

Southeast American Indians, john r. swanton, The Indi­
ans o f  the Southeastern United States (1946), is the Standard 
starting point for information on the traditional cultures of the 
Southeast. Other indispensable works by Swanton are Indian 
Tribes o f  the Lower Mississippi Valley and Adjacent Coast o f  
the G ulf o f  Mexico (1911), Early History o f  the Creek Indians 
and Their Neighbors (1922, reprinted 1970), Social Organiza­
tion and Social Usages o f  the Indians o f  the Creek Confederacy 
(1928), Religious Beliefs and M edical Practices o f  the Creek 
Indians (1928), Social and Religious Beliefs and Usages o f  
the Chickasaw Indians (1928), M yths and Tales o f  the South­
eastern Indians (1929), Source M aterial for the Social and  
Ceremonial Life o f  the Choctaw Indians (1931), and Source 
M aterial on the History and Ethnology o f  the Caddo Indians 
(1942). A later summary is provided by Charles hudson, The 
Southeastern Indians (1976). Also valuable are various works 
by frank G. speck, including, The Creek Indians o f  Taskigi 
Town (1907), Ethnology o f  the Yuchi Indians (1909), and, with 
Leonard broom, Cherokee Dance and Drama (1951). james 
mooney, M yths o f  the Cherokee (1900), remains the basic 
source on the Cherokee and may be usefully supplemented by 
william H. gilbert, The Eastern Cherokees (1943). For the 
Seminoles, clay MaccAULEY, The Seminole Indians o f  Florida 
(1887); Alexander SPOEHR, Camp, Clan and Kin Among  
the Cow Creek Seminole o f  Florida (1941), and The Florida 
Seminole Camp (1944); and various articles by william c. 
sturtevant, referred to in his essay “Creek into Seminole” in 
E.B. LEACOCK and N.o. LURiE (eds.), North American Indians 
in Historical Perspective (1971), provide basic background. For 
the piedmont tribes, see james mooney, The Siouan Tribes 
o f  the East (1894); and recent works by douglas s. brown, 
The Catawba Indians (1966); and Charles m. hudson,. The 
Catawba Nation (1970).
On more specialized topics, mary r. haas, “Southeastern In­

dian Linguistics,” in c.m. hudson (ed.), Red, White, and Black
(1971) , is an important review of linguistic relations; william
c. sturtevant, The Significance o f  Ethnological Sim ilarities 
Between Southeastern North America and the Antilles (1960), 
clears up some difficult issues; emma l. fundaburk and mary
d. f. FOREMAN, Sun Circles and Human Hands (1957), pro­
vides fine illustrations and commentary on prehistorie and 
historie Southeastern art; john witthoft, Green Corn Cere­
monialism in the Eastern Woodlands (1949), is an important 
contribution to Southeastern religion; as is james h. howard, 
The Southeastern Ceremonial Complex and Its Interpretation 
(1968). Many detailed scholarly works exist on the post-contact 
history of the Southeastern Indians, among which might be 
mentioned grant foreman, The Five C ivilized Tribes (1934, 
reprinted 1971), and Indian Removal (1932); angie debo, And  
Still the Waters Run (1940, reprinted 1966), and The Rise and  
Fall o f  the Choctaw Republic (1934); robert s. cotterill, 
The Southern Indians (1954); verner crane, The Southern 
Frontier, 1670-1732 (1929); david h. corkran, The Cherokee 
Frontier (1962), and The Creek Frontier (1967); and thurman 
wilkins, Cherokee Tragedy (1970).

Middle American peoples and cultures. The most authorita­
tive work on Middle America is the monumental Handbook 
o f  M iddle American Indians, ed. by robert wauchope, 16 
vol. (1964-76). These volumes cover all aspects of the area 
from physical geography, linguistics, archaeology, physical an­
thropology, and ethnology to social anthropology. eric wolf, 
Sons o f  the Shaking Earth (1959), is the best single book on 
Middle America, sol tax (ed.), Heritage o f  Conquest (1952), is 
a professional anthropological estimate of the content of Mid­
dle American Indian culture. The M aya and Their Neighbors 
(1940) is an introduction to the archaeological and historical 
Problems of the region and contains the basic essay on Indian 
history by oliver la farge. s.g. morley, The Ancient Maya, 
3rd rev. ed. (1956); j. eric Thompson, The Rise and Fall o f  
M aya Civilization, 2nd ed. (1970); and Michael d . coe, The 
M aya (1966), give views on that civilization. g.c. vaillant, 
The Aztecs o f  Mexico, rev. ed. (1956), is a basic book; and h.j.
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spinden, Ancient Civilizations o f  Mexico and Central America, 
3rd rev. ed. (1968), is important for its calendrical correlations. 
For an understanding of the colonial period, the works of 
BERNARDINO DE SAHAGUN, trans, by A.J.O. ANDERSON and C.E.
dibble, The Florentine Codex, pt. 9-10 (1959); and a.m. toz- 
zer’s annotated translation of Landa’s Relación de las cosas de 
Yucatdn (1941), is essential. For historical accounts, see r.n . 
adams, Crucifixion by Power: Essays on Guatemalan National 
Social Structures, 1944-1966 (1970). george m. mcbride, The 
Land Systems o f  Mexico (1923, reprinted 1971); francois 
Chevalier, La Formation des grands domaines au Mexique 
(1952; Eng. trans., Land and Society in Colonial Mexico: The 
Great Hacienda, 1963); and nathan l. whetten, Rural Mex­
ico (1948), give an adequate picture. The modern studies in 
Middle American communities are listed in howard cline, 
“Mexican Community Studies,” Hispanic American Historical 
Review, 32:212-242 (1952); and in r.h. ewald, Bibliografia 
comentada sobre antropologia social guatemalteca, 1900-1955 
(1956). Modern developments are described in j.l. arriola 
(ed.), Integración social en Guatemala (1956); w.e. moore, 
Industrialization and Labor (1951); and by r.n . adams in Po­
litical Changes in Guatemalan Indian Communities (1957).
North Mexican Indian cultures, carl lumholtz, Unknown 

Mexico, 2 vol. (1902), gives the first modern account of North 
Mexican groups and is still a major source. Another excellent 
source is evon z. vogt (ed.), Handbook o f  M iddle American In­
dians, vol. 8 (1969), which contains articles covering each of the 
groups. A basic source on the history, cultural geography, and 
ethnography are the following bulletins of the Ibero-Americana 
series that cover western Mexico in depth: ralph l. beals, 
Comparative Ethnology o f  Northern Mexico Before 1750 (1932), 
Acaxee: A Mountain Tribe o f  Durango and Sinaloa (1933), and 
Aboriginal Culture o f  the Cdhita Indians (1943); carl o. sauer, 
Distribution o f  Aboriginal Tribes and Languages in Northwest­
ern Mexico (1934), and Aboriginal Population o f  Northwestern 
Mexico (1935); alfred l. kroeber, Uto-Aztecan Languages o f  
Mexico (1934). edward spicer, Cycles o f  Conquest: The Im ­
pact o f  Spain, Mexico, and the United States on the Indians o f  
the Southwest, 1533-1960 (1962), presents the only overview 
of change since colonial times. Campbell w. pennington, The 
Tarahumara o f  Mexico (1963), and Tepehuän o f  Chihuahua 
(1969), are very good for material culture and ethnogeography 
of the northern siërra, carl lumholtz, Symbolism o f  the Hui­
chol Indians (1900), furnishes much on Huichol gods and be­
lief, as does r.m. zingg. The Huichol: Primitive Artists (1938). 
A definitive work on Cora religion is found in k.t. preuss, Die 
Nayarit-Expedition (1912), in German.
Meso-American Indian cultures, sol tax (ed.), Heritage o f  

Conquest: The Ethnology o f  M iddle America (1952, reprinted 
1968), includes Paul Kirchhoffs ground-breaking article “Me- 
soamerica” and is the best early synthesis of ethnographic infor­
mation on the area. A comprehensive statement on all aspects 
of the subject is found in robert wauchope (ed.), Handbook 
o f M iddle American Indians, 16 vol. (1964-76). Volumes 4 and 
11 of thomas a. sebeok (ed.), Current Trends in Linguistics 
(1968 and 1972), provide the latest syntheses of linguistic re- 
lationships. Ethnographic material includes: ralph l. beals, 
The Ethnology o f  the Western M ixe  (1945); george m. foster, 
E m pire’s Children: The People o f  Tzintzuntzan (1948); robert 
redfield, A Village That Chose Progress: Chan Kom Revis- 
ited  (1950, paperback 1962); william madsen, The Virgin’s 
Children: Life in an Aztec Village Today (1960); oscar lewis, 
Life in a Mexican Village: Tepoztldn Restudied (1963); evon
z. vogt, Zinacantan: A M aya Community in the Highlands o f  
Chiapas (1969); and phillip baer and william r. merrifield, 
Two Studies on the Lacandones o f Mexico (1971). Linguis­
tic descriptions include: Richard s. pittman, A Grammar of  
Tetelcingo (Morelos) Nahuatl (1954); velma b. pickett, The 
Grammatical Hierarchy o f  Isthmus Zapotec (1960); joseph e. 
grimes, Huichol Syntax  (1964); marvin k. mayers (ed.), Lan­
guages o f  Guatemala (1966); h. harwood hess, The Syntactic 
Structure o f  M ezquital Otomi (1968); william r. merrifield, 
Palantla Chinantec Grammar (1968); and marion m. cowan, 
Tzotzil Gramm ar (1969).
Central American and Northern Andean cultures. A com­

prehensive work is Julian h. steward (ed.), Handbook of  
South American Indians, vol. 4, The Circum-Caribbean Tribes 
(1948). Julian h. steward and louis c. faron, Native Peoples 
o f  South America (1959), provides a convenient summary and 
relates the peoples of the area to their neighbours. On the 
prehistorie and early historie periods, useful articles appear in 
gordon f. ekholm and gordon r. willey (eds.), Handbook 
o f M iddle American Indians, vol. 4, Archaeological Frontiers 
and External Connections (1966).
South American peoples and cultures, julian h. steward 

(ed.), Handbook o f  South American Indians, 1 vol. (1946— 
59), is a monumental compilation of articles on South Ameri­

can ethnography, archaeology, physical anthropology, and lan­
guages. julian h. steward and louis c. faron, Native Peoples 
o f South America (1959), is a synthesis and updating of the 
Handbook written in a consistent theoretical framework. louis 
c. faron, Mapuche Social Structure (1961), is a study of the 
reintegration of these people of Chile since the time of conquest.
Andean cultures. The best account of Andean cultures as 

they appeared to an eyewitness of the early years (16th Century) 
of European rule is pedro de cieza de leon, Crónica del Peru 
(Eng. trans., The Incas, 1959). The earliest periods of human 
occupation are covered by R.s. MacNEisH, “Early Man in the 
Andes,” Scient. Am., 224:36-55 (1971). For an introduction to 
Andean archaeology, see john howland rowe and dorothy 
menzel (eds.), Peruvian Archaeology (1967), with selections 
mainly by American scholars. The role of irrigation in the 
cultural and political elaboration of coastal kingdoms is well 
illustrated in paul kosok, Life, Land, and Water in Ancient 
Peru (1965). Special regional problems are introduced in betty 
megger, Ecuador (1966); and donald lathrap, The Upper 
Amazon (1970). Information on the Southern Andes is included 
in julian h. steward and louis c. faron, Native Peoples o f  
South America, ch. 10 (1959); and in louis c. faron, Hawks 
o f the Sun (1964).
South American tropical forest cultures, julian h. steward 

(ed.), Handbook o f  South American Indians, 1 vol. (1946-59), 
includes description and interpretation of the native cultures 
of the tropical forest; an abridged version is julian h. stew-
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(1959). janice h. hopper (ed.), Indians o f  Brazil in the Twen- 
tieth Century (1967), is a collection of essays by American 
and Brazilian specialists. betty j. meggers, Amazonia: Man 
and Culture in a Counterfeit Paradise (1971), is a comparative 
study of Amazonian tribes and their adaptation to the nat­
ural environment. More specialized works include gerardo 
reicheldolmatoff, Desana: sim bolism o de los indios tukano 
del Vaupés (1968; Eng. trans., Am azonian Cosmos: The Sex­
ual and Religious Sym bolism  o f  the Tukano Indians, 1971); 
Irving Goldman, The Cubeo: Indians o f  the Northwest Am a­
zon (1963); and allan r. holmberg, Nomads o f  the Long 
Bow: The Sirionó o f  Eastern Bolivia (1950). The complex 
social organization of the Ge tribes is studied in curt nimuen- 
daju, The Apinayé (1939, reprinted 1967), The serente (1942), 
and The Eastern Timbira (1946); and in david maybury- 
lewis, Akwë-Shavante Society (1967). A general view of the 
iëligiOüS ideas of uiuigéiiOuS peoples may be found m RaFaEL 
karsten, Studies in the Religion o f  the South-American Indi­
ans East o f the Andes (1964). Acculturation among tribes in 
contact with whites is discussed in Charles wagley and ed- 
uardo galvao, The Tenetehara Indians o f  Brazil: A Culture 
in Transition (1949, reprinted 1969); robert f. murphy, Mun- 
durucü Religion (1958), and H eadhunter’s Heritage: Social and  
Economie Change Am ong the Mundurucü Indians (1960); and 
james b. watson, Cayud Culture Change: A Study in Accultur­
ation and Methodology (1952).
South American nomad cultures, julian h. steward (ed.), 

Handbook o f South American Indians, vol. 1, The Marginal 
Tribes (1946), is the outstanding authoritative work. julian h. 
steward and louis c. faron, Native Peoples o f  South America 
(1959), is a one-volume work summarizing the material in the 
handbook for the lay reader, allan r. holmberg, Nomads o f  
the Long Bow: The Sirionó o f  Eastern Bolivia (1950; paperback 
ed., 1969), is the best work on these people, a good example of 
the forest nomads. kalervo oberg, The Terena and Caduveo 
o f Southern M ato Grosso, Brazil (1949), is a Smithsonian Insti­
tution monograph that includes an account of the Caduveo, a 
sub-tribe of the once powerful Mbayä. oberg, Indian Tribes o f  
Northern Mato Grosso, Brazil (1953), includes a short account 
of the Nambikwara.
Arts of the American Indian peoples. Literature: (North 

America— United States and Canada): Virginia armstrong 
(comp.), ƒ Have Spoken: American History Through the Voices o f  
the Indians (1971), a graphic résumé of Indian oratory from the 
17th to the 20th Century, emphasizing the eloquent speech of the 
tribes of North America; john bierhorst (comp.), In the Trail 
o f the Wind (1971), a survey of American Indian poetry from 
many tribes; w.p. clark, The Indian Sign Language, . . . (1885, 
reprinted 1959), an early study, but one of the most complete, 
of this system of visual communication; jessie cornplanter, 
Legends o f the Longhouse (1938), oral traditions of the Seneca 
as set down and illustrated by an Iroquois artist-writer; george 
w. cronyn (ed.), The Path o f  the Rainbow: An Anthology o f  
Songs and Chants from  the Indians o f  North America, new ed. 
(1934; reprinted as American Indian Poetry, 1970), a volume of 
Indian poetry from many tribes; a. grove day, The Sky 
Clears: Poetry o f  the American Indians (1951), a compilation of 
American Indian poetry, including more than 200 poems and 
lyrics from 40 tribes; walter dyk, The Son o f Old Man Hat:
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A Navaho Autobiography (1938, reprinted 1967), a classic work 
recounting a Navajo’s life story in his own words; horatio 
hale (ed.), The Iroquois Book of Rites 1883, reprinted 1963), 
ancient ceremonies as revealed by two aboriginal “manus- 
cripts” discovered at Grand River, with insights into Iroquois 
social and political life; Charles haywood, A Bibliography 
of North American Folklore and Folksong, 2nd rev. ed., 2 
vol. (1961), a remarkable compilation, extremely valuable to 
anyone interested in American Indian oral literature; arlene 
b. Hirschfelder, American Indian Authors: A Representative 
Bibliography (1970), an extensive listing of oral and written 
literature authored by persons of Indian descent; melville Ja­
cobs, The Content and Style of an Oral Literature: Clackamas 
Chinook Myths and Tales (1959), a discussion of a method by 
which oral literature can be understood in terms of its own 
content; louis t. jones, Aboriginal American Oratory (1965), a 
collection of Indian speeches and orations; garrick mallery, 
Picture-Writing of the American Indians (1893), an exhaustive 
consideration of the visual forms of communication adopted by 
many tribes, particularly strong in Plains Indian research, guy 
mary-rousseliere, Beyond the High Hills (1971), a sensitive 
collection of poems from the Hudson Bay Eskimo people, il­
lustrated by photographs; karen petersen, Howling Wolf: A 
Cheyenne Warrior’s Graphic Interpretation ofHis People ( 1968), 
a pictorial history of the Cheyenne Indians, based on a collec­
tion of drawings by an artist-historian; paul radin, The Road 
of Life and Death (1945), a translation of the sacred rituals of 
the Winnebago, from their origin to their death and reincama- 
tion; LEO w. simmons (ed.), Sun Chief: The Autobiography of a 
Hopi Indian (1942), a revealing life story depicting the contrast 
of cultures within the experience of a single individual; stands 
in TiMBER, john and margot Liberty, Cheyenne Memories 
(1967), a systematic collection of tribal history recording early 
Cheyenne life, by an Indian historian; sarain stump, There 
Is My People Sleeping (1970), a book of poems by a young 
Cree-Shoshoni artist; stith Thompson (ed.), Tales of the North 
American Indians (1929, reprinted 1966), one of the earlier and 
more complete studies of American Indian legend; judith c. 
ullom, Folklore of the North American Indians (1969), a col­
lection of titles largely of populär versions but including some 
excellent analysis of folktales, their distribution, and place in 
the culture, with special attention given to children’s literature; 
w.c. vanderwerth (comp.), Indian Oratory: Famous Speeches 
by Noted Indian Chieftains (1971), a collection of orations by 37 
individuals, recorded from 1750 to 1910; james welch, Riding 
the Earthboy 40 (1971), poems by a Blackfoot youth, reflecting 
sound knowledge of his people, as related in vibrant terms. 
(Mexico, Central America, and South America): miguel leon- 
portilla, Las literaturas precolombinas de México (1964; Eng. 
trans., Pre-Columbian Literatures of Mexico, 1969), a selection 
of myths, hymns, poetry, and prose accounts from Aztec, Maya, 
Mixtec-Zapotec, and Otomi peoples of Mexico recorded and 
discussed in depth; adrian recinos (trans.), Popol Vuh: The 
Sacred Book of the Ancient Quiché Maya (1950), a complete 
version of the most important example of Maya literature to 
survive the conquest; frances gillmor, Flute of the Smoking 
Mirror: A Portrait of Nezahualcoyotl, Poet-King of the Aztecs 
(1949, reprinted 1968), a sensitive portrayal of a major Nahuatl 
ruler, reflecting the thought processes of the Aztec as expressed 
through ancient graphic documents; ralph l. roys (trans.), 
The Book of Chilam Balam of Chumayel, new ed. (1967), an 
account by the prophet of Chumayel village recorded in 1782, 
rieh in Mayan ritual and oral traditions.

Music: paul collaer (ed.), Amerika: Eskimo und indian­
ische Bevölkerung, 2 vol. (1967; Eng. trans., Music of the 
Americas: An Illustrated Ethnology of the Eskimos and Amer­
ican Indian Peoples, 1971), a magnificently illustrated study 
of the forms and instruments of the aborigines of the New 
World. (North America— United States and Canada): fred­
erick r. burton, American Primitive Music (1909, reprinted 
1969), an important book because of its early exposition of the 
little known Garden River Reserve area in Ontario and for its 
transcriptions of Indian hymnody; wallace l. chafe, Seneca 
Thanksgiving Rituals (1961), a painstaking transcription of 
texts and melodies by a musically trained linguist; natalie 
curtis-burlin (ed.), The Indians’ Book (1907), a pioneering 
collection of many tribal tunes, written down by ear and lu- 
cidly presented; frances densmore, The American Indians 
and Their Music (1926), one of the first major studies of the 
subject that combined anthropological knowledge with sound 
musical training to produce a well-organized ethnomusicology.
Chippewa Music, 2 vol. (1910-13); Teton Sioux Music (1918); 

Menominee Music (1932); and Music of Santo Domingo Pueblo, 
New Mexico (1938), particularly important books by Dens­
more, a pioneer who spent a lifetime salvaging the lore of 
one tribe after another, transcribing tunes from recordings— 
early cylinders, then discs, of poor fidelity but of inestimable 
cultural value; Charles haywood {op. cit.), an exhaustive

volume, with remarkably detailed consideration of the various 
areas of American Indian music; george Herzog, Research 
in Primitive and Folk Music in the United States (1936), a 
useful survey by a pioneer musicologist; gertrude p. kurath, 
Iroquois Music and Dance (1964), transcription and analysis of 
many Seneca songs, from recordings by William N. Fenton and 
Martha Huot, with dance diagrams and interpretions from the 
author’s field work; and “Dogrib Choreography and Music,” 
in june helm MacNEiSH and nancy o. lurie, “The Dogrib 
Hand Game,” Buil. Natn. Mus. Can., no. 205, pp. 13—28 
(1966), transcription, analysis, and choreography; bernard s. 
mason, Drums, Tomtoms and Rattles (1938), a practical book 
on North American instruments; david p. mcallester, Pey­
ote Music (1949), transcription and interpretation of the songs 
used in this semi-Christian, nativistic cult; and Enemy Way 
Music (1954), one of the few books with musical scores of a 
Navajo curative rite, with valuable material on native aesthetic 
concepts; alan p. merriam, Ethnomusicology of the Flathead 
Indians (1967), an exhaustive study of the music of a Mon­
tana tribe, with musical scores, analyses, and historical notes 
by an anthropologist; bruno nettl, Music in Primitive Cul­
ture (1956), and North American Indian Musical Styles (1954), 
representative works by a prolific ethnomusicologist with 
anthropological as well as musical training, including selected 
musical scores and bibliographies. helen h. roberts, Mu­
sical Areas in Aboriginal North America (1936), one of the 
earliest attempts to divide American Indian into its geograph- 
ical subdivisions; and with diamond jenness, Songs of the 
Copper Eskimos (1925); and with morris swadesh, Songs 
of the Nootka Indians of Western Vancouver Island (1955), 
two painstaking works with detailed musical scores and back­
ground notes by collaborators; frank g. speck, Ceremonial 
Songs of the Creek and Yuchi Indians (1911), and Penobscot 
Man (1940), two reliable books by an anthropologist, with 
musical scores by jacob sapir (also contains comments on 
dance). (Mexico, Central America, and South America): gilbert 
chase, A Guide to the Music of Latin America, 2nd ed. rev. 
(1962), an indispensable bibliography; raoul and m. d’har- 
court, La Musique des Incas et ses survivances, 2 vol. (1925), 
still one of the most exhaustive studies of the ancient Inca 
and his music, and its present-day place in South America; 
karl Gustav iziKOWiTZ, Musical and Other Sound Instruments 
of the South American Indians (1935), a remarkable compila­
tion of facts on the forms and functions of instruments; samuel 
marti, Canto, danza y müsica precortesianos (1961), a well- 
illustrated study of the subject by one of Mexico’s foremost 
ethnomusicologists; and Instrumentos musicales precortesianos 
(1955), a valuable description of native instruments, past and 
present, with excellent photographs, scales of prehistorie flutes, 
and notations of native South American and Middle Ameri­
can tunes; Charles w. mead, The Musical Instruments of the 
Inca (1924), an illustrated examination of various Peruvian 
examples, largely from the American Museum of Natural His­
tory collections; segundo l. moreno, La müsica de los Incas 
(1957), a well-rounded survey, written by an Ecuadorean eth­
nomusicologist, of the ancient and Contemporary Inca musical 
world; robert Stevenson, Music in Aztec and Inca Territory 
(1968), a major survey of attitudes toward ancient music, its 
instrumentation, and social position in the two areas at the 
time of the conquest.

Recordings are available in vast numbers. The public has 
access to the commercial albums of the Library of Congress, 
Ethnic Folkways, Canyon Records, and to vast archives, such 
as the National Museum of Canada, the Wenner-Gren Founda­
tion for Anthropological Research, the American Philosophical 
Society, and Indiana University.

Dance: (North America—Canada and the United States): Ju­
lia m. buttree-seton, The Rhythm of the Red Man (1930), 
choreographies, some music; frederick j. dockstader, The 
Kachina and the White Man: A Study of the Influences of 
White Culture on the Hopi Kachina Cult (1954), a survey 
on the origin of Pueblo masked dances and their develop­
ment among the Hopi people of Arizona; bessie and may 
g. Evans, American Indian Dance Steps (1931), descriptions 
of steps, six choreographies, and music; william n . fenton 
and gertrude p. kurath, The Iroquois Eagle Dance: An Ojf- 
shoot of the Calumet Dance (1935), history, choreographies, 
music, analysis, photographs, and bibliography; erna fer- 
gusson, Dancing Gods (1931), an evaluation of ceremonial 
dances of the Indians of the Southwest; alice c. fletcher, 
Indian Games and Dances with Native Songs (1915), a combined 
study of games, songs, and dances, useful to younger readers; 
Charles haywood (op. cit.), bibliography primarily of mythol­
ogy and music, with a considerable section devoted to works 
on the dance; gertrude p. kurath, Michigan Indian Festivals 
(1966), history, choreography, music, photographs, and bibli­
ography; Iroquois Music and Dance (1964), diagrams, choreog­
raphy, music, analysis, and photographs; and Music and Dance
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o f the Tewa Pueblos (1970), background, choreography, music, 
photographs, and bibliography; bernard s. mason, Dances 
and Stories o f  the American Indian (1944), almost entirely con­
cerned with North American Indian dance steps, forms, and 
costumes (well illustrated); Virginia m. roediger, Ceremonial 
Costumes o f  the Pueblo Indians (1941), a superbly illustrated 
volume, dealing with all Pueblo tribes and their ritual dress, 
including dance costumes; curt sachs, Eine Weltgeschichte 
des Tanzes (1933; Eng. trans., World History o f  the Dance, 
1937, reprinted 1963), includes several sections on various In­
dian tribal dance performances; frank g. speck and Leonard 
broom, Cherokee Dance and Drama (1951), a specialized study 
of Eastern Cherokee dances and related ritual; john l. squires 
and robert E. MCLEAN, American Indian Dances (1963), a vol­
ume intended primarily for hobbyist readers. (Mexico, Central 
America, and South America): auguste genin, Notes on the 
Dances, Music, and Songs o f  the Ancient and Modern Mexicans 
(1922), a comparison of pre-Columbian with Contemporary 
folk dances; lisa lekis, Folk Dances o f  Latin America (1958), 
exhaustive bibliography, with historical notes and descriptions; 
samuel Marti, Canto, danza y  müsica precortesianos (1961), 
thoroughly illustrated, with equal sections given to an exam­
ination of musical instruments, songs, and the forms of the 
dance in pre-Columbian times; and with gertrude p. kurath, 
Dances o f  Andhuac: The Choreography and Music o f  Precorte- 
sian Dances (1964), a thorough and well-illustrated analysis 
of the subject; robert Stevenson, Music in Aztec and Inca 
Territory (1968), includes a large amount of valuable material 
on the dance in pre-Columbian times, although primarily in­
volved with music, singing, and the vocal arts; frances toor, 
A Treasury o f  Mexican Folkways (1947), a volume on folklore, 
including the dance, by a long-time resident of Mexico; Carlos 
vega, Las danzas populäres argentinas (1952), authoritative 
history, choreography, and some music.

Visual arts: Ferdinand anton and frederick j. dock­
stader, Das Alte Amerika (1967; Eng. trans., Pre-Columbian 
Art and Later Tribal Arts, 1968), a populär treatment that 
covers the Western Hemisphere, extremely valuable for the 
many illustrations, most of which are in colour; franz 
boas, Primitive Art (1927; new ed., 1955), an old-time clas­
sic with considerable discussion of the place of native arts 
in European society—especially helpful for the section on 
Northwest Coast art; g.h.s. bushnell, Ancient Arts of the 
Americas (1965), a general treatment of the Western Hemi­
sphere, with greater attention given to Latin America; miguel 
covarrubias, The Eagle, the Jaguar and the Serpent (1954), a 
splendid volume on the arts of the Americas, with many line 
drawings and colour plates by the author, a major Mexican 
artist, and Indian Art o f  M exico and Central America (1957), a 
continuation of the above and one of the best single treatments 
on the formative centuries of ancient Mexican civilization; 
hans D. DissELHOFF and s. LiNNE, Alt-Amerika (1960; Eng. 
trans., The Art o f  Ancient America, 1961), a well-illustrated 
volume that concentrates primarily upon the prehistorie cul­
tures of Central and South America, and largely ignores North 
American Indian art; frederick j. dockstader, Indian Art in 
America: The Arts and Crafts o f  the North American Indian, 
3rd ed. (1966), a survey of the native arts of the United States 
and Canada, Indian Art in M iddle America: The Arts and Crafts 
o f the Indians o f  Mexico, Central America and the Caribbean
(1964), extending the study to the Southern boundary of 
Panama, with particular emphasis on the lesser known tribes

of the region, and Indian Art in South America: Pre-Columbian 
and Contemporary Arts and Crafts (1967), the final volume 
in this series, completing a survey of the entire range of abo­
riginal art of the New World; alvin m. josephy, jr., The 
Indian Heritage o f  America (1968), one of the few volumes 
to discuss the Indian from North to South—a sound intro­
duction to the New World native, although written from the 
historical point of view; pal kelemen, Art o f the Americas, 
Ancient and Hispanic (1969), a well-illustrated study of the 
earlier periods of the Americas, particularly valuable for its 
inclusion of the colonial influences on Indian aesthetics; and 
Medieval American Art, 3rd rev. ed., 2 vol. (1969), a rieh 
sourcebook of illustrations that includes the entire hemisphere; 
gordon R. willeY, An Introduction to American Archaeol­
ogy, 2 vol. (1966-71), a profusely illustrated, comprehensive 
survey of the prehistory of the New World, by one of its lead­
ing archaeologists. (North America— United States and Cana­
da): Charles A. AMSDEN, Navaho Weaving: Its Technic and 
History (1934, reprinted 1964); marius barbeau, Totem 
P o le s ... ,  2 vol. (1929-30); robert t. davis, Native Arts 
o f the Pacific Northwest (1949); frederic h. douglas and 
Rene d’harnoncourt, Indian Art o f  the United States (1941, 
reprinted 1969); dorothy dünn American Indian Painting of  
the Southwest and Plains Areas (1968); wolfgang haberland, 
The Art o f  North America (1964); robert b. inverarity, Art 
o f the Northwest Coast Indians (1950); william c. orchard, 
Beads and Beadwork o f  the North American Indians, 2nd rev. 
ed. (1972), the most complete single study of Western Hemi­
sphere bead arlislry; clara lee tanner, Southwest Indian 
Craft Arts (1968). (Mexico, Central America, and the West In­
dies): miguel covarrubias, Indian Art o f  Mexico and Central 
America 1957); andre emmerich, Art Before Columbus (1963); 
jesse w. fewkes, A Prehistorie Island Culture Area o f  Amer­
ica 1922); pal kelemen, M edieval American Art, 3rd rev. 
ed., 2 vol. (1969); george kubler, The Art and Architecture 
o f Ancient America: The Mexican, Maya, and Andean Peo­
ples (1962); samuel K. LOTHROP, Pottery o f  Costa Rica and 
Nicaragua, 2 vol. (1926); ignacio marquina, Arquitectura Pre- 
hispdnica (1951); sylvanus g. morley, The Ancient Maya, 
3rd ed. (1956); tatiana proskouriakoff, An Album o f  Maya 
Architecture (1946); donald robertson, Mexican Manuscript 
Painting o f the Early Colonial Period (1959); marshall h. 
saville, The G oldsm ith’s Art in Ancient Mexico (1920); Her­
bert j. spinden, A Study o f  M aya Art (1913; rev. as Maya 
Art and Civilization, 1957); j. eric Thompson, The Rise and  
Fall o f Maya Civilization (1954); george c. vaillant, The 
Aztecs o f  Mexico, rev. ed. (1962); hasso von winning, Pre- 
Columbian Art o f  M exico and Central America (1968); muriel 
p. WEAVER, The Aztecs, Maya, and Their Predecessors (1972). 
(South America): wendell c. bennett, Ancient Arts o f  the 
Andes (1954); junius b. bird and louisa bellinger, Paracas 
Fabrics and Nazca Needlework, 3rd Century B .C .-3rd Century 
A.D. (1954); g.h.s. bushnell, Peru, rev. ed. (1963); raoul 
d’harcourt, Les Textiles anciens du Pérou, et leurs techniques 
(1934; Eng. trans., Textiles o f  Ancient Peru and Their Tech­
niques, 1934); andre emmerich, Sweat o f  the Sun and Tears 
o f  the Moon: Gold and Silver in Pre-Columbian Art (1965); pal 
kelemen, Art o f  the Americas, Ancient and Hispanic (1969); 
samuel K. lothrop, Treasures o f  Ancient America (1964); j. 
ALDEN mason, Ancient Civilizations o f  Peru (1957); betty j. 
meggers, Ecuador (1966); g. reichel-dolmatoff, Colombia
(1965); alan R. sawyer, Ancient Peruvian Ceramics (1966).
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American Literature

Like other national literatures, American literature 
was shaped by the history of the country that pro­
duced it. For almost a Century and a half, America 

was merely a group of colonies scattered along the east- 
em seaboard of the North American continent—colonies 
from which a few hardy souls tentatively ventured west­
ward. After a successful rebellion against the motherland, 
America became the United States, a nation. By the end 
of the 19th Century this nation extended southward to the 
Gulf of Mexico, northward to the 49th parallel, and west­
ward to the Pacific. By the end of the 19th Century, too, 
it had taken its place among the powers of the world— 
its fortunes so interrelated with those of other nations

that inevitably it became involved in two world wars and, 
following these conflicts, with the problems of Europe and 
the Far East. Meanwhile, the rise of Science and indus­
try, as well as changes in ways of thinking and feeling, 
wrought many modifications in people’s lives. All these 
factors in the development of the United States molded 
the literature of the country.

For information about closely related literary traditions, 
see ENGLISH LITERATURE and CANADIAN LITERATURE: 
E nglish .

For coverage of related topics in the M acropcedia  and 
M icropcedia, see the Propcedia, section 621, and the In dex .

This article is divided into the following sections:

The 17th Century 413  
The 18th Century 413  

The new  nation  414  
N otab le works o f  the period 414  

P oets and poetry  
D ram a and the n ovel 

The 19th Century 415
Early 19th-century literature 415  
A m erican R enaissance 415  

N ew  England Brahm ins 
T he Transcendentalists 
N ew  England reform ers and historians 
H aw thorne, M elville, and W hitm an  

From  the C ivil War to 1914 416  
Literary com edians 
F iction  and local colorists 
The Naturalists 
H enry Jam es

Critics o f  the g ilded  age 
H enry A dam s  
P oets o f  the era 

T he 20th  Century 418
W riting from  1914 to  1945 418  

Experim ents in  dram a  
T he new  poetry  
F iction
Critics o f  society
H èm ingw ay, Faulkner, and Steinbeck  
Lyric fictionists 
Literary criticism  

After W orld W ar II 419  
T he n ovel and short story  
Poetry  
D ram a
Literary and socia l criticism  

Bibliography 421

The 17th Century

American literature at first was naturally a colonial liter­
ature, by authors who were Englishmen and who thought 
and wrote as such. John Smith, a soldier of fortune, 
is credited with initiating American literature. His chief 
books included A  True R ela tion  o f . . . Virginia . . . (1608) 
and The genera li H is to r ie  o f  Virginia, N ew  England, and  
the S u m m e r Isles (1624). Although these volumes often 
glorified their author, they were avowedly written to ex- 
plain colonizing opportunities to Englishmen. In time, 
each colony was similarly described: Daniel Denton’s B rief  
D escrip tion  o fN e w  York  (1670), William Penn’s B rie f  Ac­
count o f  th e  Province o f  Pennsylvan ia  (1682), and Thomas 
Ashe’s C arolina  (1682) were only a few of many works 
praising America as a land of economic promise for En­
glish colonists.

Such writers acknowledged British allegiance, but oth­
ers stressed the differences of opinion that spurred the 
colonists to leave their homeland. More important, they 
argued questions of government involving the relation­
ship between church and state. The attitude that most 
authors attacked was jauntily set forth by Nathaniel Ward 
of Massachusetts Bay in T he S im p le  C obler o f  A ggaw am  
in A m erica  (1647). Ward amusingly defended the status 
quo and railed at colonists who sponsored newfangled 
notions. A variety of counter-arguments to such a con­
servative view were published. John Winthrop’s Journal 
(written 1630-49) told sympathetically of the attempt of 

Theocratie Massachusetts Bay Colony to form a theocracy—a state 
writings with God at its head and with its laws based upon the 

Bible. Later defenders of the theocratie ideal were Increase 
Mather and his son Cotton. William Bradford’s H istory  
o f  P lym ou th  P lan ta tion  (through 1646) showed how his 
pilgrim Separatists broke completely with Anglicanism. 
Even more radical than Bradford was Roger Williams, 
who, in a series of controversial pamphlets, advocated not

only the Separation of church and state but also the vest­
ing of power in the people and the tolerance of different 
religious beliefs.

The utilitarian writings of the 17th Century included 
many sorts—biographies, treatises, accounts of voyages, 
and sermons. There were few achievements in drama or 
fiction, since there was a widespread prejudice against 
these forms, but more in the field of poetry. Bad but 
populär poetry appeared in the B a y  P sa lm  B ook  of 1640 
and in Michael Wigglesworth’s summary in doggerel verse 
of Calvinistic belief, T he D a y  o f  D o o m  (1662). There was 
some poetry, at least, of a higher order. Anne Bradstreet of 
Massachusetts wrote some lyrics published in The Tenth  
M u se  (1650), which movingly conveyed her feelings con- 
ceming religion and her family. Ranked still higher by 
modern critics is a poet whose works were not discovered 
and published until 1939: Edward Taylor, an English-born The poet 
minister and physician who lived in Boston and Westfield, Edward 
Massachusetts. Less touched by gloom than the typical Taylor 
Puritan, Taylor wrote lyrics that showed his delight in 
Christian belief and experience.
All 17th-century American writings were in the manner 

of British writings of the same period. John Smith wrote 
in the tradition of geographical literature, Bradford echoed 
the cadences of the King James Bible, while the Mathers 
and Roger Williams wrote bejewelled prose typical of the 
day. Anne Bradstreet’s poetic style derived from a long 
line of British poets, including Spenser and Sydney, while 
Taylor was in the tradition of such Metaphysical poets as 
George Herbert and John Donne. Both the content and 
form of the literature of this first Century in America were 
thus markedly English.

The 18th Century

In America in the early years of the 18th Century, some 
writers, such as Cotton Mather, carried on the older tra-
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ditions. His huge history and biography of Puritan New 
England, M a g n o lia  C h r isti A m erican a , in 1702, and his 
vigorous M a n u d u ctio  a d  M in is te riu m , or introduction to 
the ministry, in 1726, were defenses of ancient Puritan 
convictions. Jonathan Edwards, initiator of the Great 
Awakening, a religious revival that stirred the eastern 
seacoast for many years, eloquently defended his burning 
belief in Calvinistic doctrine—of the concept that man, 
born totally depraved, could attain virtue and salvation 
only through God’s grace—in his powerful sermons and 
most notably in the philosophical treatise F reedom  o f  W ill 
(1754). He supported his claims by relating them to a 
complex metaphysical system and by reasoning brilliantly 
in clear and often beautiful prose.

But Mather and Edwards were defending a doomed 
cause. Liberal New England ministers such as John Wise 
and Jonathan Mayhew moved toward a less rigid religion. 
Samuel Sewall heralded other changes in his amusing 
D iary, covering the years 1673-1729. Though sincerely re­
ligious, he showed in daily records how commercial life in 
New England replaced rigid Puritanism with more worldly 
attitudes. The Journal of Mme Sara Knight comically de­
tailed a journey that lady took to New York in 1704. She 
wrote vividly of what she saw and commented upon it 
from the standpoint of an orthodox believer, but a quality 
of levity in her witty writings showed that she was much 
less fervent than the Pilgrim founders had been. In the 
South, William Byrd of Virginia, an aristocratie plantation 
owner, contrasted sharply with gloomier predecessors. His 
record of a surveying trip in 1728, The H is to ry  o f  the  
D iv id in g  L ine, and his account of a visit to his frontier 
properties in 1733, A  Jou rn ey  to  the  L a n d  o f  E den, were 
his chief works. Years in England, on the Continent, and 
among the gentry of the South had created gaiety and 
grace of expression, and, although a devout Anglican, 
Byrd was as playful as the Restoration wits whose works 
he clearly admired.
The wrench of the American Revolution emphasized 

differences that had been growing between American and 
British political concepts. As the colonists moved to the 
belief that rebellion was inevitable, fought the bitter war, 
and worked to found the new nation’s government, they 
were influenced by a number of very effective political 
writers, such as Samuel Adams and John Dickinson, both 
of whom favoured the colonists, and Loyalist Joseph Gal- 
loway. But two figures loomed above these—Benjamin 
Franklin and Thomas Paine.
Franklin, born in 1706, had started to publish his writ­

ings in his brother’s newspaper, the N e w  E n g lan d  Courant, 
as early as 1722. This newspaper championed the cause 
of the “Leather Apron” man and the farmer and appealed 
by using easily understood language and practical argu­
ments. The idea that common sense was a good guide 
was clear in both the populär P o o r R ic h a rd ’s  almanac, 
which Franklin edited between 1732 and 1757 and filled 
with prudent and witty aphorisms purportedly written by 
uneducated but experienced Richard Saunders, and in the 
author’s A utobiograph y, written between 1771 and 1788, a 
record of his rise from humble circumstances that offered 
worldly wise suggestions for future success.

Franklin’s self-attained culture, deep and wide, gave sub­
stance and skill to varied articles, pamphlets, and reports 
that he wrote concerning the dispute with Great Britain, 
many of them extremely effective in stating and shaping 
the colonists’ cause.

Thomas Paine went from his native England to Philadel­
phia and became a magazine editor and then, about 
14 months later, the most effective propagandist for the 
colonial cause. His pamphlet “Common Sense” (January 
1776) did much to influence the colonists to declare their 
independence. “The American Crisis” papers (December 
1776-December 1783) spurred Americans to fight on 
through the blackest years of the war. Based upon Paine’s 
simple Deistic beliefs, they showed the conflict as a stirring 
melodrama with the angelic colonists against the forces of 
evil. Such white and black picturings were highly effective 
propaganda. Another reason for Paine’s success was his 
poetic fervour, which found expression in impassioned 
words and phrases long to be remembered and quoted.

THE NEW NATION
In the postwar period some of these eloquent men were no 
longer able to win a hearing. Thomas Paine and Samuel 
Adams lacked the constructive ideas that appealed to those 
interested in forming a new government. Others fared 
better—for example, Franklin, whose tolerance and sense 
showed in addresses to the constitutional convention. A 
different group of authors, however, became leaders in the 
new period—Thomas Jefferson and the talented writers 
of The F ederalist papers, a series of 85 essays published 
in 1787 and 1788 urging the virtues of the proposed new 
Constitution. They were written by Alexander Hamilton, 
James Madison, and John Jay. More distinguished for 
insight into problems of government and cool logic than 
for eloquence, these works became a classic statement of 
American governmental, and more generally of republi­
can, theory. At the time they were highly effective in 
influencing legislators who voted on the new constitution. 
Hamilton, who wrote perhaps 51 of the F edera list papers, 
became a leader of the Federalist Party and, as first secre- 
tary of the treasury (1789-95), wrote messages that were 
influential in increasing the power of national government 
at the expense of the state governments.
Thomas Jefferson was an influential political writer dur­

ing and after the war. The merits of his great summary, 
the Declaration of Independence, consisted, as Madi­
son pointed out, “in a lucid communication of human 
rights . . .  in a style and tone appropriate to the great oc­
casion, and to the spirit of the American people.” After 
the war he formulated the exact tenets of his faith in 
various papers but most richly in his letters and inaugural 
addresses, in which he urged individual freedom and lo­
cal autonomy—a theory of decentralization differing from 
Hamilton’s belief in strong federal government. Though 
he held that all men are created equal, Jefferson thought 
that “a natural aristocracy” of “virtues and talents” should 
hold high governmental positions.

NOTABLE WORKS OF THE PERIOD
Poets and poetry. Poetry became a weapon during the 

American Revolution, with both Loyalists and Continen­
ta l  urging their forces on, stating their arguments, and 
celebrating their heroes in verse and songs such as “Yan­
kee Doodle,” “Nathan Haie,” and “The Epilogue,” mostly 
set to populär British melodies and in manner resembling 
other British poems of the period.
The most memorable American poet of the period was 

Philip Freneau, whose first well-known poems, Revolu­
tionary War satires, served as effective propaganda; later 
he turned to various aspects of the American scene. Al­
though he wrote much in the stilted manner of the Neo- 
classicists, such poems as “The Indian Burying Ground,” 
“The Wild Honey Suckle,” “To a Caty-did,” and “On a 
Honey Bee” were romantic lyrics of real grace and feeling 
that were forerunners of a literary movement destined to 
be important in the 19th Century.
Drama and the novel. In the years toward the close of 

the 18th Century, both dramas and novels of some histor­
ical importance were produced. Though theatrical groups 
had long been active in America, the first American com­
edy presented professionally was Royall Tyler’s C ontrast 
(1787). This drama was full of echoes of Goldsmith and 
Sheridan, but it contained a Yankee character (the pre- 
decessor of many such in years to follow) who brought 
something native to the stage.

William Hill Brown wrote the first American novel, The  
P ow er o f  S ym p a th y  (1789), which showed authors how 
to overcome ancient prejudices against this form by fol­
lowing the sentimental novel form invented by Samuel 
Richardson. A flood of sentimental novels followed to 
the end of the 19th Century. H.H. Brackenridge followed 
Cervantes’ D on Q u ixo te  and Henry Fielding with some 
populär success in M odern  C h iva lry  (1792-1815), an 
amusing satire on democracy and an interesting portrayal 
of frontier life. Gothic thrillers were to some extent na- 
tionalized in Charles Brockden Brown’s W ielan d  (1798), 
A rthur M ervyn, and E d g a r H u n tly  (1799). But all such 
works were more interesting as beginnings than as out­
standing artistic achievements.

The F eder­
a lis t papers

Poetry 
of the 
American 
Revolution
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The 19th Century
EARLY 19TH-CENTURY LITERATURE
After the American Revolution, and increasingly after the 
War of 1812, American writers were exhorted to produce a 
literature that was truly native. As if in response, four au­
thors of very respectable stature appeared. William Cullen 
Bryant, Washington Irving, James Fenimore Cooper, and 
Edgar Allan Poe initiated a great half Century of literary 
development.

Bryant, a New Engländer by birth, attracted attention 
in his 23rd year when the first version of his poem 
“Thanatopsis” (1817) appeared. This, as well as some later 
poems, was written under the influence of English 18th- 
century poets. Still later, however, under the influence of 
Wordsworth and other Romantics, he wrote nature lyrics 
that vividly represented the New England scene. Turning 
to joumalism, he had a long career as a fighting liberal 
editor of T he E ven in g  P ost. He himself was overshadowed, 
in renown at least, by a native-bom New Yorker, Wash­
ington Irving.

Irving, youngest member of a prosperous merchant fam­
ily, joined with ebullient young men of the town in pro- 
ducing the S a lm a g u n d i papers (1807-08), which took off 
the foibles of Manhattan’s citizenry. This was followed by 
A H isto ry  o f  N ew  Y ork  (1809), by “Diedrich Knickerbock­
er,” a burlesque history that mocked pedantic scholarship 
and sniped at the old Dutch families. Irving’s models in 
these works were obviously Neoclassical English satirists, 
from whom he had learned to write in a poiished, bright 
style. Later, having met Sir Walter Scott and having be­
come acquainted with imaginative German literature, he 
introduced a new Romantic note in The Sketch B ook  
(1819-20), B racebridge  H a ll (1822), and other works. He 
was the first American writer to win the ungrudging (if 
somewhat surprised) respect of British critics.
James Fenimore Cooper won even wider fame. Follow­

ing the pattem of Sir Walter Scott’s “Waverley” novels, 
he did his best work in the “Leatherstocking” tales (1823— 
41), a five-volume series celebrating the career of a great 
frontiersman named Natty Bumppo. His skill in weaving 
history into inventive plots and in characterizing his com- 
patriots brought him acclaim not only in America and 
England but on the continent of Europe as well.
Edgar Allan Poe, reared in the South, lived and worked 

as an author and editor in Baltimore, Philadelphia, Rich- 
mond, and New York City. His work was shaped largely 
by analytical skill that showed clearly in his role as an 
editor: time after time he gauged the taste of readers 
so accurately that circulation figures of magazines under 
his direction soared impressively. It showed itself in his 
critical essays, wherein he lucidly explained and logically 
applied his criteria. His gothic tales of terror were written 
in accordance with his findings when he studied the most 
populär magazines of the day. His masterpieces of terror— 
“The Fall of the House of Usher” (1839), “The Masqué 
of the Red Death” (1842), “The Cask of Amontillado” 
(1846), and others—were written according to a carefully 
worked out psychological method. So were his detective 
stories, such as “The Murders in the Rue Morgue” (1841), 
which historians credited as the first of the genre. As a 
poet, he achieved fame with “The Raven” (1845). His 
work, especially his critical writings and carefully crafted 
poems, had perhaps a greater influence in France, where 
they were translated by Charles Baudelaire, than in his 
own country.
Two Southem novelists were also outstanding in the 

earlier part of the Century: John Pendleton Kennedy 
and William Gilmore Simms. In Sw allow  Barn  (1832), 
Kennedy wrote delightfully of life on the plantations. 
Simms’s forte was the writing of historical novels like 
those of Scott and Cooper, which treated the history of 
the frontier and his native South Carolina. The Yem assee  
(1835) and Revolutionary romances show him at his best.

AMERICAN RENAISSANCE
The authors who began to come to prominence in the 
1830s and were active until about the end of the Civil 
War—the humorists, the classic New Engländers, Herman

Melville, Walt Whitman, and others—did their work in a 
new spirit, and their achievements were of a new sort. In 
part, this was because they were in some way influenced 
by the broadening democratie concepts that in 1829 tri- 
umphed in Andrew Jackson’s inauguration as president. 
In part, it was because, in this Romantic period of empha­
sis upon native scenes and characters in many literatures, 
they put much of America into their books.

Particularly full of vivid touches were the writings of 
two groups of American humorists whose works appeared 
between 1830 and 1867. One group created several down- 
east Yankee characters who used commonsense arguments 
to comment upon the political and social scene. The most 
important of this group were Seba Smith, James Russell 
Lowell, and Benjamin P. Shillaber. These authors caught 
the talk and character of New England at that time as no 
one eise had done. In the old Southwest, mean while, such 
writers as Davy Crockett, Augustus Baldwin Longstreet, 
Johnson J. Hooper, Thomas Bangs Thorpe, Joseph G. 
Baldwin, and George Washington Harris drew lively pic- 
tures of the ebullient frontier and showed the interest in the 
common man that was a part of Jacksonian democracy.

New England Brahmins. Although Lowell for a time 
was one of these writers of rather earthy humour, his 
lifelong ties were to a group of New England writers as­
sociated with Harvard and Cambridge, Massachusetts— 
the Brahmins, as they came to be called—at an opposite 
extreme. Henry Wadsworth Longfellow, Oliver Wendell 
Holmes, and Lowell were all aristocrats, all steeped in for­
eign culture, all professors at Harvard. Longfellow adapted 
European methods of storytelling and versifying to narra­
tive poems dealing with American history, and a few of his 
less didactic lyrics perfectly married technique and subject 
matter. Holmes, in occasional poems and his “Breakfast 
Table” series (1858-91), brought touches of urbanity and 
jocosity to a perhaps oversober polite literature. Lowell, 
in poems descriptive of the out-of-doors in America, put 
much of his homeland into verse. His odes—particularly 
the “Harvard Commemoration Ode” (1865)—gave fine 
expression to noble sentiments.

The Transcendentalists. Concord, Massachusetts, a vil­
lage not far from Cambridge, was the home of leaders 
of another important New England group. The way for 
this group had been prepared by the rise of a theological 
system, Unitarianism, which early in the 19th Century had 
replaced Calvinism as the faith of a large share of the 
New Engländers. Ralph Waldo Emerson, most famous of 
the Concord philosophers, started as a Unitarian minister 
but found even that liberal doctrine too confining for his 
broad beliefs. He became a Transcendentalist who, like 
other ancient and modern Platonists, trusted to insights 
transcending logic and experience for revelations of the 
deepest truths. His scheme of things ranged from the 
lowest objects and most practical chores to soaring flights 
of imagination and inspired beliefs. His E ssa ys  (1841- 
44), R epresen ta tive  M en  (1850), and E nglish  T ra its (1856) 
were thoughtful and poetic explanations of his beliefs; and 
his roughhewn lyrics, packed with thought and feeling, 
were as close to 17th-century Metaphysical poems as any 
produced in his own time.

An associate of Emerson with a salty personality of his 
own and an individual way of thinking, Henry David 
Thoreau, a sometime surveyor, labourer, and naturalist, 
was closer to the earthy and the practical than even Emer­
son was. He also was more of a humorist—a dry Yankee 
commentator with a flair for paradoxical phrases and 
sentences. Finally, he was a learned man, widely read in 
Western classics and books of the Orient. These qualities 
gave distinction to A W eek on th e  C on cord  a n d  M err im a ck  
R ivers  (1849) and to W aiden  (1854). The latter was a 
record of his experiences and ponderings during the time 
he lived in a hut by Waiden Pond—a defense of his belief 
that modern man should simplify his demands if need be 
to “suck out all the marrow of life.” In his essay “Civil 
Disobedience” (1849), Thoreau expounded his anarchistic 
views of government, insisting that if an injustice of gov­
ernment is “of such a nature that it requires injustice to 
another [you should] break the law [and] let your life be 
a counter friction to stop the machine.”
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Associated with these two major figures were such mi­
nor Transcendentalists as Bronson Alcott, George Ripley, 
Orestes Brownson, Margaret Füller, and Jones Very. Füller 
edited The D ial, the chief Transcendental magazine, and 
was important in the feminist movement.

New England reformers and historians. A worldwide 
movement for change that exploded in the revolutions 
of 1848 naturally attracted numerous Americans. Reform 
was in the air, particularly in New England. At times 
even Brahmins and Transcendentalists took part. William 
Lloyd Garrison, ascetic and fanatical, was a moving spirit 
in the fight against slavery; his weekly newspaper, The L ib ­
era tor (1831-65), despite a small circulation, was its most 
influential organ. A contributor to the newspaper—proba­
bly the greatest writer associated with the movement—was 
John Greenleaf Whittier. His simple but emotional poems 
on behalf of abolition were collected in such volumes as 
P o em s W ritten  D u ring  the P rogress o f  the  A b o litio n  Ques­
tion  . . . (1837), Voices o f  F reedom  (1846), and Songs o f  
L abor, a n d  O ther P oem s (1850). The outstanding novelist 
of the movement—so far as effect was concerned—was 
Harriet Beecher Stowe. Her Uncle T o m ’s C ab in  (1852) 
combined the elements of Contemporary humour and sen­
timental fiction to dramatize the plight of the Negro.

One other group of writers—and a great novelist—con- 
tributed to the literature of New England in this period of 
its greatest glory. The group consisted of several histori­
ans who combined scholarly methods learned abroad with 
vivid and dramatic narration. These included George Ban- 
croft, author of H is to ry  o f  the U n ited  S ta tes  (completed 
in 12 volumes in 1882), and John Lothrop Motley, who 
traced the history of the Dutch Republic and the United 
Netherlands in nine fascinating volumes (1856-74). The 
leading member of the group was Francis Parkman, who, 
in a series of books (1851-92), wrote as a historian of the 
fierce contests between France and England that marked 
the advance of the American frontier and vividly recorded 
his own Western travels in The O regon T ra il (1849).

Hawthorne, Melville, and Whitman. History also fig- 
ured in tales and romances of Nathaniel Hawthorne, the 
leading New England fictionist of the period. Many tales 
and longer works—-for example, his masterpiece, The 
S carle t L e tte r  (1850)—were set against a background of 
colonial America with emphasis upon its distance in time 
from 19th-century New England. Others, such as The 
H o u se  o f  th e  Seven G ables (1851), dealt with the past as 
well as the present. Still others, such as T he M a rb le  Faun 
(1860), were set in distant countries. Remote though they 
were at times from what Hawthorne called “the light of 
common day,” they showed deep psychological insight 
and probed into complex ethical problems.

Another great American fiction writer, for a time a neigh- 
bour and associate of Hawthorne, was Herman Melville. 
After relatively little schooling, Melville went to sea; a 
whaling ship, as he put it, was his “Yale College and 
his Harvard.” His first books were fiction in the guise of 
factual writing based upon experiences as a sailor— Typee  
(1846) and O m o o  (1847); so were such later works as 
R edbu rn  (1849) and W hite-Jacket (1850). Between 1846 
and 1851, however, Melville’s reading in philosophy and 
literary classics, as well as in Hawthorne’s allegorical and 
symbolic writings, gave him new interests and aims. The 
first sign of this interest was M a rd i (1849), an uneven 
and disjointed transitional book that used allegory after 
the model of Rabelais to comment upon ideas afloat in 
the period—about nations, politics, institutions, literature, 
and religion. The new techniques came to fruition in 
M o b y  D ick; or, T he W hale  (1851), a richly symbolical 
work, complex but brilliantly integrated. Only in short 
stories, “Benito Cereno”—a masterpiece of its genre— 
and others, in the psychological novel P ierre  (1852), and 
in the novelette B illy  B u d d  (written 1890?) was Melville 
later to show sporadic flashes of the genius that created 
M o b y  D ick.

An ardent singer of the praise of Manhattan, Walt Whit­
man saw less of the dark side of life than Melville did. He 
was a believer in Jacksonian democracy, in the splendour 
of the common man. Inspired by the Romantic concept 
of a poet as prophet and also by the Transcendental phi­

losophy of Emerson, Whitman in 1855 published the first 
edition of L eaves o f  G rass. As years passed, nine revised 
and expanded editions of this work were published. This 
autobiography in verse was intended to show the ideas, 
beliefs, emotions, and experiences of the common man in 
a great period of American individualism. Whitman had a 
hard time winning a following because he was frank and 
unconventional in his Transcendental thinking, because 
he used free verse rather than rhymed or regularly metred 
verse, and because his poems were not conventionally or­
ganized. Nevertheless, he steadily gained the approval of 
critics and in time came. to be recognized as one of the 
great poets of America.

FROM THE Cl VIL WAR TO 1914
Like the Revolution and the election of Andrew Jackson, 
the Civil War was a turning point in U.S. history and 
a beginning of new ways of living. Industry became in­
creasingly important, factories rose and cities grew, and 
agrarian pre-eminence declined. The frontier, which be­
fore had always been an important factor in the economie 
scheme, moved steadily westward and toward the end of 
the 19th Century vanished. The rise of modern Amer­
ica was accompanied, naturally, by important mutations 
in literature.

Literary comedians. Although they continued to em- 
ploy some devices of the older American humorists, a 
group of comic writers that rose to prominence was dif­
ferent in important ways from the older group. Charles 
Farrar Browne, David Ross Locke, Charles Henry Smith, 
Henry Wheeler Shaw, and Edgar Wilson Nye wrote, re­
spectively, as Artemus Ward, Petroleum V. (for Vesuvius) 
Nasby, Bill Arp, Josh Billings, and Bill Nye. Appealing to 
a national audience, these authors forsook the sectional 
characterizations of earlier humorists and assumed the 
roles of less individualized literary comedians. The nature 
of the humour thus shifted from character portrayal to 
verbal devices such as poor grammar, bad spelling, and 
slang, incongruously combined with Latinate words and 
learned allusions. Most that they wrote wore badly, but 
thousands of Americans in their time and some in later 
times found these authors vastly amusing.

Fiction and local colorists. The first group of fiction 
writers to become populär—the local colorists—took over 
to some extent the task of portraying sectional groups that 
had been abandoned by writers of the new humour. Bret 
Harte, first of these writers to achieve wide success, admit­
ted an indebtedness to prewar sectional humorists, as did 
some others; and all showed resemblances to the earlier 
group. Within a brief period, books by pioneers in the 
movement appeared—Harriet Beecher Stowe’s O ldtow n  
F olks (1869) and S a m  L a w so n ’s  O ld tow n  F ireside S tories  
(1871), delightful vignettes of New England; Bret Harte’s 
L uck  o f  R oarin g  C am p, a n d  O ther Sketch es (1870), hu- 
morous and sentimental tales of California mining camp 
life; and Edward Eggleston’s H o o sier  S choolm aster { 1871), 
a novel of the early days of the settlement of Indiana. 
Down into the 20th Century, short stories (and a relatively 
small number of novels) in patterns set by these three con­
tinued to appear. In time, practically every corner of the 
country had been portrayed in local-colour fiction. Addi­
tional writings were the depictions of Louisiana Creoles by 
George W. Cable, of Virginia Negroes by Thomas Nelson 
Page, of Georgia Negroes by Joel Chandler Harris, of Ten­
nessee mountaineers by Mary Noailles Murfree (Charles 
Egbert Craddock), of tight-lipped folk of New England 
by Sarah Orne Jewett and Mary E. Wilkins Freeman, of 
people of New York City by Henry Cuyler Bunner and 
William Sydney Porter (“O. Henry”). The avowed aim of 
some of these writers was to portray realistically the lives 
of various sections and thus to promote understanding in 
a united nation. The stories as a rule were only partially 
realistic, however, since the authors tended nostalgically 
to revisit the past instead of portraying their own time, 
to winnow out less glamorous aspects of life, or to de­
velop their stories with sentiment or humour. Touched 
by romance though they were, these fictional works were 
transitional to Realism, for they did portray common folk 
sympathetically; they did concern themselves with dialect
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and mores; and some at least avoided older sentimental 
or romantic formulas.

Samuel Langhome Clemens (Mark Twain) was allied 
with literary comedians and local colorists. As a printer’s 
apprentice, he knew and emulated the prewar sectional 
humorists. He rose to prominence in days when Artemus 
Ward, Bret Harte, and their followers were idols of the 
public. His first books, The Innocents A b ro a d  (1869) and 
R ough ing  I t (1872), like several of later periods, were 
travel books in which affiliations with postwar professional 
humorists were clearest. T he A dven tures o f  Tom  Saw yer  
(1876), L ife  on the M iss iss ip p i (1883), and The A dven­
tures o f  H uckleberry  Finn  (1884), his best works, which re- 
created the life of the Mississippi Valley in the past, were 
dosest to the work of older humorists and local colorists. 
Even in his best work, however, he succumbed now and 
then to the temptation to play the buffoon or sink into 
burlesque. Despite his flaws, he was one of America’s 
greatest writers. He was a very funny man. He had more 
skill than his teachers in selecting evocative details, and 
he had a genius for characterization.
Born and raised in Ohio, William Dean Howells was an 

effective advocate of a new realistic mode of fiction writ­
ing. At the start, Howells conceived of Realism as truthful 
portrayal of ordinary facets of life—with some limita­
tions; he preferred comedy to tragedy, and he tended to 
be reticent to the point of prudishness. The formula was 
displayed at its best in T heir W edding Journey  (1872), A  
M odern  Instance  (1882), and The R ise  o f  S ila s L apham  
(1885). Howells preferred novels he wrote after he en­
countered Tolstoy’s writings and was persuaded by them, 
as he said, to “set art forever below humanity.” In such 
later novels as A nn ie  K ilburn  (1888) and A  H a za rd  o f  N ew  
Fortunes (1890), he chose characters not only because they 
were commonplace but also because the stories he told 
about them were commentaries upon society, government, 
and economies.
The Naturalists. Other American writers toward the 

close of the 19th Century moved toward Naturalism, a 
more advanced stage of Realism. Hamlin Garland’s writ­
ings exemplified some aspects of this development when 
he made short stories and novels vehicles for philosophical 
and social preachments and was franker than Howells in 
stressing the harsher details of the farmer’s struggles and 
in treating the subject of sex. His M ain -T ravelled  R oads  
(1891) and R o se  o f  D u tch er’s  C oolly  (1895) displayed Gar­
land’s particular talents. These and a critical manifesto for 
the new fiction, C ru m bling  Ido ls (1894), were influential 
contributions to a developing movement.

Other U.S. authors of the same period or slightly later 
were avowed followers of French Naturalists led by Emile 
Zola. Theodore Dreiser, for instance, treated subjects that 
had seemed too daring to earlier Realists and, like other 
Naturalists, illustrated his own beliefs by his depictions 
of characters and unfolding of plots. Holding that men’s 
deeds were “Chemical compulsions,” he showed characters 
unable to direct their actions. Holding also that “the race 
was to the swift and the battle to the strong,” he showed 
characters defeated by stronger and more ruthless oppo- 
nents. His major books included Sister C arrie (1900), 
Jennie G erhardt (1911), The F inancier (1912), The Titan 
(1914), and—much later—A n A m erican  T ragedy (1925).
Dreiser did not bother with—or did not care for—niceties 

of style or elaborate symbolism such as were found in 
French Naturalistic works; but Stephen Crane and Frank 
Norris were attentive to such matters. In short novels, 
M aggie: A  G irl o f  the S tree ts (1893) and The R e d  B adge  
o f  C ourage  (1895), and in some of his short stories, Crane 
was an impressionist who made his details and his setting 
forth of them embody a conception of man overwhelmed 
by circumstance and environment. Frank Norris, who ad- 
mired Crane’s “aptitude for making phrases—sparks that 
cast a momentary gleam upon whole phases of life,” him­
self tried to make phrases, scenes, and whole narratives 
cast such gleams in M cT ea g u e  (1899), The O ctopus (1901), 
and The P it (1903). Both Crane and Norris died young, 
their full abilities undeveloped but their experiments fore- 
shadowing later achievements in the 20th-century novel.
Henry James. In the books of Henry James, born in

New York but later an expatriate in England, fiction took 
a different pathway. Like Realists and Naturalists of his 
time, he thought that fiction should reproduce reality. He 
conceived of reality, however, as twice translated—first, 
through the author’s peculiar experiencing of it, and, sec­
ond, through his unique depicting of it. Deep insight and 
thorough experience were no more important, therefore, 
than the complicated and delicate task of the artist. The  
A rt o f  F iction  (1884), essays on novelists, and brilliant 
prefaces to his collected works showed him struggling 
thoroughly and consciously with the problems of his craft. 
Together, they formed an important body of discussion of 
fictional artistry.
An excellent short-story writer, James nevertheless was 

chiefly important for novels in which his doctrines found 
concrete embodiment. Outstanding were The A m erican  
(1877), The P ortra it o f  a L a d y  (1881), T he S po ils o f  
P oyn ton  (1897), W hat M a is ie  K n ew  (1897), The W ings  
o f  the  D o v e  (1902), T he A m b a ssa d o rs  (1903), and T he  
G olden B o w l (1904). The earliest of these were interna­
tional novels wherein conflicts arose from relationships 
between Americans and Europeans—each group with its 
own characteristics and morals. As time passed, he be­
came increasingly interested in the psychological processes 
of his characters and in a subtle rendering of their limited 
insights, their perceptions, and their emotions.
Critics of the gilded age. Writers of many types of 

works contributed to a great body of literature that flour­
ished between the Civil War and 1914—literature of social 
revolt. Novels attacked the growing power of business and 
the growing corruption of government, and some novel­
ists outlined utopias. Political corruption and inefficiency 
figured in Henry Adams’ novel D em o cra cy  (1880). Ed­
ward Bellamy’s L o o k in g  B a ck w a rd  (1888) was both an 
indictment of the capitalistic System and an imaginative 
picturing of a utopia achieved by a collectivist society 
in the year 2000. Howells’ Traveler fro m  A ltruria  (1894) 
pleaded for an equalitarian state in which the government 
regimented men’s lives. The year 1906 saw the publication 
of Upton Sinclair’s Jungle , first of many works by him 
that criticized U.S. economic and political life and urged 
Socialism as the remedy.
Two poets embodied criticisms in songs. Edwin Mark- 

ham’s “Man with the Hoe” (1899) was a protest against 
the exploitation of labour and vaguely threatened revo­
lution; it immediately stimulated nationwide interest. A 
year later William Vaughn Moody’s “Ode in Time of 
Hesitation” denounced growing U.S. imperialism as a de- 
sertion of earlier principles; his “On a Soldier Fallen in 
the Philippines” (1901) developed the same theme even 
more effectively.
With the rise of journalistic magazines, a group of jour- 

nalists became notable as critics of America—the group 
dubbed “the muckrakers” by Theodore Roosevelt. Ida M. 
Tarbell’s H is to ry  o f  the S ta n d a rd  O il C o m p a n y  (1904) and 
Lincoln Steffens’ S h a m e  o f  the C ities (1904) were typical 
contributions by two members of a large group of jour­
nalistic crusaders.

Henry Adams. One of the most devastating and most 
literate attacks on modern life was an autobiography of 
a scion of an ancient New England family, the Adamses. 
Educated at Harvard and abroad, Henry Adams was a 
great teacher and historian {H istory  o f  the U n ited  S ta te s  
[1889-91] and M on t-S a in t-M ich el a n d  C hartres [1904]). 
The E ducation  o f  H en ry  A d a m s  (printed privately 1906; 
published 1918), however, complained that a lifelong hunt 
for some sort of order in the world, some sort of faith for 
man, left him completely baffled. The quiet, urbane style 
served well to underline, in an ironie way, the message of 
this pessimistic book.

Poets of the era. The latter 19th Century and early 
years of the 20th Century were a poor period for Ameri­
can poetry; yet (in addition to William Vaughn Moody) 
two poets of distinction wrote songs that survived long 
after scores of minor poets had been forgotten. One was 
Southern-born Sidney Lanier, a talented musician who 
utilized the rhythms of music and the thematic develop­
ments of symphonies in such fine songs as “Corn” (1875), 
“The Symphony” (1875), and “The Marshes of Glynn”
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(1878). Distressed, like many of his contemporaries, by 
changes in American life, he wove his doubts, fears, and 
suggestions into his richest poems.

The other poet was a New Engländer, Emily Dickinson. 
A shy, playful, odd personality, she allowed practically 
none of her writings to be published during her lifetime. 
Not until 1890, four years after her death, was the first 
book of her poems published, to be followed at intervals 

The poetic by other collections. Later poets were to be influenced 
techniques by her individual techniques—use of imperfect, or eye, 
of Emily rhymes, avoidance of regulär rhythms, and a tendency 
Dickinson to pack brief stanzas with cryptic meanings. Like Lanier, 

she rediscovered the value of conceits for setting forth 
her thought and feeling. Such poems as “The Snake,” “I 
Like to See It Lap the Miles,” “The Chariot,” “Farther in 
Summer than the Birds,” and “There’s a Certain Slant of 
Light” represented her unusual talent at its best.

The 20th Century
WRITING FROM 1914 TO 1945
Important movements in drama, poetry, fiction, and crit­
icism took form in the years before, during, and after 
World War I. The eventful period that followed that war 
left its imprint upon books of all kinds, for it was a time 
when writers were much involved with interpreting life 
about them. Literary forms of the period were extraordi- 
narily varied, and in drama, poetry, and fiction leading 
authors tended toward radical technical experiments.

Experiments in drama. Although drama in the 19th 
Century had not been a preeminent form, no type of writ­
ing embodied wider experimentation than a new drama 
that arose as a result of rebellion against the glib commer­
cial stage. In the early years of the 20th Century, Ameri­
cans travelling abroad found a vital theatre flourishing in 
Europe; returning home, some of them became active in 
founding a Little Theatre movement in every corner of 
their country. Freed from commercial limitations, play- 
wrights experimented with dramatic forms and methods 
of production, and in time producers, actors, and drama- 
tists appeared who had been trained in college classrooms 
and community playhouses. Some Little Theatre groups 
became commercial producers; for example, the Washing­
ton Square Players, founded in 1915, which became the 
Theatre Guild (first production in 1919). The drama that 
resulted was marked by a spirit of innovation and by a 
new seriousness and maturity.

The plays Eugene O’Neill, the most admired dramatist of the pe-
of Eugene riod, was a product of this movement. He worked with
O’Neill the Provincetown Players before his plays were com­

mercially produced. His dramas are remarkable for their 
range. B eyo n d  the H o rizo n  (first performed 1920), Anna  
C hristie  (1921), D esire  U nder the E lm s  (1924), and The 
leem a n  C om eth  (1946) were Naturalistic works, while The 
E m peror Jones (1920) and The H a iry  A pe  (1922) made 
use of the Expressionistic techniques developed in Ger­
man drama in the period 1914-24. He also employed a 
stream-of-consciousness form in Stran ge In terlude  (1928) 
and produced a work of subtle psychological analysis in 
M ou rn in g  B ecom es E lectra  (1931).

No other dramatist was as generally praised as O’Neill, 
but many others wrote plays of a high order that reflected 
the growth of a serious and varied drama. Mare Connelly 
wrote touching fantasy in a Negro folk biblical play, The 
Green P astures (1930). Like O’Neill, Eimer Rice made use 
of both Expressionistic techniques (The A d d in g  M achine  
[1923]) and Naturalism (,Street Scene  [1929]). Beginning 
as a Realist, Maxwell Anderson turned to verse drama in 
plays such as E liza b e th  the Q ueen  (1930) and W inter set 
(1935) and then to musical comedy satire in K nicker­
bocker H o lid a y  (1938). Robert Sherwood produced a 
distinguished body of work, writing comedy (R eunion in 
Vienna [1931]) and tragedy (T h ere  S h all B e N o  N ight 
[1940]). Clifford Odets, in W aitin g  fo r  L efty  (1935), a plea 
for labour unionism, utilized auditorium as well as stage 
for action and in A w a k e  a n d  S in g  (1935) wrote in the vein 
of Naturalism. Thornton Wilder used stylized settings and 
poetic dialogue in O ur Town  (1938) and turned to fantasy 
in The Skin  o f  O ur Teeth  (1942).

The new poetry. Poetry ranged between traditional types 
of verse and experimental writing that departed radically 
from the established forms of the 19th Century. Two New 
England poets, Edwin Arlington Robinson and Robert 
Frost, who were not noted for technical experimentation, 
both won critical as well as populär acclaim in this pe­
riod. Robinson, whose first book appeared in 1896, found 
sonnets, ballad stanzas, and blank verse satisfactory to his 
thought. In the 1920s he won three Pulitzer Prizes—for 
his C ollected  P o em s  (published 1921), The M an  W ho D ie d  
Tw ice (1925), and T ristram  (1927). Like Robinson, Frost 
used traditional stanzas and blank verse in volumes such 
as A  B o y ’s W ill (1913), his first book, and N orth o f  B oston  
(1914), N ew  H a m p sh ire  (1923), A  F urther R ange  (1936), 
and A M asqu é o f  R eason  (1945). The best known poet of 
his generation, Frost, like Robinson, saw and commented 
upon the tragic aspects of life and the complexities of 
human existence and was skeptical of pat Solutions.
Just as modern U.S. drama had its beginnings in little 

theatres, modern U.S. poetry took form in little magazines. 
Particularly important was P oetry: A  M a g a z in e  o f  Verse, 
founded by Harriet Monroe in Chicago in 1912. The 
surrounding region soon became prominent as the home 
of three poets: Vachel Lindsay, Carl Sandburg, and Edgar 
Lee Masters. Lindsay’s blend of legendary lore and native 
oratory in irregulär odelike forms was well adapted to oral 
presentation, and his lively readings from his works con- 
tributed to the success of such books as G eneral W illiam  
Booth E nters in to H eaven , a n d  O ther P o em s  (1913) and 
The Congo, a n d  O th er P o em s  (1914). Sandburg wrote of 
life on the prairies and in Middle Western cities in Whit- 
manesque free verse in such volumes as C hicago P oem s  
(1916) and The People, Yes (1936). Masters’ very popu­
lär Spoon R iver A n th o logy  (1915) consisted of free-verse 
monologues by village men and women, most of whom 
spoke bitterly of their frustrated lives.
Writing traditional sonnets and brief, personal lyrics, 

Edna St. Vincent Millay and Sara Teasdale were innova­
tive in being unusually frank (according to old Standards) 
for women poets. Three fine Negro poets—James Wel­
don Johnson, Langston Hughes, and Countee Cullen— 
also found old molds satisfactory for dealing with new 
subjects, specifically the problems of their race. In general, 
however, the range of experimentation was great. While 
Conrad Aiken experimented with poetical imitations of 
Symphonie forms often mingled with stream-of-conscious­
ness techniques, e.e. cummings used typographical novel- 
ties to produce poems that had surprisingly fresh impact. 
Marianne Moore invented and brilliantly employed a kind 
of free verse that was to make her one of the most dis­
tinguished voices in modern U.S. poetry. Stephen Vincent 
Benét, in John B ro w n s  B o d y  (1928), produced a stirring 
novel in verse. Robinson Jeffers used violent imagery and 
modified free or blank verse to express perhaps the most 
bitter views voiced by a major poet in this period.

Except for a period after World War II, when he was 
confined in St. Elizabeth’s Hospital, Washington, D.C., 
Ezra Pound lived outside the United States after 1908. He 
had, nevertheless, a profound influence on 20th-century 
writing in English, both as a practitioner of verse and as a 
patron and impresario of other writers. His most contro- 
versial work remained The C antos, the first installment of 
which appeared in 1925 and the latest in 1959 (Thrones: 
9 6 -1 0 9  de  los cantares).
Like Pound, to whom he was much indebted, T.S. Eliot 

lived abroad most of his life, becoming a British Citizen 
in 1927. His first volume, Prufrock a n d  O ther Obser- 
vations, was published in 1917. In 1922 appeared The  
W aste Land, the poem by which he first became famous. 
As a poet and critic, Eliot exercised a strong influence, 
especially in the period between World Wars I and II. In 
what some critics regard as his finest work, Four Q uartets  
(1943), Eliot explored through images of great beauty and 
haunting power his own past, the past of the human race, 
and the meaning of human history.
Eliot was the acknowledged master of many members 

of a varied group of poets whose work was indebted 
to 17th-century English Metaphysical poets, especially to 
John Donne. Eliot’s influence was clear in the writings of
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Archibald MacLeish, whose earlier poems were similar in 
both manner and thought to The W aste Land. In later 
poems MacLeish voiced a positive belief in social advance 
that contrasted with the religious attitude advocated by 
Eliot. A number of Southern poets showed a loose affilia- 
tion and Metaphysical influence; among them were John 
Crowe Ransom and Allen Tate. Hart Crane had a similar 
Metaphysical manner but a subject matter of his own. 
Other American Metaphysicals having individual quali- 
ties of thought and method were Louise Bogan, Muriel 
Rukeyser, Delmore Schwartz, and Karl Shapiro.
Fiction. The little magazines that helped the growth of 

the poetry also contributed to a development of the fiction 
of the era by printing material that diverged from older 
patterns and by attacking conventional writing and estab­
lished writers. The most powerful of the little magazines 
were two edited by the journalist-critic H.L. Mencken— 
The S m a rt S e t (editorship 1914-23) and A m erican  M er- 
cury  (which he coedited between 1924 and 1933). One 
of Mencken’s favourites, James Branch Cabell, sprang to 
fame with Jürgen  (1919), a novel that attacked Amer- 
ica’s orthodoxies and institutions. Other authors whom 
Mencken favoured launched “a revolt against the village,” 
an attack on the narrow, provincial quality of much ru­
ral American life. The most distinguished of these was 
Sherwood Anderson, who dealt with the subject in two 
collections of short stories, W inesburg, O hio (1919) and 
Trium ph o f  the E gg  ( 1921).
In 1920 a new school of fiction rose to prominence with 

the success of books such as F. Scott Fitzgerald’s This 
S id e  o f  P a ra d ise  and Sinclair Lewis’ M ain  Street. There- 
after, writers tended toward Realism and Naturalism— 
frank portrayals of Contemporary life. In the decades that 
followed, fiction voiced reactions to changing times: nov­
els of the 1920s expressed disillusionment with established 
institutions and ideologies. Some from the 1930s protested 
against the economic and political System.
Critics of society. F. Scott Fitzgerald’s This S id e  o f  Par­

ad ise  (1920) showed the disillusionment and moral disin- 
tegration of post-World War I America. His masterpiece, 
The G reat G a tsb y  (1925), was a more poignant and unified 
development of the same theme. Like Fitzgerald, Sinclair 
Lewis was best as social critic. His onslaught against the 
“village virus” (M ain  S tree t [1920]); against average busi- 
nessmen (B abb itt [1922]); against materialistic scientists 
(A rrow sm ith  [1925]); and against the racially prejudiced 
(K in gsb lood  R o y a l [1947]) were satirically sharp and thor- 
oughly documented. Similar careful documentation char­
acterized James T. Farrell’s Naturalistic “Studs Lonigan” 
trilogy (1932-35). Richard Wright protested against the 
plight of the Negro in Uncle T o m ’s Children  (1938) and 
N ative  Son  (1940). Particularly admired as a novelist of 
protest was John Dos Passos, who first attracted attention 
with an anti-World War I novel, Three Soldiers (1921). 
His M an h attan  Transfer (1925) and the “U.S.A.” tril­
ogy (T h e  4 2 n d  Parallel, N ineteen  N ineteen, and The B ig  
M o n ey  [1930-36]) employed various narrative innovations 
to attack society from the left. His later books, attacks 
on leftists, had less merit. A bitter vision of an inhuman 
and brutal world and a black-comedy style distinguish 
Nathanael West’s novels, particularly M iss L onelyhearts  
(1933) and The D a y  o f  the L ocu st (1939).
Hemingway, Faulkner, and Steinbeck. Three Nobel lau- 

reates whose writings showed a shift from disillusionment 
were Ernest Hemingway, William Faulkner, and John 
Steinbeck. Hemingway’s early short stories and first nov­
els, The Sun A lso  R ise s  (1926) and A F arew ell to  A rm s 
(1929), were full of the disillusionments of the postwar 
years, but the Spanish Civil War led him to believe in 
the possibility of collective action, embodied in his novels 
To H a ve  a n d  H a ve  N o t (1937), F or W hom  the B ell Tolls 
(1940), and The O ld  M an  an d  the Sea  (1952).

William Faulkner brilliantly handled point of view, 
stream-of-consciousness techniques, and complex plots in 
a body of work concerned chiefly with a mythical Missis­
sippi county, Yoknapatawpha. Such novels as The Sound  
a n d  the F ury  (1929), A s I  L a y  D yin g  (1930), L igh t in A u­
gust (1932), and T he H a m le t (1940) presented a generally 
grim picture of the human condition, though more opti-

mistic convictions emerged in In truder in the D u st (1948) 
and The R eivers (1962).

Steinbeck’s career, marked by uneven achievements, be­
gan with a historical novel, C up o f  G o ld  (1929), wherein 
he voiced the glorification of the anarchistic individualist 
typical of the rebellious 1920s. Later, however, a belief in 
collectivist action was implied in In D u b iou s B a ttle  (1936) 
and T he G rapes o f  W rath (1939).
Lyric fictionists. An interesting development in fiction 

was a movement toward poetry. The tendency to select 
details and endow them with symbolic meaning, to stress 
thoughts and emotions, and to use rhythmical prose gave 
fiction more of a lyrical quality. In varied ways, Heming­
way, Steinbeck, and Faulkner all showed the trend. Lyri- 
cism was prominent in such writings of Willa Cather as 
M y  A n ton ia  (1918) and D eath  C o m es fo r  the  A rchbishop  
(1927). Katherine Anne Porter, writing more in the style 
of the Metaphysical poets, used the stream-of-conscious- 
ness method in F low ering Ju das  (1930) and P ale  H orse, 
P a le  R id e r  (1939) with the complexity and the symbolic 
sophistication of poetry. Another leading poetic fictionist 
was Thomas Wolfe, the authqr of four novels that were 
a lyrical recording of his life: L o o k  H om ew ard , A n gel 
(1929), O f  T im e a n d  the R ive r  (1935), The W eb a n d  the  
R o ck  (1939), and You C a n t  G o H o m e  A gain  (1940).
Literary criticism. The first half of the 20th Century was 

noteworthy for its achievements in literary criticism. The 
period began with a battle between the New Humanists— 
who supported the older values in judging literature— 
and a group who urged that new Standards be adopted. 
The Humanists were led by Irving Babbitt, who attacked 
the tendency toward Naturalism as a vicious influence. 
The leader of the Opposition was the pugnacious H.L. 
Mencken, who, notably in P reju dices (1919-27), claimed 
that the duty of writers was to present “the unvarnished 
truth.” In the end, the progress of Naturalism was assured, 
and literature was liberated from a number of ancient 
restrictions.
In this period of social change, it was natural for a 

number of critics to consider literature’s relationships to 
society and politics. They consistently judged books as 
reflections of society or as expressions of social truth. 
Van Wyck Brooks and Vernon Parrington wrote greatly 
admired studies that embodied such an approach. Two 
outstanding critics, Kenneth Burke and Edmund Wil­
son, stressed social influences less and illuminated literary 
works by analyzing them and relating them to their cre- 
ators’ sensibility. (Wa.B.)

AFTER WORLD WAR II
Literary historian Malcolm Cowley described the years 
between the two world wars as a “second flowering” of 
American writing, and significant works by several ma­
jor figures from those decades were published after 1945. 
Faulkner, Hemingway, Steinbeck, and Katherine Anne 
Porter wrote memorable fiction; and Frost, Eliot, Wallace 
Stevens, Marianne Moore, e.e. cummings, William Carlos 
Williams, and Gwendolyn Brooks published important 
poetry. Eugene O’Neill’s most distinguished play, L o n g  
D a y ’s Journey into N ight, appeared posthumously in 1956. 
Robert Penn Warren’s A ll the  K in g ’s M en, one of the best 
American political novels, won the 1947 Pulitzer Prize. 
Henry Miller’s fiction, influential primarily because of its 
frank exploration of sexuality, first appeared in the United 
States in the 1960s. Still, there was a gradual changing of 
the guard in American letters after World War II.
The novel and short story. Two distinct groups of nov- 

elists responded to the cultural impact, and especially the 
technological horror, of World War II. Norman Mail- 
er’s T he N a k e d  a n d  the D e a d  (1948) and Irwin Shaw’s 
The Young L ion s (1948) were realistic war novels. Using 
a Naturalistic technique, James Jones documented the 
war’s tragic legacy in an ambitious trilogy, F rom  H ere  to  
E tern ity  (1951), The Thin R e d  L in e  (1962), and W h istle
(1978). Younger novelists found the Realistic-Naturalis- 
tic tradition inadequate for treating the war’s nightmarish 
implications. Joseph Heller, in C atch -22  (1961), satirized 
the military mentality with surrealistic black humour; and 
Kurt Vonnegut, Jr., in Slaughterhouse-F ive  (1969), de-
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scribed the U.S. firebombing of Dresden, Germany, within 
a larger context of dark fantasy.
In part because of the atomic bomb, American writ­

ers of fiction turned increasingly to black humour and 
absurdist fantasy. A highly self-conscious fiction, which 
imitated earlier fiction rather than social reality, emerged. 
Russian-born Vladimir Nabokov and the Argentine writer 
Jorge Luis Borges were strong influences on this new 
“metafiction.” Nabokov, who became a U.S. citizen in 
1945, produced a body of highly sophisticated fiction dis­
tinguished by linguistic and formal innovation. His novels 
L o lita  (1955), Pnin  (1957), P ale  F ire  (1962), and Ada; 
or, A rdor: A  F a m ily  C hronicle (1969) were particularly 
important. In a major 1967 essay, “The Literature of 
Exhaustion,” John Barth declared himself an American 
disciple of Nabokov and Borges. Barth described his own 
work as “novels which imitate the form of the novel, 
[written] by an author who imitates the role of Author.” 
In his most ambitious work, he simultaneously imitated 
and parodied conventional forms—the historical novel in 
The S o t-W e e d F a c to r  ( 1960), Greek and Christian myth in 
G iles G oa t-B oy  (1966), and the epistolary novel in L etters
(1979). Similarly, Donald Barthelme mocked the fairy tale 
in S n ow  W h ite  (1967) and Freudian fiction in T he D ea d  
F ath er (1975).
Thomas Pynchon emerged as the major American prac- 

titioner of the absurdist fable. He investigated elaborate 
“conspiraties” in V  (1963), The C ry in g  o f  L o t 4 9  (1966), 
and G ra v ity ’s  R a in b o w  (1973). The underlying assumption 
of Pynchon’s fiction was the inevitability of entropy— 
the disintegration of physical and moral energy. In N a k ed  
Lunch  (1959) and other novels, William Burroughs used 
a drug addict’s consciousness to depict a hideous modern 
landscape. Vonnegut, Terry Southern, and John Hawkes 
were other major practitioners of black humour and the 
absurdist fable.

Inevitably, such writers as Barth, Barthelme, and Pyn­
chon rejected the novel’s traditional function as a mirror 
reflecting society. Still, a significant number of Contem­
porary novelists were reluctant to abandon social realism. 
Highly conscious of the Contemporary nightmare, 1976 
Nobel laureate Saul Bellow nevertheless rejected despair. 
In such novels as The V ictim  (1947), The A dven tu res o f  
A u g ie  M arch  (1953), H erzo g  (1964), M r. S a m m le r ’s  P lanet 
(1970), and H u m b o ld t’s G ift (1975), Bellow proclaimed 
the necessity of “being human.” His mystical vision, de­
rived from sources as diverse as Judaism and American 
Transcendentalism, was affirmative. Three other Jewish 
writers—Bernard Malamud, Philip Roth, and Isaac Bashe- 
vis Singer—treated the human condition with humour and 
forgiveness. Malamud’s gift for comedy was especially evi­
dent in his short-story collection The M a g ie  B arrel (1958). 
Roth’s most lasting achievement was his three-volume 
account of the misadventures of a controversial Jewish 
novelist— The G host W riter (1919), Z u ckerm an  U nbound  
(1981), and The A n a to m y  L esson  (1983). The Polish-born 
Singer won the Nobel Prize for Literature in 1978 for his 
stories written originally in Yiddish. The sexual and moral 
confusion of the American middle class were the focus of 
John Updike’s R a b b it, R un  (1960), C ouples (1968), and 
R a b b it R e d u x  (1971) as with the fiction of J.D. Salinger. 
John Cheever created in his short stories and novels a 
gallery of memorable eccentrics. In sharp contrast, Nelson 
Algren (T h e  M an  w ith  the G olden A rm  [1949]) and Hu­
bert Selby, Jr. (L a st E x it to  B rooklyn  [1964]), documented 
lower-class urban life with brutal frankness. Similarly, 
John Rechy portrayed America’s urban homosexual sub­
culture in C ity  o f  N igh t (1963).
Post-World War II Southern writers inherited Faulk­

ner’s rich legacy. Three women—Eudora Welty, Flan- 
nery O’Connor, and Carson McCullers—further advanced 
Southern fiction. O’Connor, writing from a deeply reli­
gious perspective, provided new directions for Southern 
Gothicism in her short stories. Always a brilliant stylist, 
Welty reeëived the 1973 Pulitzer Prize for her novel The 
O p tim is t’s  D aughter. Initially known for his lyrical por- 
traits of Southern eccentrics (O ther Voices, O th er R oom s  
[1948]), Truman Capote published In  C o ld  B lood, a clas­
sic work of documentary realism, in 1966. In two am­

bitious works, William Styron fictionalized the dark side 
of human history— The C onfessions o f  N a t Turner (1967) 
depicted an antêbellum slave revolt, while S o p h ie ’s C hoice  
(1979) attempted to capture the horror of the Holocaust.
The M oviegoer (1961) and T he L a s t G entlem an  (1966) es­
tablished Walker Percy as an important voice in Southern 
fiction. Inspired by Faulkner and Mark Twain, William 
Humphrey wrote two powerful novels set in Texas, H o m e  
fro m  the H ill (1958) and T he O rd w a ys  (1965).

Postwar black writers found alternatives to the Richard 
Wright tradition of social protest. In G o Teil It on the  
M ountain  (1953) and Just A b o ve  M y  H e a d  (1979), James Black 
Baldwin attempted to portray the diversity of the black writers 
community. Ralph Ellison combined Afro-American his­
tory with Western myth to produce a modern classic,
Invisib le  M an  (1952). Later, two black women novelists 
published some of the most important postwar Ameri­
can fiction. In The B luest E y e  (1970), Su la  (1973), and 
Song o f  Solom on  (1977), Toni Morrison created a strik- 
ingly original fiction drawing from influences as diverse as 
Afro-American history, African and Western mythology, 
the Western fairy tale, and black folk culture. Alice Walker 
received the 1983 Pulitzer Prize for her black feminist 
novel The C olor Purple.
It is impractical to generalize about postwar American 

fiction. Reality itself seemed inaccessible, and writers of 
novels and short stories were under unprecedented pres­
sure to discover, or in vent, new and viable kinds of fiction.
A brief discussion of two of the most fascinating Contem­
porary writers, Norman Mailer and Joyce Carol Gates, Mailer 
will perhaps illustrate this search for new directions. In and 
his 1948 World War II novel, The N a k e d  an d  the D ead, Oates 
Mailer wrote in the Dos Passos tradition of social protest.
Yet, it was only when he turned to “nonfiction fiction” or 
“fiction as history” in T he A rm ies  o f  the  N igh t (1968) that 
Mailer discovered his truest voice. He further refined this 
approach in the 1980 Pulitzer Prize “true life novel” The  
E xecu tion er’s Song. Later, Mailer published a long, mys­
tical novel set in ancient Egypt, A ncien t E venings (1983).
In her early  work5 especially A G arden o f  Ea.rth.lv D eligh ts  
(1967) and them  (1969), Joyce Carol Oates worked primar­
ily out of the Naturalistic tradition. Incredibly prolific, she 
later experimented with surrealism in W onderland  (1971) 
and Gothic fantasy in B ellefleur (1980). While Mailer and 
Oates refused to surrender the novel’s Obligation to cap­
ture reality, both were compelled to expand new fictional 
forms in order to fulfill that Obligation.

Poetry. As with fiction, new voices emerged in post­
war poetry. Robert Lowell, for example, produced distin­
guished dramatic poetry in L o rd  W e a ry ’s C astle  (1946) 
and F or the Union D e a d  ( 1964), while Theodore Roethke 
revealed a genius for ironie lyricism in The L o st Son, 
an d  O ther P oem s (1948). Along with Lowell, Roethke, 
Gwendolyn Brooks, and Robert Penn Warren, such di­
verse voices as John Berryman (77 D ream  Songs [1964]),
Randall Jarrell (L osses [1948]), Louis Simpson (At the  
E nd o f  the O pen R oad , P o em s  [1963]), Richard Wilbur 
(Things o f  This W orld  [1956]), W.D. Snodgrass (H ea r t’s 
N eedle  [1959]), and W.S. Merwin (T h e  C arrier o f  L adders  
[1970]) ultimately formed a new establishment in Amer­
ican poetry.

The poet-critic Yvor Winters inspired a Pacific school of 
writers of moral focus and plain style, among them his 
friend J.V. Cunningham and such later poets as N. Scott 
Momaday and Edgar Bowers. Charles Olson and Robert 
Creeley were associated with a group inspired by William 
Carlos Williams and known as the Black Mountain school.
The 1950s saw the emergence of the San Francisco “beat­
niks” (Allen Ginsburg, Lawrence Ferlinghetti, and Gregory 
Corso). Gary Snyder, in T urtle  Is la n d  (1974), continued 
the American tradition of nature poetry; while Galway 
Kinnell’s poetry was shaped by a mythic consciousness.
Like James Dickey, Kinnell was often fascirtated by nature 
at its most primitive and brutal.

A number of important new women poets appeared.
Before her suicide in 1963, Sylvia Plath wrote idiosyn- 
cratic, and often painfully introspective, poetry. Adrienne 
Rieh was an important voice in poetry as well as feminist 
thought. Often as emotional and intimate in subject mat-
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ter and tone as Plath, Anne Sexton won the 1967 Pulitzer 
Prize for L iv e  or D ie, while English-bom Denise Levertov 
published several volumes of poetry after moving to the 
United States in 1948.
Drama. Two post-World War II playwrights established 

reputations comparable to O’Neill’s. In essays, Arthur 
Miller eloquently defended his belief in a modern, demo­
cratie concept of tragedy; and D eath  o f  a  Sa lesm an  (1949) 
came close to vindicating this belief. A ll M y  Sons (1947) 
and The C ru cib le  (1953) were protest plays that reflected 
Miller’s liberal idealism. Though his work was decidedly 
uneven, Tennessee Williams must be viewed as a more 
important playwright than Miller. Williams brought a pas- 
sionate poetry and a tragic Southern vision to such plays 
as The G lass M en a g erie  (1944), A Streetcar N a m e d  D esire  
(1947), C a t on a  H o t T in R o o f  (1955), and The N ight o f  
the Iguana  (1961).
Until the 1960s, Miller and Williams so dominated the 

postwar theatre that no other playwright emerged to chal­
lenge them. Then, in 1962, Edward Albee’s reputation 
was secured by the stunning power of W h o ’s  A fr a id  o f  
Virginia W oolf? A master of absurdist theatre, Albee has 
since emerged as the third major figure in postwar Amer­
ican drama. After the centre of American drama shifted 
from Broadway to off- and off-off-Broadway, American 
playwrights were increasingly free to write radical and 
innovative plays with some realistic hope of seeing them 
produced. David Rabe’s T he B asic  Training o f  Pavlo  
H u m m el (produced in 1971) and Stichs a n d  B ones (1972) 
satirized America’s militaristic nationalism and cultural 
shallowness. David Mamet won a 1976-77 New York 
Drama Critics Award for A m erican  Buffalo. Imamu Amiri 
Baraka (LeRoi Jones) and Ed Bullins inspired an angry 
black nationalist theatre. Baraka’s D utchm an  and The 
Slave  (1964) communicated anger through experimental 
techniques, while Bullins’ In  th e  W ine T im e  (1968) made 
use of “street” lyricism. A clear indication of off-Broad- 
way’s ascendancy in American drama came in 1979 when 
Sam Shepard, a prolific and experimental playwright, won 
the Pulitzer Prize for B u ried  C hild. Other important new 
voices in American drama were Lanford Wilson, the 1980 
Pulitzer winner for T a lle y ’s Folly, and Ntozake Shange, 
whose “choreopoem,” F or C o lo red  G irls W ho H ave  Con­
sidered  S u ic id e /W h en  the R a in b o w  Is E n u f  moved to 
Broadway in 1976.
Literary and social criticism. Until his death in 1972, 

Edmund Wilson solidified his reputation as one of Ameri­
ca’s most versatile and distinguished men of letters. Later, 

Men of Gore Vidal emerged as a potential heir to Wilson’s legacy. 
letters Like Wilson, Vidal wrote important literary criticism, fic­

tion, history, and social commentary. In A Second Flow­
ering (1973) and The D ream  o f  the G olden M ountains
(1980), Malcolm Cowley investigated the effects of social 
and political change on 20th-century American literature. 
Alfred Kazin wrote literary history (Bright B ook  o f  Life  
[1973]) and autobiography (N ew  York Jew  [1978]); while 
Irving Howe produced literary theory and social criticism. 
The iconoclastic literary criticism of Leslie Fiedler was 
distinguished by its wit and creativity. Fiedler’s L ove  and  
D eath in the A m erican  N ovel (1960) remains the most 
important Freudian study of American literature. Lionel 
Trilling, in The L ib era l Im ag in a tion  (1950) and other 
works, rejected V.L. Parrington’s concept of literature as 
social reportage but insisted on its humanistic role. In 
The W ay o f  the  N ew  W orld  (1975), Addison Gayle, Jr., 
defended his theory that black literature must promote a 
sense of militant nationalism.
Despite the insistence by Wilson, Cowley, Trilling, and 

others that literature has a social function, the New Crit­
icism of Robert Penn Warren and Cleanth Brooks re­
mained a dominant influence in postwar literary studies. 
In addition, scholars published important biographies of 

Literary several major American novelists. Leon Edel’s exhaustive
criticism study of Henry James appeared in five volumes: H enry
and Jam es: The U n tried  Years, 1 8 4 3 -1 8 7 0 ; The Conquest o f
scholarship London, 1 8 7 0 -1 8 8 1 ; The M id d le  Years, 1882 -1 8 9 5 ; The

Treacherous Years, 1 8 9 5 -1 9 0 1 ; and The M aster, 1901-  
1916 (1953-72). Mark Schorer’s Sinclair Lew is, A n A m er­

ican L ife  (1961), Carlos Baker’s E rn est H em in g w a y: A  
L ife  S to ry  (1969), Michel Fabre’s T he U nfin ished Q u est 
o f  R ich a rd  W righ t (1973), and Joseph Blotner’s F aulkner:
A  B iograph y  (1974) were uniquely perceptive biographies.
The impressive H a rv a rd  G u id e  to  C on tem p o ra ry  A m erica n  
W riting, edited by Daniel Hoffman, appeared in 1979.
One positive result of the accelerating complexity of 

postwar life was a body of distinguished joumalism and 
social commentary. John Hersey’s H iro sh im a  (1946) was 
a deliberately controlled, unemotiónal account of atomic 
holocaust. In N o tes  o f  a  N a tive  S on  (1955), N o b o d y  K n o w s  Social 
M y  N a m e  (1961), and The F ire  N e x t T im e  (1963), black criticism 
novelist James Baldwin published a body of the most elo­
quent essays written in America. Norman Mailer’s “new 
journalism” proved especially effective in capturing the 
drama of political conventions. Novelist Joan Didion pub­
lished two collections of incisive social and literary com­
mentary, Slouch ing T ow ards B eth lehem  (1968) and The  
W h ite A lb u m  (1979). The title essay of the first collection 
was the first truly detached and honest investigation of the 
forces behind, and the implications of, the 1960s counter­
culture. Robert M. Pirsig’s Z en  a n d  the  A r t o f  M o to rcycle  
M ain ten an ce  (1974) defied all Classification. In it, Pirsig 
equated the emotional collapse of his central character 
with the disintegration of American workmanship and 
cultural values.
The emergence in academie circles of two sharply con- 

trasting critical movements illustrated the complexity of 
the time. First, the French-inspired school of Structural- 
ism reached the United States. Centred primarily at Yale, 
the American disciples of Jacques Derrida and Roland 
Barthes practiced an abstract criticism based on linguis­
tic and Philosophie innovation. For them, criticism often Structural- 
supplanted literature as the focus of attention. In sharp ism and 
contrast, feminist literary criticism often emphasized the feminist 
social, even the political, function of literature. Tillie criticism 
Olsen’s S ilen ces (1978) exemplified a feminist criticism 
stressing androgyny. (J.R.G.)
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Amphibians

T he Amphibia constitute a class of vertebrate animals 
that occupy a position in the evolutionary series 
midway between that of the fishes and that of the 
reptiles. Living amphibians include the frogs and toads, 

the salamanders and sirens, and the caecilians. The am­
phibians are of primary interest to students of evolution

because they were the first vertebrates to make their way 
from the primeval aquatic environment onto the land and 
because the group includes among its extinct members 
the ancestors of all the other terrestrial vertebrates—the 
reptiles, birds, and mammals.
This article is divided into the following sections:
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AMPHIBIANS: CLASS AMPHIBIA
GENERAL FEATURES

Economie importance. The amphibians are of little di­
rect economie importance to man. Toads of the genus 
Bufo have long been noted as avid devourers of insect 
pests. Large species have been introduced into such places 
as Florida, Jamaica, and Hawaii to help control pests in 
the cane fields. There is some demand for frog legs as 
table delicacies.

Amphibians are of great importance to biologists. Most 
students have their first introduction to vertebrate anatomy 
through the dissection of a frog. Salamanders have 
contributed to knowledge of embryology and of tissue 
regeneration.

Size range and diversity of structure. In size the living 
amphibians range from the tiny frog Sminthillus limbatus 
of Cuba, less than 12 millimetres (V2 inch) in length, to the 
giant salamander Andrias of eastern Asia, which reaches a 
total length of 160 centimetres (about 63 inches). There are 
fewer species of amphibians than of any other terrestrial 
vertebrate class; they show a great diversity of structure, 
however, ranging from the elongated, legless, wormlike 
caecilians to the short-bodied, tailless, long-legged frogs.

Distribution and abundance. The amphibians are con­
centrated in the tropics; some families and many genera 
are confined to these regions. As a group, though, the am­
phibians have a worldwide distribution. The salamanders 

_ are primarily animals of the North Temperate Zone, al­
though the range of one family extends into Central Amer­
ica and northem South America, where it has evolved a 
large number of species. Frogs of the family Hylidae range 
as far north as the swamplands of northwestem Canada; 
and the family of true frogs, Ranidae, is found on all 
major landmasses except Antarctica, New Zealand, and 
Greenland. The caecilians occur throughout the tropics 
and the sirens only in the southeastern United States and 
northeastem Mexico.

Members of this class, for the most part, are found as 
isolated individuals; but many of the frogs, particularly in 
the temperate zones, assemble in large breeding choruses 
during the spring and summer.

NATURAL HISTORY
Life cycle. The amphibians are so named because most 

members have aquatic larval stages that metamorphose 
(transform) into terrestrial adults— amphi is the ancient 
Greek word for “both” and bios means “life.” A few ex- 
tant species remain aquatic as adults. Yet many species

of salamanders and frogs and all egg-laying caecilians de­
posit their eggs away from open water, and some species 
lack the aquatic larval stage. Because no amphibian has a 
shelled egg, eggs must be deposited in a moist place—soil, 
rotting wood, a foam nest constructed by the parent, or 
the skin of the mother’s back.

Behaviour. Because their life history involves both land 
and water, most amphibians have behaviour patterns built 
around a seasonal movement between breeding sites and 
other places. For the caecilians and sirens the breeding site

Drawing by S. Jones
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is probably essentially the same as the nonbreeding site. 
Although this is also true for some salamanders, others 
must undertake annual journeys, perhaps from a relatively 
dry hillside to some pond or stream in a valley. Evidence 
indicates that they are guided on such joumeys by Chem­
ical stimuli as well as by physical characteristics of the 
land (e.g., slope). In frogs and toads that have voices, the 
calls of the males that have located a suitable breeding site 
attract other males and females, often from one-fourth to 
one-half mile away. It has been demonstrated that some 
amphibians are able to use celestial bodies for orientation. 

Fertiliza- Reproduction. Fertilization is internal in the caecilians 
tion and and most salamanders. In caecilians, sperm are introduced
egg laying into the female’s body by means of a protrusible portion

of the male’s cloaca (i.e., the lower end of the digestive 
tract), which is modified to form a copulatory organ. 
The male salamander deposits his sperm in a gelatinous 
structure (spermatophore) consisting of a stalk on which 
rests a little cap containing the sperm. The female ma­
noeuvres the cap into her cloaca, where the gelatinous 
material dissolves, and the sperm are freed to fertilize the 
eggs as they descend through her reproductive tubes. It is 
not yet known whether fertilization is internal or extemal 
in the sirens.
With few exceptions, the frogs and toads have external 

fertilization. The male clasps the female and releases sperm 
over the eggs as the female extrudes them.

Most caecilians deposit their eggs on land; the aquatic 
forms bear living young. Sirens and many salamanders 
lay eggs in water. Other salamanders lay them on land, 
in burrows, in rotten logs, or under debris where they 
will remain moist. Frogs have various means of caring for 
the eggs after deposition. In the North Temperate regions 
most species abandon their eggs in a pool or stream; many 
tropical species have developed other, sometimes bizarre, 
techniques of egg care. Some lay eggs in a hole on land; 
after the eggs hatch into tadpoles, the male transports 
them on his back to water. In other species the mother 
has a special pouch on her back in which she carries the 
eggs until they hatch.

Ecology. The primary element in the ecology of am­
phibians is their need for a moist environment. With their 
soft, scaleless, glandular skins, they are very susceptible to 
drying out. Although a few species spend their entire lives 
in water, most live at least part of the time on land, either 
under moist debris or not far from water. A few, such as 
the toads, have become quite terrestrial, but even they are 
not entirely independent of moisture. The familiär garden 
toads, often seen at night, live where there is moisture 
near the surface; during the day, when water evaporates 
rapidly, they tend to remain in their burrows.

FORM AND FUNCTION
Structure. The major groups of living amphibians dif­

fer markedly from one another in structure. Caecilians are 
slender, wormlike animals without limbs or limb girdles, 
with practically no tail, and with a simple intestine. The 
minute eyes are buried in the smooth skin, and there 
are no eyelids. The largest grow to about 135 centimetres 
(about 53 inches). Because caecilians use their heads to 
burrow in the soil of the forest floor and in the mud along 
riverbanks, the skull is compact. The cloaca of the male 
is modified into a protrusible copulatory organ. The body 
is segmented into circular folds, called annuli, separated 
by shallow grooves. The more primitive species have tiny 
scales imbedded in the skin. Some aquatic forms have a 
dorsal fin fold. All caecilians have tentacles, small sensory 
structures that lie buried in pits near each eye and are 
protrusible in many species. Several series of teeth are 
arranged on different bones around the jaws.

The sirens, or trachystomes, which lack hindlimbs and 
pelvic girdles, are elongated, aquatic animals, with an an­
terior pectoral girdle to which the upper bones of the front 
legs are attached. The tiny front legs have three or four 
toes on each foot. Gills are present. Sirens also breathe by 
gulping the surface air. The eyes are lidless and are buried 
in the smooth glandular skin, which is lacking in scales 
and annuli, although so-called costal folds are present 
along each side of the body. A horny claw caps each toe,

and a horny sheath covers part of each jaw. Except for 
the tiny splenial bones, the bones of the jaws lack teeth; 
but teeth are present on the bones forming the roof of the 
mouth. The well-developed tail has dorsal and ventral fin 
folds. Sinuous bödy motions and the tail fins are used for 
locomotion.

The salamanders, which have forelegs and hindlegs, retain 
a tail throughout life. A distinct neck is present between 
the head and body. The smooth skin lacks scales, and 
the eyes of terrestrial forms have lids. Teeth are present 
on the jaws and roof of the mouth. Although fertilization 
is internal in most species, the male lacks a copula­
tory organ, sperm transfer occurring via spermatophores 
(sperm capsules). Some species never metamorphose but 
remain in the water as permanent larvae, retaining gills 
throughout life.
The largest group of amphibians are the familiär frogs Leg bones 

and toads. The one characteristic that clearly distinguish- of frogs 
es this group from others is the presence in the hindieg and toads 
of a segment formed by two elongated tarsal bones, the 
astragalus and calcaneum. In salamanders these bones are 
small, merely forming part of the ankle. The elongated 
hindieg of frogs and toads is an adaptation for hopping or 
swimming. Adults lack a tail; and teeth, although usually 
found on the upper jaw, are (except in one tropical species) 
absent from the lower jaw. The tympanic membranes, 
used for hearing, are on the sides of the head, behind 
the eyes. Males of species with well-developed voices have 
resonating pouches, called vocal sacs, in the throat region.
The glandular skin, which lacks scales, is usually smooth 
and soft; in some terrestrial forms, however, it is rather 
dry and rough.

Physiology and biochemistry. The amphibians have not 
evolved an impermeable skin. They have, therefore, spe­
cial problems involving the maintenance of internal water 
balance and the removal of the nitrogenous wastes that 
are the by-products of metabolism. They take in water 
through the skin and excrete it, along with the nitrogenous 
wastes, through the kidneys.

Most larval amphibians and permanently aquatic adult

Figure 2: Dendrogram of Amphibia. The fossil record of 
many forms is incomplete, particularly during the 
Carboniferous Period.
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forms live in fresh water. Water, which flows constantly 
into the body, removes nitrogenous wastes in the form of 
ammonia. The kidneys produce copious amounts of very 
dilute urine, thereby eliminating both excess water and 
waste products. Terrestrial forms, lacking an unlimited 
supply of water, cannot excrete such dilute urine; instead, 
they convert their nitrogenous wastes into urea, which, 
because it is less toxic than ammonia, can be excreted in 
a much more concentrated form. As a result, less water is 
lost through excretion.

A physiological mechanism also Controls urine produc­
tion in relation to temperature. As temperature rises, wa­
ter flows more rapidly through the skin, and urine flow 
increases; conversely, water flow and urine production de- 
crease with a decline in temperature. In experiments with 
the green frog (R a n a  clam itan s) it has been found that 
no urine was formed at 2.5° C (36.5° F), although some 
water moved into the body.

EVOLUTION
Fossil remains of the earliest known amphibians have been 
found in freshwater beds of the Upper Devonian (about
370,000,000 years old). The amphibians evolved from the 
lobe-finned fishes (Crossopterygii), which were abundant 
and diversified during the Devonian. These fishes had 
muscular fins supported by bony elements comparable to 
the bones of amphibian limbs; functional lungs; and, in 
certain species, passages leading from the nasal sacs to 
openings (internal nares) in the roof of the mouth, an ar­
rangement characteristic of all terrestrial vertebrates. The 
crossopterygian skull was divided transversely into front 
and back parts that were slightly movable on each other. 
Early crossopterygians had teeth with an infolding of the 
enamel surface. Similar teeth were also present in the 
primitive amphibians.

The amphibian ancestor was able to take air into the 
mouth and lungs through the nasal passages and internal 
nostrils when the mouth was closed and only the exter- 

Evolution nal nostrils were above water. The question of why the 
from water ancestral amphibian went from an aquatic environment 
to land to a terrestrial one has been much debated. One Sugges­

tion is that in times of drought these animals, with their 
muscular fins and well-developed lungs, would have been 
able to heave themselves out of the drying pools and 
travel overland in search of other bodies of water. It has 
also been proposed that, since the crossopterygians were 
carnivorous, they probably preyed on the young of var­
ious species, including their own. Small individuals may 
have remained in shallow water inaccessible to larger fish 
or they may have fled to the land in order to escape a 
predator. Perhaps they later spent more time on shore, 
especially at night when the humidity was high, returning 
to water to feed during the day; gradually, they could have 
supplemented their diet with primitive terrestrial arthro- 
pods, and so become less dependent on water except for 
breeding purposes.
The earliest amphibians of the Upper Devonian are the 

ichthyostegalians. The best known member of the group, 
Ich thyostega  from freshwater beds of Greenland, was a 
fairly large animal with a skull 150 millimetres (about six 
inches) or more in length. Intead of fins it had short, stub- 
by limbs with five toes; its tail was somehing like that of 
a modern lungfish, with a caudal, or tail, fin supported by 
fin rays. Small, bony scales were present on the belly and 
tail. The vertebrae were like those of crossopterygians, the 
skull more amphibian-like. Ich thyostega  probably spent 
most of its time in water, but the well-developed limbs in­
dicate that it must have been capable of walking on land. 
In many ways the ichthyostegalians were intermediate be­
tween the crossopterygians and the later amphibians, but 
they had some specializations that suggest they represent 
a sideline rather than the main stock from which the later 
amphibians evolved. One of the bones of the skull, the 
intertemporal, which is present in many fossil amphibians, 
had been lost by the ichthyostegalians.

Fossil remains of amphibians are rare in deposits of 
Mississippian age (325,000,000 to 345,000,000 years ago), 
but during the Pennsylvanian (280,000,000 to 325,000,- 
000 years old), amphibians were abundant and diversified.

They were divided into three major stocks: temnospondyls, 
anthracosaurs, and lepospondyls. The earliest temnospon­
dyls were probably aquatic, but some later members of 
the group were well adapted to life on land. They were 
a widespread and flourishing stock, showing considerable 
morphological diversity. Almost all the large amphibians 
of the Permian (225,000,000 to 280,000,000 years ago) 
belonged to this group. E ryops  of the Lower Permian 
(about 250,000,000 to 280,000,000 years ago) was about 
150 centimetres (about 60 inches) long. As the reptiles 
spread over the land during the Late Paleozoic (about
225,000,000 to 325,000,000 years ago), the terrestrial 
amphibians declined. The temnospondyls of the Triassic 
Period (about 190,000,000 to 225,000,000 years ago) were 
aquatic animals with reduced limbs. Some were very large. 
M astodonsaurus, with a skull length of over 90 centimetres 
(about three feet), was the largest known amphibian. The 
temnospondyls were extinct by the end of the Triassic.

The centrum (base) of the vertebra in primitive anthra­
cosaurs was formed of a crescent-shaped intercentrum 
and two pleurocentra shaped like half rings. In more 
advanced forms the intercentrum was reduced and the 
pleurocentra became enlarged, joining to form a complete 
ring around the notochord (i.e., the skeletal rod passing 
through the centre of the vertebral column). The anthra­
cosaurs, though less numerous and diversified than the 
temnospondyls, also included both aquatic and terrestri­
al forms. The fish-eating P tero p la x  of the Pennsylvanian 
reached an estimated length of more than 450 centimetres 
(nearly 15 feet). The anthracosaurs are of interest because 
the reptiles evolved from them. They became extinct dur­
ing the Permian.

Lepospondyls of the Paleozoic Era were of modest size; 
many were eel-like or snakelike in appearance and had lost 
their limbs. They were aquatic or semi-aquatic; a few may 
have been fossorial— i.e., burrowing forms. They were 
present in the Lower Mississippian, flourished during the 
Pennsylvanian, and disappeared in the Lower Permian.

From A S. Romer, Vertebrate Paleontology, Copyright 1966 
by the University of Chicago Press, all rights reserved

The modern orders of amphibians cannot be positively 
traced to any of the Paleozoic groups. No fossil caecilians Origin of 
are known. The trachystomes have been found in the Cre- modern 
taceous and the salamanders in the Jurassic. Both groups orders 
seem to have evolved in the Northern Hemisphere; in fact, 
only recently have members of one family of salaman­
ders (Plethodontidae) invaded the Southern Hemisphere 
in South America. The earliest remains of frogs, on the 
other hand, have all been found in Southern landmasses. It 
has been suggested that certain footprints in the Permian 
of South Africa may have been made by a form ancestral 
to the frogs. T riadobatrachus of the Lower Triassic (about
210,000,000 to 225,000,000 years ago) of Madagascar had 
a skull like that of a frog, elongated hindlegs, and a short 
tail. Frogs were undoubtedly present in the Lower Juras­
sic (about 160,000,000 to 190,000,000 years ago) in the 
Southern part of South America.

CLASSIFICATION
Distinguishing taxonomie features. T h e  m e th o d  o f  for­

m a tio n  o f  th e  verteb ra l c en tru m  (i.e., th e  h ea v y  ven tra l, or  
b o tto m , part th a t c o n n e c ts  w ith  th e  ad ja cen t vertebra) is 
im p o r ta n t in  th e  C lassification  o f  th e  a m p h ib ia n s, partic­
u larly  o f  fossil fo rm s. T h e  recen t o rd ers are d istin g u ish ed  
b y general b o d y  stru ctu re a n d  b y  th e  p resen ce  o r  ab sen ce  
o f  lim b s an d  ta il. T h e  stru ctu re o f  th e  so u n d -tra n sm ittin g  
m ech a n ism  o f  th e  ear is a lso  a n  im p o r ta n t  c lu e  to  id en tifi-  
ca tio n . A d u lt frogs h a v e  an  o t ic  n o tc h  o n  e ith er  sid e  o f  the
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skull that houses the tympanic membrane, or eardrum. 
Salamanders, caecilians, and sirens lack the otic notch, 
eardrum, and middle-ear cavity. Sound transmission in 
salamanders is by way of the forelimb and shoulder blade 
to a muscle (opercularis) that passes from the shoulder 
blade to the operculum, a bone in the ear. Some fossil 
amphibians have the otic notch; presumably, many also 
possessed an eardrum and middle-ear cavity. Others lack 
the otic notch.

A n n ota ted  C lassifica tion . The Classification of the am­
phibians has not yet been satisfactorily established. The 
lack of critical fossil material prevents the establishment 
of clear-cut relationships between the major groups. The 
arrangement below is based on that of A.S. Romer (1966) 
and Coleman J. and Olive B. Goin (1971). Groups indi­
cated by a dagger ( |)  are extinct and known only from 
fossils.
CLASS AMPHIBIA
Vertebrate anim als w ithout hair, feathers, or horny scales o f  
epiderm al origin (epiderm is is the outer cell layer o f  the integu- 
ment); sm all bony scales o f  derm al origin (derm is is the inner 
cell layer o f  the integum ent) occasionally present; skin soft 
and glandular; ectotherm ic (i.e., dependent on external sources 
for body heat); fertilization external or internal; eggs usually 
laid in water; typically an aquatic larval stage; about 2,400  
living species.

tSuperorder Ichthyostegalia
Fossils only; U pper D evon ian  to Lower M ississippian; Europe, 

North Am erica, Greenland; w ith lim bs and fishlike tail; otic 
notch present; size to about 90 cm; probably largely aquatic.

f  Superorder Temnosppndyli
Fossils only; centrum  prim itively form ed o f  wedge-shaped 

blocks; otic notch present; no m ore than 4 toes on front feet.

Order Rhachitomi
U pper M ississippian through Lower Triassic; worldwide dis­

tribution; intercentrum  (crescent-shaped structure o f  centrum) 
not form ing a com plete ring, pleurocentra (semicircular struc­
tures o f  centrum ) bony; size to 150 cm; aquatic and terrestrial.

Order Stereospondyli
M iddle Perm ian to U pper Triassic; worldwide distribution; 

intercentra som etim es form ing com plete disks, pleurocentra 
reduced or absent; includes largest known amphibian, Masto- 
donsaurus; all form s aquatic.

Order Plagiosauria
U pper Perm ian to U pper Triassic; Europe and Africa; cen­

trum closed cylinder; body broad and flat; scales present; size 
to about 90 cm; aquatic.
Superorder Lepospondyli

Centrum  a bony cylinder around notochord; body m ore or 
less elongated; otic notch usually absent; lim bs frequently re­
duced or absent.

f  Order A istopoda
Fossils only; Lower M ississippian  to Lower Permian; North  

Am erica and Europe; elongated body form, lim bs absent; ribs 
attached to vertebrae by one head; length about 75 cm; possibly  
fossorial (burrowing).

f  Order Nectridea
F ossils only: Lower M ississippian  to Lower Permian; Europe 

and N orth America; body elongated or broad and flat; limbs 
reduced or absent; caudal vertebrae w ith expanded fan-shaped  
neural (dorsal) spines and hem al (ventral) spines; otic notch  
som etim es present, though small; som e with cranium extended  
into posterior “horns”; length to about 60 cm (about 2 feet); 
aquatic, som e possibly fossorial.

Order TrachyStomata (sirens)
Lower Cretaceous to Recent; North America; eel-like forms, 

hindlim bs absent, forelim bs m inute; expanded spines on caudal 
vertebrae; ribs 2-headed; length to 90 cm; 3 living species, all 
aquatic.

vorder Microsauria
All fossil; Lower M ississippian  to Lower Permian; Europe and 

North America; body som ew hat elongated, lim bs rather small; 
caudal vertebrae w ithout expanded spines; ribs 2-headed; small 
forms, probably m ost were sem i-aquatic.

Order Gymnophiona (caecilians)
Recent; worldwide in tropics; w orm like burrowing forms with­

out lim bs or lim b girdles; eyes reduced; fertilization internal, 
with copulation; length to about 135 cm  (about 53 inches) but 
m ost m uch smaller; burrowing or aquatic; about 160 living  
species.

Order Urodela (Caudata) (salam anders)
Jurassic to  Recent; w orldw ide in Northern H em isphere, 1 

fam ily w idely distributed in northern South Am erica; vertebral 
centrum  develop s by direct d evelop m en t o f  bone tissue around  
notochord; ribs 2-headed; fertilization external or internal by 
m eans o f  sperm atophore; size to 160 cm  (about 63 inches) 
but m ost m uch smaller; terrestrial or aquatic; about 300 liv ing  
species.

Superorder Salientia (frogs and their possib le Triassic prede- 
cessor)

Triassic to Recent; worldwide.

Order Proanura
O ne fossil form  from  Triassic o f  Madagascar; skull like that 

o f  a frog; tail short; hindlegs elongated.

Order Anura (frogs and toads)
Jurassic to  Recent; worldwide; hindlegs elongated, body short 

and stout, tail absent; centrum  preform ed in cartilage; otic  
notch present; fertilization usually external, no sperm atophore; 
body length to 30 cm  (about one foot); terrestrial or aquatic; 
about 1,900 liv ing species.
f  Superorder Anthracosauria

F ossils only; elem ents o f  centrum  prim itively  crescent-shaped, 
pleurocentra later fuse to form  m ain body o f  centrum , inter­
centrum  reduced; otic notch present; 5 toes on front feet.

Order Schizomeri
U pper M ississippian , Europe; pleurocentra paired h a lf rings, 

intercentrum  large and crescent-shaped; trunk elongated, lim bs  
reduced; length to about 120 cm  (about 4 feet); probably 
aquatic.

Order Embolomeri
U pper M ississippian  to Lower Permian; Europe and North  

Am erica; intercentrum  and pleurocentrum  com plete disks, body  
elongated, tail powerful, lim bs reduced; length to over 450  cm  
(about 15 feet); probably aquatic eaters o f  fish.

Order Seymouriamorpha
U pper P ennsylvanian  to U pper Permian; N orth  A m erica, 

Europe, Australia; intercentrum  reduced and crescent-shaped, 
pleurocentrum  ring-shaped; lim bs well developed , body stout; 
otic notch very large; length to 300 cm  (about 10 feet); terrestrial.

Order Diplomen
M iddle Pennsylvanian; Europe and N orth Am erica; intercen­

trum large and crescentic, p leurocentrum  disk-shaped; lim bs  
well developed; otic notch present, skull otherw ise like that o f  
a prim itive reptile; presum ably represents stock from  which  
reptiles evolved; body length (w ithout tail) about 10 cm  (about 
2.5 inches); terrestrial.

Critical appraisal. There is no agreement among her- 
petologists that the amphibians evolved from a single 
stock. It has been suggested that the fossil lepospondyls 
and the salamanders are derived from one group of 
crossopterygians (porolepiforms) and that the ichthyoste- 
gids, temnospondyls, anthracosaurs, and frogs are derived 
from another (osteolepiforms). For alternate Classification 
of Caudata (salamanders) see the Annotated Classification 
in Urodela that follows.

A.S. Romer and others divide the amphibians into three 
subclasses: Labyrinthodontia for the ichthyostegalians, 
temnospondyls, and anthracosaurs; Lepospondyli for the 
fossil orders of lepospondyls; and Lissamphibia for the 
modern amphibians. The labyrinthodonts include those 
extinct forms whose teeth were covered by a series of 
surface folds (labyrinthine folds); most species superfi- 
cially resembled salamanders, with weak limbs and a well- 
developed tail. The lepospondyls had teeth lacking folds; 
these extinct species were either four-legged (resembling 
salamanders) or legless (resembling snakes). The combi­
nation of ichthyostegalians, temnospondyls, and anthra­
cosaurs into one subclass is based in large part on the 
assumption that the three-part centrum found in primi­
tive members of the last two groups is derived from the 
crossopterygian-type centrum of Ichthyostega. It has been 
suggested that this assumption is false and that the divided 
centrum of the temnospondyls and anthracosaurs repre­
sents a new, tetrapod structure.

Whether the modern amphibians should be placed in 
one suborder is another much-debated question, which 
will probably not be answered unless and until sufficiënt 
fossil material is found to allow the modern orders to be 
traced to their Paleozoic ancestors. (C.J.G .)



426 Amphibians

MAJOR AMPHIBIAN GROUPS
The following sections of this article consist of a detailed 
discussion of two important orders of living amphibians, 
the salamanders and sirens (Urodela) and the frogs and 
toads (Anura). The remaining living members of the class 
Amphibia, such as the caecilians (Gymnophiona), are 
treated individually in the Micropcedia. Additional infor­
mation about extinct groups (designated in the Annotated 
Classification by a dagger [f]) is contained in the Macro- 
pcedia article fossil record .

Urodela (salamanders and sirens)

Salamanders and sirens, constituting the order Urodela 
(Caudata), together with frogs (order Anura) and caecili­
ans (order Gymnophiona) are major living groups of the 
class Amphibia. The relatively small and inconspicuous 
salamanders are important members of north temperate 
and some tropical animal communities. They are impor­
tant as subjects of experimental studies in embryology, 
developmental biology, physiology, anatomy, biochemis- 
try, genetics, and behaviour. Convenient size, low food 
requirements, low metaboiic rate, and hardiness make 
them good laboratory animals.

GENERAL FEATURES
Size range and diversity of structure. The most typical 

salamanders are short-bodied, four-legged, moist-skinned 
vertebrates about 100 to 150 millimetres (about four to 
six inches) long. The tail is usually about as long as the 
body. There is much Variation in size, and terrestrial sal­
amanders range from 40 to nearly 350 millimetres (about 
1.6 to 14 inches) in length. Some live in moist places on 
land but must go to water to breed. Others are completely 
terrestrial. Wholly aquatic salamanders attain larger sizes 
than do terrestrial ones, the former reaching a maximum 
of 180 centimetres (about six feet). Salamanders may re- 
tam gills throughout life, lose the gills but retain a spirade 
(breathing pore) or gill slit, or completely metamorphose 
(i.e., alter radically in structure and appearance) and lose 
both gills and gill slits. Many aquatic species resemble 
their terrestrial relatives in body form, but aquatic genera 
such as Siren and Pseudobranchus lack hindlimbs, and 
Amphiuma has an extremely elongated body, short tail, 
and diminutive legs; several cave-dwelling forms (Proteus, 
Haideotriton, Typhlomolge) are blind and almost with­
out pigment.

Distribution and abundance. Salamanders are classic ex­
amples of animals with a Holarctic distribution (i.e., in the 
north-temperate regions of both the Eastern and Western 
hemispheres); eight of the nine families (see below Anno­
tated Classification) are found almost entirely in northern 
regions that lie outside the tropics. Typically, they occur 
in moist, forested habitats, where they are often common 
in aquatic and terrestrial communities. Members of the 
family Salamandridae extend south to extreme northern 
Africa, the Southern foothills of the Himalayas, northern 
Vietnam, and the island of Okinawa. Some ambystomatids 
reach the Southern margins of the Mexican Plateau, but 
only the lungless salamanders (plethodontids) have truly 
entered the tropics. One group of plethodontids, which 
occupies a wide variety of tropical habitats in the New 
World—from northern Mexico to Southern Brazil and 
central Bolivia—contains nearly half of all recognized spe­
cies of salamanders, an indication that the plethodontids 
have been highly successful in the tropical environment. 
Other areas in which salamanders have been successful in­
clude temperate North America (Appalachian and Ozark 
uplands; Pacific coast areas with a moist habitat), western 
Europe, Japan, and China.

NATURAL HISTORY
Life cycle and reproduction. Most salamanders are ter­

restrial or semiterrestrial as adults, but many return to 
aquatic habitats to breed. Courtship, which is simple or 
nonexistent in hynobiids and cryptobranchids, is increas­

ingly elaborate and prolonged in the more highly evolved 
families. In primitive species comprising the suborder 
Cryptobranchoidea, fertilization of the egg is external. The 
females deposit sacs or strings of eggs that may be grasped 
by the male, who then sheds milt (which contains the 
sperm) over them. Nothing is known of courtship in sirens, 
but they, too, may have external fertilization, for the males 
lack the cloacal glands that produce the spermatophore, or 
sperm case, in species with internal fertilization, and the 
females lack spermathecae—chambers inside the cloaca 
used for sperm storage. All other species of salamanders 
have more complex courtship behaviour—often differing 
in details between species—and internal fertilization. The 
male deposits from one to many spermatophores on the 
ground or other surface. These consist of a gelatinous base, 
which is produced by cloacal glands, and a so-called sperm 
cap at the tip. The female moves by herself or is led by 
the male onto the spermatophore, and she takes the sperm 
mass into her cloaca. Breeding often occurs in ponds, but 
some salamandrids and most plethodontids breed on land. 
Egg deposition may take place shortly after mating but in 
many plethodontids may be deiayed for several months, 
the eggs being fertilized by stored sperm. Eggs are laid in 
masses in streams or ponds, often in the shallows near 
shore. In most plethodontids and in some species of other 
families, eggs are laid singly, in short strings, or in small 
groups in terrestrial sites—e.g., under surface objects, in 
rotting logs, or underground. Some species deposit eggs 
in tree cavities, and tropical species may deposit them in 
bromeliad plants, the leaves of which are arranged so that 
they often hold water. Frequently, the female stays with 
the eggs until they hatch, a period of several weeks. The 
number of eggs varies greatly and is correlated with adult 
size. Aquatic forms deposit as many as 400 eggs; terrestrial 
forms, as few as five or six.
Typical salamanders undergo an aquatic larval stage that 

iasts for a period ranging from a few days to several 
years. A short period of metamorphosis usually occurs 
before the terrestrial phase of the life cycle begins. The 
newly metamorphosed salamander is usually very small, 
and from one to several years elapse before it achieves 
sexual maturity.

Some salamander species never metamorphose and thus 
retain most of their larval characteristics. In other species, 
individuals or populations may occasionally fail to me­
tamorphose. Still other species undergo partial metamor­
phosis. This phenomenon, known as paedomorphosis— 
i.e., retention of larval or juvenile features by adults— 
characterizes all salamanders to a degree but is particu­
larly evident in species such as Necturus maculosus (mud 
puppy) and Ambystoma mexicanum (axolotl), which re­
tain gills and other larval structures throughout life. These 
animals breed in what is essentially a larval state. This ex­
treme condition, which characterizes the Proteidae, Nec- 
turidae, and Sirenidae, is also found in several species of 
the Plethodontidae and Ambystomatidae. In most species 
the permanent larval state is determined by heredity, but 
in some it is induced by environmental factors, such as 
unfavourable terrestrial conditions resulting from drought 
or cold. The most complete metamorphosis is found in 
the families Hynobiidae, Salamandridae, Ambystomati­
dae, and Plethodontidae.
Most species of the family Plethodontidae develop entire­

ly on land, with no aquatic larval stage. The hatchling has 
either rudimentary gills that soon disappear or none at all 
and, in virtually all respects, is a miniature of the adult.
Females of the genus Salamandra (Salamandridae) may 

retain the fertilized eggs in the reproductive tract for a 
vary ing time. The fire salamander (Salamandra salaman­
dra) deposits a relatively advanced larva in the water. In 
the Alpine salamander (Salamandra atra) and some other 
Salamandra species, fully metamorphosed individuals are 
born. One individual develops from the first egg in each 
oviduct, the tube leading from the ovary to the outside. 
Initially, the young salamander lives on its own yolk sup-
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Figure 4: Principal types of urodele larvae.
Adapted from G.K. Noble, The Biology of the Amphibia, copyright 1931; 
used with permission of McGraw-Hill Book Co.

ply; later it eats the yolk of the other eggs, and finally it 
develops enlarged gills that form an intimate association 
with the walls of the oviduct to convey nutrients to itself. 
The gills are lost shortly before birth. Such salamanders 
are the only live-bearing members of the order.

Larval salamanders are exclusively aquatic. They may 
occur in a variety of habitats, from temporary ponds to 
permanent swamps, rivers, slow-moving streams, moun­
tain brooks, springs, and subterranean waters. In all habi­
tats they are exclusively camivorous, feeding primarily on 
aquatic invertebrates. In most salamander larvae, feeding 
is accomplished by a “gape and suck” method, in which 
the throat is expanded, or gaped, to produce a suction 
that draws water and prey into the opened mouth. Skin 
flaps around the mouth direct the water movement. The 
larvae are well equipped with teeth, which aid in holding 
and shredding prey. Pond larvae have a high fin on the 
upper side of the tail that extends far anteriorly (toward 
the head) and large gills. Limbs are rather slow to develop. 
By contrast, stream larvae have a low, short tail fin, small 
gills, and limbs that develop early.
Metamorphosis, although a period of major reorganiza­

tion, is not so dramatic as that in frogs. In the final stages, 
metamorphosis is usually a rapid process; it is mediated by 
several hormones (i.e., Chemical substances that serve to 
regulate the function of various organs) produced by the 
thyroid and pituitary glands. The following typically occur 
during metamorphosis: loss of the gills; closure of the gill 
slits; appearance of a tongue pad and reorganization of 
the gill skeleton and musculature to produce a tongue; en­
largement of the mouth and eyes; development of eyelids; 
and major changes in the structure of the skull and skin.

Locomotion. Locomotion is by means of limbs and by 
sinuous body movements. Some very elongated species 
of the genera Phaeognathus, Batrachoseps, Oedipina, and 
Lineatriton have reduced limbs and rely mainly on body 
movements for rapid locomotion. Species of the genus 
Aneides have arboreal (i.e., tree-climbing) tendencies, and 
their long legs and digits, expanded toe tips, and prehen-

sile (grasping) tails make them effective climbers. Some 
salamanders of the genera Pseudoeurycea and Chiropter- 
otriton, found in the New World tropics, are similarly 
adapted. Others, members of the genus Bolitoglossa, have 
extensively webbed forefeet and hindfeet with indistinct 
digits, allowing them to move across moist leaves and 
other smooth surfaces.

Behaviour and ecology. Adult salamanders are nearly 
all nocturnal (i.e., active mainly at night) animals. They 
may be highly seasonal, remaining hidden underground 
until the breeding season, or they may emerge from hiding 
places on any evening when moisture and temperature 
are at the proper levels. Fallen logs, rocks, crevices in 
soil, and surface litter commonly provide daytime refuge. 
Home ranges of salamanders are small, often less than 
three or four square metres (30 to 40 square feet), and, in 
favourable areas, some of the smaller species can be very 
abundant, occasionally numbering thousands per acre.

Insects are by far the most important food of salaman­
ders. Primitive salamanders seize their prey by a com­
bination of jaw and tongue movements. Some members 
of the Salamandridae and Plethodontidae, however, have 
evolved highly specialized tongue protrusion mechanisms. 
These are especially well developed in the tropical pletho­
dontids, many of which are arboreal. The tongue can be 
extended from the mouth for a considerable distance and 
retracted almost instantaneously, with the prey attached 
to the sticky tongue pad.
Most terrestrial species live near the surface of the ground, 

often in thick leaf litter and rock piles. Some enter sub­
terranean retreats, sometimes by way of burrows made 
by mammals and invertebrates. Caves are often occupied 
during cold or dry periods. Climbing species live on rock 
faces and in crevices, in trees, on broad-leaved herbs and 
shrubs, and in bromeliads. Many species are semi-aquatic, 
frequenting streamside and spring habitats throughout 
their lives. The terrestrial species that have direct devel­
opment have been able to free themselves entirely from 
reliance on standing or flowing water. Among one group 
of plethodontids, species are found in habitats ranging 
from true deserts and frigid Alpine areas to tropical rain 
forests and from sea level to elevations of more than 4,000 
metres (13,000 feet).

FORM AND FUNCTION
Skin and external features. The most distinctive and 

important feature of amphibians in general and salaman­
ders in particular is their smooth, moist skin. This organ 
consists of an epidermis, or surface tissue, that is several 
layers thick and a rather thick dermis containing mucus 
and poison glands as well as pigment cells. The integ- 
ument, or skin, is highly vascular and serves a major 
respiratory function. The poison glands of some species 
produce some of the most virulent toxins known. The 
fleshy tongue pad contains many mucus-secreting glands.

Most species are drab gray or brown; but many spe­
cies, especially the more poisonous ones, are spectacularly 
coloured, with bright spots, blotches, or streaks on a

From The Life of Vertebrates by J.Z. Young. Ist ed. 1950. 3rd ed. ©  J.Z. Young 1981: published by Oxford University Press
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contrasting dark background. The few integumentary spe- 
cializations include keratinized (i.e., infused with a tough, 
horny material: keratin) skins of the terrestrial stages of 
many salamandrids; keratinized claws in stream-dwelling 
hynobiids; and so-called hedonic glands (believed to stimu­
late sexual activity of the opposite sex) that are variously 
distributed in many species. Cryptobranchids have large, 
lateral folds of skin that serve respiratory functions.

Bones and cartilage. The rather weak skull of adults 
is comprised of various paired bones. These bones may 
fuse or be lost in different groups, and their presence 
and arrangement are important in Classification. Much of 
the fusion and loss of skull bones is frequently associated 
with a trend toward tongue feeding. Small, double-cusped 
teeth line the margins of the jaw and spread over parts of 
the palate. They are important in holding but not chew- 
ing the prey.

Cartilage plays an important role in the urodele head, 
especially in supportive structures in the throat region. 
These are ossified (bony) to different degrees, with more 
cartilage in the more highly evolved groups. Species that 
display tongue protrusion often have flexible, cartilaginous 
tongue skeletons. In larvae and permanently gilled species 
the tongue is not developed.

The vertebrae comprising the spinal column are gener­
alized with centrums (i.e., ventral, or lower, sections con- 
necting with the adjacent vertebrae) that are rather poorly 
developed. The notochord (i.e., a resilient, flexible cord 
of specialized cells passing through the vertebral column) 
is usually persistent in adults. An intervertebral cartilage 
forms the articulation between vertebrae. If it remains 
cartilaginous, the vertebrae are said to be amphicoelous 
(biconcave, or depressed on both the anterior and poster­
ior sides), but, if it mineralizes or ossifies, the vertebrae 
are termed opisthocoelous (bulged on the anterior side 
and depressed on the posterior side). There is one cervical 
vertebra with a characteristic projection called the odon- 
toid process and two large facets for articulation with the 
skull. There may be from 11 (Ambystoma talpoideum) to 
60 (Amphiuma) dorsal, or trunk, vertebrae, all but the last 
one or two usually bearing ribs. Most salamanders have 
from 14 to 20 trunk vertebrae. One sacral vertebra, two 
to four caudosacral vertebrae, and from about 20 to over 
100 (Oedipina) caudal, or tail, vertebrae complete the col­
umn. Many plethodontids are capable of autotomizing, or 
dropping off, the tail, a valuable defense mechanism in the 
event that the tail is grasped or bitten by a predator. These 
salamanders have various specialized features associated 
with the last caudosacral and the first caudal vertebrae, 
between which the break usually occurs.

The limbs and girdles are similar to those of generalized 
vertebrates. The pectoral, or ehest, girdle, supporting the 
forelimbs, is relatively reduced; all elements are fused and 
remain largely in a cartilaginous condition. An ypsiloid 
cartilage, used in exhalation, is present in several groups, 
especially ambystomatids and salamandrids. Digits and 

Fingers digital bones have been lost in many different groups.
and toes There are never more than four fingers, but nearly all

species have five toes.
Nervous system and sense organs. The nervous system 

is the simplest found in any four-legged animal. The 
generalized brain is rather small. The relatively large ce- 
rebrum (collectively, the two large anterior lobes of the 
brain) is associated with the large and important olfac- 
tory and vomeronasal organs, both of which are used for 
smelling. The eyes, usually large and well developed, are 
reduced and nearly lost in some cave-dwelling species. 
Certain parts of the inner ear are large and well developed. 
Hearing mechanisms of the salamander are not fully un­
derstood. There is no middle ear cavity and no external 
ear. One middle ear bone rests in the structure known as 
the vestibulär fenestra. The other bone of the middle ear 
rests in the posterior part of the fenestra and is joined by 
muscles to the pectoral girdle. The elements are variously 
fused or lost in different groups. The spinal cord and the 
peripheral nervous System—Le., the paired cranial and 
spinal nerves—are generalized in their structure, and there 
are distinct brachial and sacral plexuses, both of which are 
important nerve networks supplying the limbs.

Muscles and organ S y stem s. The generalized muscula- 
ture of the trunk exhibits little differentiation. The abdom­
inal muscles show increasing degrees of differentiation in 
the higher groups. The hyobranchial and branchiomeric 
muscles and some abdominal muscles (rectus abdominis) 
are highly specialized in those species that use the tongue 
to capture prey.

The simple digestive System includes a short, nearly 
straight gut. The lungs are relatively simple, saclike organs 
in primitive groups. In stream-dwelling members of sever­
al families, the lungs are greatly reduced; they are entirely 
absent in all plethodontids.
The circulatory system is characterized by a highly de­

veloped vascularization of the body surface. The heart is 
simple, with one ventricle (i.e., a chamber that pumps 
blood out of the heart) and two atria (chambers that re­
ceive blood from the rest of the body); Separation between 
the two atria is not distinct in lungless forms.

The urogenital system consists of an elongated kidney Gonads 
with a distinct sexual segment and a posterior concentra­
tion of large renal units, which filter urine from the blood.
Testes, the male sex glands, are small and compact, in­
creasing in size with age. Ovaries of females are thin sacs.
The cloaca is relatively complex in highly evolved groups 
with a spermatheca in females and several sets of cloacal 
glands in both sexes.

EVOLUTION AND CLASSIFICATION
Paleontology. Fossils have contributed little, as yet, to 

the understanding of salamander evolution. The earliest 
definitive salamander is one of unknown afiinities from 
the Jurassic Period (about 136,000,000 to 190,000,000 
years ago). Several ambystomatoid families (Prosirenidae, 
Scapherpetonidae, Batrachosauroididae) are known only 
from fossils. The relationships of urodeles to other living 
and fossil amphibians are unclear, but recent workers 
consider the three living groups to form the subclass 
Lissamphibia.

Distinguishing taxonomie features. The features used to 
establish the limits of the order and of the groups within 
it include: general body size and organization—eg., pres­
ence or absence of external gills, numbers and relative 
proportions of limbs and digits, number and arrangement 
of skull bones; organization of the hyobranchial apparatus 
(cartilage in the throat region); structure and distribution 
of the teeth; structure of the vertebrae and intervertebral 
articulations; numbers of vertebrae; number and organi­
zation of the hand and foot elements; anatomy of the 
pelvic girdle; anatomy of external structures, such as hedo­
nic (sex-attractant) glands, body and tail fins, webbing of 
hands and feet, and cloacal glands. Distinctive also is the 
general way of life, whether permanently aquatic, semi- 
aquatic, or terrestrial.

A n n ota ted  C lassification . The Classification below is 
based on that of A.H. Brame, Jr. (1967). There is as yet no 
widely accepted scheme for Classification below the order 
level. The plethodontids of the New World tropics remain 
poorly known, taxonomically.
ORDER URODELA (OR CAUDATA)

Tailed am phibians with 2 or 4 legs; m oist, usually sm ooth, 
glandular skin; the m ost generalized o f  the living am phibians 
not only in structure but also in way o f  life; about 320 species.
Suborder Cryptobranchoidea

The m ost prim itive salam anders; external fertilization; an­
gular bone separate from  the prearticular bone in the lower 
jaw; 2 pairs o f  limbs; no external gills; aquatic, sem i-aquatic, 
and terrestrial.

Family Hynobiidae (A siatic salam anders)
Generalized, m edium -sized  (to about 250 m m , or about 10 

in.), sem i-aquatic and terrestrial; lacrim al and septom axillary  
bones present in skull; vom erine teeth not parallel to marginal 
teeth; Paleocene (?) (5 4 ,0 0 0 ,000 -65 ,000 ,000  years ago) to pres­
ent; northern Asia from  Ural M ountains to Japan and Taiwan; 
about 30 species.

Family Cryptobranchidae (giant salam anders and hellbender)
Very large, to about 180 cm  (about 6 ft), aquatic; no lacrimal 

or septom axillary bones in skull; vom erine teeth parallel to 
marginal teeth; O ligocene (2 6 ,0 0 0 ,000 -38 ,000 ,000  years ago) to 
present; Japan, China, and eastern U n ited  States; 3 species.



Amphibians 429

Suborder Sirenoidea
M ode o f  fertilization unknown; angular bone fused with prear- 

ticular bone in lower jaw; only anterior pair o f  lim bs present; 
external gills; aquatic.

Family Sirenidae (sirens and dw arf sirens)
Small to very large, to about 100 cm (about 40 in.), predators; 

inhabitants o f  low land waters; Late Cretaceous (65 ,000 ,000-  
90,000,000 years ago) to present; southeastern U nited States 
from South Carolina to Tam aulipas, M exico; 3 species. 
Suborder Salamandroidea

Fertilization internal; angular bone fused with prearticular 
bone in lower jaw; no septom axillary bones in skull; tooth  
replacem ent o f  vom erine teeth from m edial side in m etam or­
phosed forms; 2 pairs o f  limbs; external gills in a few species; 
aquatic, sem i-aquatic, and terrestrial.

Family Proteidae (olm s)
Blind; lacking pigm ent, cave-dwelling; elongated body, length 

to 30 cm  (about 1 ft), and slender lim bs (3 fingers, 2 toes); 
external gills present; P liocene (2 ,500 ,000-7 ,000 ,000  years ago) 
to present;T species, native to Y ugoslavia.

Family Necturidae (m ud puppies)
Small to m oderately large, to 45 cm  (about 1 Vi ft), perm anent­

ly aquatic, lake and stream dwellers; eyes and skin pigm entation  
present; 4 fingers and 4 toes; external gills present; no fossil 
record; eastern N orth  Am erica; 5 species, o f  genus Necturus.
Family Amphiumidae (congo eels)

Large, to over 100 cm  (about 40 in.); very elongated, aquat­
ic to sem i-aquatic; predaceous, w ith powerful jaws and teeth; 
lim bs d im inutive, 1 to 3 fingers and toes; external gills absent, 
but spiracle open; Late Cretaceous to present; eastern North  
America; 3 species, o f  genus Amphiuma.
Family Salamandridae (salam anders and newts)

G eneralized form  and habit; m oderate size, to 32 cm (about 
13 in.); lim bs with 4 fingers, 4 to 5 toes; usually no external 
gills or spiracle; U pper Cretaceous (?) to present; Europe, North  
Africa; M iddle East; Afghanistan to Japan, China, and northern 
Vietnam; eastern and western N orth America; about 42 species. 
Suborder Ambystomatoidea

Fertilization internal; angular bone fused with prearticular 
bone in lower jaw; septom axillary bones present prim itively in 
skull; tooth replacem ent o f  vom erine teeth from posterior or 
lateral direction; 2 pairs o f  lim bs; external gills in som e species; 
aquatic, sem i-aquatic, or terrestrial.

Family Ambystomatidae (m ole salam anders and others)
Small to m oderate size, to 35 cm  (about 14 in.); usually with 

well developed  lungs; no nasolabial grooves; ypsiloid  cartilage 
present; Paleocene to present; North America; about 33 species, 
including Ambystoma.
Family Plethodontidae (lungless salamanders)

Very sm all to m oderate size, 4 to about 30 cm (about 1.6 
to 12 in.); includes the m ost specialized and m ost terrestri­
al salam anders, and the only truly tropical species; lungless; 
nasolabial grooves present; no ypsiloid  cartilage; P liocene to  
present; North Am erica, Central America, and m ost ó f  South 
America; 2 species in Europe (Sardinia, Southern France, and 
north central Italy); m ore than 200 species.

Critical appraisal. Some controversy exists concerning 
the Classification of salamanders below the ordinal level. 
Some authorities place the sirenids in a separate or­
der, Trachystomata, while others separate the Necturidae 
from the Proteidae, but neither scheme has been widely 
accepted. Chromosomal evidence of proteidnecturid sim­
ilarity has recently been presented. Close association of 
Ambystomatidae and Plethodontidae is now accepted, but 
placement of Amphiumidae remains controversial.

Anura (frogs and toads)

Frogs and toads comprise the order Anura (Salientia of 
some authors) of the vertebrate dass Amphibia and be­
cause of their wide distribution are known by most people 
around the world. The name frog is commonly applied 
to those forms with long legs and smooth, mucus-covered 
skins, toad being used for a variety of robust, short-legged 
anurans, especially those with rough skins. The name toad 
is applied so unevenly that one member of a family may 
be called a toad and a closely related member a frog. The 
familiär members of the family Bufonidae may be distin­
guished as “true toads.” In this article, “frog” is applied

generally to members of the Anura and “toad” to those 
for which it has traditionally been used. Many school 
children catch and keep frogs as pets and obtain one of 
their first biology lessons by rearing the larvae, known as 
tadpoles or pollywogs, in Science classes. College students 
become familiär with frog anatomy and embryology in 
biology courses. People in various parts of the world eat 
frog legs, and some kinds of toads are used in insect con­
trol. Certain South American Indians use the poisonous 
secretions of some kinds of frogs for poison arrows, and 
now biochemists are studying the possible medical uses 
of the constituents of the poison. The biologist interested 
in evolution finds a vast array of interesting, and often 
perplexing, problems in the study of frogs, a highly spe­
cialized group of amphibians.

GENERAL FEATURES
Size range and diversity of structure. Although all frogs 

are readily recognizable, there are great varieties of sizes 
and of structural modifications. Many frogs are tiny an­
imals; the smallest is the Cuban Sminthillus limbatus, 
adults of which do not exceed 12 millimetres (V2 inch) in 
body length (with legs drawn in), whereas the African giant 
frog, Conrana goliath, has a body length of nearly 300 mil­
limetres (slightly less than one foot). Many anurans have 
smooth, moist skins. Toads of the genus Bufo are familiär 
as “warty” amphibians, the skin being highly glandular 
and covered with tubercles. Frogs of many other families 
have rough, tubercular skins, usually an adaptation for life 
in the less humid environments. The opposite extreme is 
found in the small arboreal frogs of the tropical American 
family Centrolenidae, in which the skin on the under side 
is thin and transparent, and the heart and viscera can be 
seen through the skin.

Most frogs move by leaping. The long and powerful 
hind limbs are straightened rapidly from the crouching 
Position, propelling the frog through the air into water or 
to a distant place on the ground. Many arboreal frogs, 
especially members of the family Hylidae, have adhesive 
discs on the ends of the fingers and toes and leap from 
branch to branch or from leaf to leaf. Members of the fam­
ilies Bufonidae, Rhinophrynidae, and Microhylidae and 
certain burrowing species in other families have relatively 
short hindlimbs and move forward by series of short hops. 
Some bufonids actually walk instead of hopping. Highly 
modified members of the hylid subfamily Phyllomedusi- 
nae have opposable digits on the hands and feet and walk 
slowly along branches, deliberately grasping the branch 
in the manner of tiny lemurs. Many kinds of frogs have 
membranous webbing between the fingers and toes; in the 
aquatic species the webbing on the feet aids in swimming. 
The extreme in this specialization is seen in the aquatic 
family Pipidae. Members of that family normally never 
leave the water. In regions of the earth subjected to long 
dry periods, frogs must seek cover in order to avoid desic- 
cation and have behavioral and structural adaptations to 
conserve water.

Although many frogs are unimpressively coloured, some 
species are brilliantly marked. The most common colours 
are brown, gray, green, and yellow. Uniformly coloured 
frogs are the exception rather than the rule. The markings 
of a frog may seem bold when observed out of the natural 
habitat, but they usually are concealing or disruptive when 
the frog is in its environment.

Distribution and abundance. Because of their morpho- 
logical and physiological adaptations, frogs are able to in- 
habit most regions of the world except the extremely cold 
land masses at high latitudes and some oceanic islands 
that they have been unable to colonize due to the barriers 
provided by saltwater. Frogs live in desert regions below 
sea level and in montane areas up to elevations above 
4,560 metres (15,000 feet). Some members of the genus 
Rana live north of the Arctic Circle. Although widely 
distributed on the earth, frogs are most diverse and abun­
dant in the tropics, and 7 of the 17 families are restricted 
to the tropics. In most temperate areas of the world, the 
number of species of frogs at any one locality is usually 
less than ten; but in the tropics, especially in rain forests, 
the number of species is much greater. At one locality in
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the upper Amazon Basin in eastern Ecuador, 83 species 
are known to occur, about the same number as is known 
for all of the United States.

In a complex environment, such as the tropical rain 
forest, the large number of species of frogs partition the 
environmental resources in a variety of ways. In the humid 
tropics, frogs can be active throughout the year, but many 
species are seasonal in their breeding activity. Various 
kinds of sites and different seasons are used for calling and 
egg laying; such temporal and spatial Separation avoids 
interspecific competition. Frogs feed mostly on insects and 
other invertebrates, and the abundance of food in tropical 
rain forests probably places no competitive restrictions on 
this aspect of environmental resources. Some large species 
eat vertebrates, including small rodents and other frogs.

NATURAL HISTORY
B reed in g  b eh av iou r. The breeding behaviour is one of 

the most distinctive attributes of the Anura. Since the 
Mating eggs can develop only under moist conditions, most frogs 
:alls place their eggs in bodies of fresh water. Many species

congregate in large numbers at temporary pools for short 
breeding seasons. Mating calls serve to attract males and 
females to breeding sites. Other frogs breed along the 
mountain streams where they live year round. In the
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Figure 6: Frogs (Rana) in copulatory embrace.

latter species and in those that breed on the land, there 
is no great concentration of breeding individuals at one 
place. In all cases, the mating call produced by the male 
attracts the females. It has been observed in the field 
and experimentally in the laboratory that the females can 
discriminate between mating calls of their own species 
and those of other species. At a communal breeding site, 
such as a pond, swamp, or stream, differences in specific 
calling sites of the males help the frogs to maintain their 
identities. Differences in mating calls, however, constitute 
the principal premating isolating mechanism preventing 
hybridization of closely related species living in the same 
area and breeding at the same time and place. Frogs have 
rather simple vocal cords, in most species a pair of slits 
in the floor of the mouth opening into a vocal pouch. 
Air is forced from the lungs over the vocal cords, causing 
them to vibrate and thus produce sound of a given pitch 
and pulsation. The air passes into the vocal pouch, which, 
when inflated, acts as a resonating chamber emphasizing 
the same frequency or one of its harmonies. In this man­
ner, different kinds of frogs produce different calls.
Females move toward and locate calling males. Once the 

male clasps the female, a copulatory embrace called am- 
plexus, she selects the site for depositing the eggs. In the 
primitive frogs (superfamilies Discoglossoidea, Pipoidea, 
and Pelobatoidea), the male grasps the female from above 
and around the waist (inguinal amplexus); whereas in the 
advanced frogs (superfamilies Bufonoidea and Ranoidea), 
the position is shifted anteriorly to the armpits (axillary 
amplexus). The latter position brings the cloacae of the

amplectic pair into closer proximity and presumably in- 
sures more efficiënt fertilization.

Most frogs deposit their eggs in quiet water as dumps, 
surface films, strings, or as individual eggs. The eggs may 
be freely suspended in the water or attached to sticks 
or submergent Vegetation. Some frogs lay their eggs in 
streams, characteristically firmly attached to the lee sides 
or under sides of rocks where they are not subject to 
the current. The large pond-breeding frogs of the genus 
Rana and toads of the genus Bufo apparentiy produce 
more eggs than any other frogs. More than 10,000 eggs 
have been estimated in one clutch of the North American 
bullfrog, Rana catesbeiana. The habit of spreading the 
eggs as a film on the surface of the water apparentiy is an 
adaptation for oviposition in shallow temporary pools and 
allows the eggs to develop in the most highly oxygenated 
part of the pool. This type of egg deposition is charac­
teristic of several groups of tree frogs, family Hylidae, in 
the American tropics, one of which, Smilisca baudinii, is 
known to lay more than 3,000 eggs. Frogs breeding in 
cascading mountain streams lay far fewer eggs, usually no 
more than 200.
The problem of fertilization of eggs in rapidly flowing 

water has been overcome by various modifications. Some 
stream-breeding hylids have long cloacal tubes so that the 
semen can be directed onto the eggs as they emerge. Some 
other hylids have huge testes, which apparentiy produce 
vast quantities of sperm, helping to insure fertilization.
Males of the North American tailed frog, Ascaphus truei, 
have an extension of the cloaca that functions as a cop­
ulatory organ (the “tail”) to introducé sperm into the 
female’s cloaca.

Most frogs are considered to be placid animals, but re- Aggressive 
cent observations have shown that some species exhibit behaviour 
aggressive tendencies, especially at breeding time. Male 
bullfrogs {Rana catesbeiana) and green frogs {Rana clami- 
tans) defend calling territories against intrusion by other 
males by kicking, bumping, and biting. The South Amer­
ican nest-building hylid, Hyla faber, has a long, sharp 
spine on the thumb with which males wound each other 
when wrestling. The small Central American Dendrobates 
pumilio calls from leaves of herbaceous plants. Intrusion 
into a territory of one calling male by another results in 
a wrestling match that terminates only after one male has 
been thrown off the leaf. Males of the Central American 
dendrobatid Colostethus inguinalis have calling sites on 
boulders in streams. The intrusion by another male results 
in the resident uttering a territorial call, and if the in- 
truder does not leave, the resident charges him, attempting 
to butt him off the boulder. Females of the Venezuelan 
Colostethus trinitatus wrestle in defense of territories in 
a stream bed.
Males of at least three South American species of Hyla 

build basin-like nests, 25-30 centimetres (10-12 inches) 
wide and 2-5 centimetres (1-2 inches) deep, in the mud 
of riverbanks. Water seeps into the basin providing a 
medium for the eggs and young. Calling, mating, and ovi­
position take place in the nest, and the tadpoles undergo 
their development in the nests.

Some frogs in the families Leptodactylidae, Ranidae, 
and Microhylidae build froth nests. The small toadlike 
leptodactylids of the genus Physalaemus breed in small, 
shallow pools. Amplexus is axillary, and the pair floats on 
the water; as the female exudes the eggs, the male emits 
semen and kicks vigorously with his hind legs. The result 
is a frothy mixture of water, air, eggs, and semen, which 
floats on the water. This meringue-like nest is about 7.5-
10.0 centimetres (3-4 inches) in diameter and about 5 
centimetres (2 inches) deep. The outer surfaces exposed 
to the air harden and form a crust covering the moist 
interior, in which the eggs are randomly distributed. Upon 
hatching, the tadpoles wriggle down through the decaying 
froth into the water.

Most frogs have an aquatic, free-swimming larval stage 
(tadpole). After a period of growth, the tadpole undergoes 
a striking change (metamorphosis) in which the tail is lost Metamor- 
and limbs appear. These are only two of the most obvious phosis 
changes that take place. Tadpoles have a cartilaginous skel- 
eton, thin nonglandular skin, and a long, coiled intestine;
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they lack jaws, lungs, and eyelids. Among the first changes 
that take place is the appearance of hindlimb buds, which 
grow and develop into differentiated hindlimbs, complete 
with toes, webbing, and tubercles. Much later, the front 
limbs emerge through the skin; in contrast to the hind­
limbs, the forelimbs develop before they emerge. At the 
time of emergence of the forelimbs, the tail begins to 
shrink, being absorbed by the body. The tadpole mouth 
begins to change; as the horny denticles and papillae, if 
present, disappear, the jaws and true teeth develop. The 
eyelids develop, and mucous glands form in the skin. The 
vertebral column and limb bones ossify, and the adult 
digestive system differentiates as the long, coiled intestine 
shrinks to the short, thick-walled, folded intestine of the 
adult. These radical changes are equalled in the animal 
kingdom only by the metamorphosis found in insects.
Just how and where the changes from larva to adult take 

place is highly varied and is one of the most fascinating 
aspects of the study of frogs. The differences in modes 
of life history reflect varied environmental conditions. In 
various evolutionary lines in frogs, there is a strong ten­
dency toward an escape from the ties that bind the less 
advanced frogs to the water for breeding.

The tadpoles of the pond breeders characteristically have 
rather large bodies and deep caudal (tail) fins, which in 
some have a terminal extension, as do the familiär sword- 
tail fishes. The mouths are relatively small, either at the 
end of the snout or on the underside, and usually con­
tain rather weak denticles (small toothlike projections). 
These tadpoles swim easily in the quiet water and feed
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Figure 7: Specializations of tail (left) and mouth (right) in 
tadpoles.
(A) For pelagic life in ponds. (B) For bottom life in ponds. 
(C) For life in running water.

on attached and free-floating Vegetation, including algae.
In contrast, the stream tadpoles have depressed bodies, 
long muscular tails, and shallow caudal fins. The mouth is 
relatively large and usually contains many rows of strong 
denticles. In highly modified stream tadpoles, the mouth 
is ventral and modified as an oral sucker, with which 
the tadpole anchors itself to stones in the stream. Such 
tadpoles move slowly across stones, gnawing off moss or 
algae as they move. It is conceivable that a tadpole can 
complete its larval life on a single large stone.

Most tadpoles complete their development in two or 
three months, but there are notable exceptions. Tadpoles 
of spadefoot toads, genus Scaphiopus, develop in tempo­
rary rain pools in arid parts of North America, where it is 
imperative for the tadpoles to complete their development 
before the pools dry up. Some Scaphiopus tadpoles meta- 
morphose about two weeks after hatching. In the northern 
part of its range in North America, the tadpoles of the 
bullfrog Rana catesbeiana require three years to undergo 
their development.

Some tree frogs of the family Hylidae deposit their eggs 
in water in trees. Several tropical species of Hyla lay their 
eggs in the water held in the overlapping bases of leaves of 
epiphytic bromeliads high in trees. Their tadpoles, which 
are slender with long muscular tails, develop in small 
quantities of water high above the ground. The Mexican 
hylid, Anotheca spinosa, lays its eggs in bromeliads or 
water-filled cavities in trees. The small tadpoles, like those 
of Hyla, feed on aquatic insect larvae, such as mosquitoes, 
but the larger tadpoles of Anotheca apparentiy feed only 
on the eggs of frogs.

A modification of the basic behaviour of aquatic eggs 
and aquatic tadpoles is the habit of depositing eggs on 
Vegetation above water; this pattern occurs in some ar­
boreal hylids and ranids and in all species in the family 
Centrolenidae. Hyla ebraccata, a small Central American 
tree frog, deposits its eggs in a single layer on the upper 
surfaces of horizontal leaves just a few inches above the 
pond. Upon hatching, the tadpoles wriggle to the edge 
of the leaf and drop into the water. The Mexican Hyla 
thorectes suspends 10-14 eggs on ferns overhanging cas- 
cading mountain streams. The phyllomedusine hylids in 
the American tropics suspend clutches of eggs from leaves 
or sterns above ponds. Males call from trees; once a female 
has been attracted and amplexus takes place, the male 
placidly hangs onto the back of the female as she descends 
to the pond and absorbs water. This accomplished, she 
climbs into a tree, selects an oviposition site, and deposits 
eggs until her water supply is depleted. She again descends 
to the pond and repeats the performance at a different site 
until the entire complement of eggs is deposited. Upon 
hatching, the tadpoles drop into the pond below. Most of 
the tree frogs of the family Centrolenidae are less than 
one inch long. Males call from leaves of trees or bushes 
over cascading mountain streams in the American tropics. 
Individuals return to the same leaf night after night. At­
tracted females are clasped on the leaf, and egg deposition 
takes place there immediately. A highly successful male 
may have three or four egg clutches on his leaf, each 
consisting of only about two dozen eggs. Upon hatching, 
the tadpoles drop into the stream bed; and if the tadpole 
lands on a stone, it flips about vigorously until it falls 
into the water, where it hides in the loose gravel on the Parental 
bottom of the stream. Many kinds of frogs lay their eggs care 
on land and subsequently transport the tadpoles to water.
The ranid genus Sooglossus of the Seychelle Islands and 
all members of the family Dendrobatidae in the American 
tropics have terrestrial eggs. Upon hatching, the tadpoles 
adhere to the backs of adults, usually males. The exact 
means of attachment is not known. The frogs carry the 
tadpoles to streams, bromeliads, or pools of water in logs 
or stumps, where the tadpoles complete their develop­
ment. The most unusual example of tadpole care known 
is that exhibited by the mouth-breeding frog, or Darwin’s 
toad, Rhinoderma darwinii, in Southern South America.
An amplectic pair deposits 20-30 eggs on moist ground.
Several males gather around the eggs, and when the eggs 
are about ready to hatch, with the embryos moving, each 
male picks up some eggs with his tongue. The eggs pass
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through the vocal slits in the floor of the mouth and into 
the vocal sac. The eggs hatch, and the larvae complete 
their development in the large vocal sac. Upon metamor­
phosis, the young frogs emerge from the male’s mouth.
The European midwife toad, Alytes obstetricans, displays 

a peculiar breeding habit. Inguinal amplexus takes place 
on land; at the time of oviposition the female extends 
her legs to form a receptacle for the string of 20-60 eggs. 
After fertilizing the eggs, the male moves forward on the 
back of the female and pushes his legs into the string of 
eggs until they are wound around his waist and legs. Then 
the female départs. The male carries the eggs with him 
on land until they are ready to hatch, at which time he 
moves to a pond, where the eggs hatch and complete their 
development.

The hylid Gastrotheca marsupiata lives in the high Andes 
of South America, one of several so-called marsupial frogs, 
so named because of a brood pouch in the back of the 
female. In amplexus the male exudes a quantity of semen, 
which flows into the pouch. The female extrudes eggs, a 
few at a time; these are pushed into the pouch by the 
male who uses the hindfeet to catch and push the eggs. 
The eggs are fertilized in the pouch, where they hatch and 
the tadpoles begin their development. Subsequently, the 
female moves to a ^ond where the tadpoles emerge from 
the pouch and complete their development in the water.

In each of the above instances of parental care, there is a 
trend away from the aquatic environment. Far fewer eggs 
(less than 50) are laid in comparison with those species 
depositing eggs in the water. The bonds with the aquatic 
environment have been partially broken, for, although the 
tadpoles must develop there, the eggs are elfectively ter­
restrial, but not truly so, lacking the necessary embryonic 
membranes (allantois and amnion) to maintain physiolog­
ical balance and lacking a Shell. Consequently, if they are 
to survive and develop, the eggs must be maintained in 
moist places, such as damp soil or a part of the parental 
body. Water and waste products are transported through 
the membranes by osmosis.
The next evolutionary step in mode of life history is 

the elimination of the larval stage, thereby completely 
severing the ties with the aquatic environment. Direct de­
velopment of the egg, in which the larvae undergo their 
development within the egg membranes and emerge as 
tiny froglets, occurs in many species, scattered in seven 
families (Leiopelmatidae, Pipidae, Leptodactylidae, Bu­
fonidae, Brachycephalidae, Hylidae, and Microhylidae). 
Typical direct development of terrestrial eggs occurs in the 
many species of the leptodactylid genus Eleutherodactylus 
of Central and South America and the West Indies. Dur­
ing axillary amplexus, the female deposits a clutch of eggs 
in a moist place (beneath a log or stone, amidst leaf litter, 
in a rotting stump, in moss, or in a bromeliad). The par­
ents depart, leaving the eggs to develop and subsequently 
hatch. In some Eleutherodactylus and in the New Zealand 
leiopelmatid Leiopelma hochstetteri, the hatching froglet 
still has a tail. In Leiopelma, at least, vigorous thrusts of 
the tail are used to rupture the egg membranes. Soon after 
hatching, the tail is completely absorbed.

Brooding of terrestrial eggs is known in a few species. 
Females of two species of Eleutherodactylus that lay their 
eggs on leaves of bushes or trees sit on the eggs. Apparent­
iy this brooding serves to prevent desiccation of the eggs 
by dry winds. Females of the Papuan microhylid Spheno- 
phryne lay their few eggs beneath stones or logs and sit on 
top of them until they hatch.

Marsupial Direct development occurs in several genera of hylid
frogs marsupial frogs (Gastrotheca and Amphignathodon) living

in mountain rain forests in northwestem South America. 
In these frogs, amplexus is axillary, and the female raises 
her cloaca so that the eggs, which are extmded one at a 
time, roll forward on her back and into the pouch. There 
the eggs develop into frogs. Large, external, gill-like struc­
tures envelop the developing embryo. These stmctures, 
which are attached to the throat of the embryo by a pair 
of cords, apparentiy function in respiration. These frogs 
live high in trees and complete their life cycle without de- 
scending to the ground. Thus they are rare in collections, 
and their biology is poorly known.

Some other South American genera of Hylidae also 
exhibit the phenomenon of direct development of eggs 
carried on the backs of the females. In Flectonotus and 
Fritziana, the eggs are contained in one large basin-like 
depression in the back, whereas in others each egg occu- 
pies its own individual depression. In Hemiphractus, gill- 
like structures and cords similar to those in Gastrotheca 
are present. At hatching, the expanded gill adheres to the
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Figure 8: S p e c ia liza tio n  fo r  b r e e d in g  in  a n u ra n s .
(A) Aquatic eggs free-floating in a string. (B) Aquatic eggs 
attached to submerged Vegetation. (C) Eggs of P h y llo m e d u sa  
on leaf above water. (D) H e m ip h r a c tu s  with eggs on its back.
(E) Meringne-like nest made by amplectic pair of P h y sa la e m u s .
(F) Tadpoles on the back of a male C o lo s te th u s . (G) Marsupial 
frog (G a s tro th e c a) with eggs in pouch.
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Poisons

modified skin of the maternal depression and is attached 
to the young by the pair of cords. The female carries the 
young until they are sufficiently well developed to care 
for themselves. The manner of detachment of gill from 
female and young is unknown.
The strictly aquatic Surinam toad Pipa pipa of northern 

South America also has direct development, in this case 
in the water. Eggs are carried in individual depressions 
in the back of the female. Amplexus is inguinal, and 
the pair rests on the bottom of the pond. The female 
initiates vertical circular turnovers, at the height of which 
she extrudes a few eggs. These are fertilized, fall against 
the belly of the then upside down male, and are pushed 
forward onto the female’s back, where they adhere and 
subsequently become enclosed in tissue. Upon completion 
of development, the young frogs emerge from the skin of 
the female’s back.

The most advanced form of reproduction known in frogs 
takes place in the small African bufonids of the genus 
Nectophrynoides. By some unknown means, fertilization 
is internal, and the young are born alive. It is noteworthy 
that the evolution of live birth has taken place indepen- 
dently in all three living orders of amphibians, for this 
phenomenon also occurs in salamanders and caecilians.
Feeding hahits. The great majority of frogs feed on in­

sects, other small arthropods, or worms, but some larger 
species eat vertebrates. The South American leptodactylid 
Ceratophrys varia and the large bufonid Bufo marinus eat 
other frogs and small rodents. The superficially similar 
Solomon Island ranid, Ceratobatrachus guentheri, and the 
South American hylids, Hemiphractus, eat other frogs. 
Large North American bullfrogs, Rana catesbeiana, have 
been reported to consume other frogs, mice, small snakes, 
and even small turtles.

FORM AND FUNCTION
Adult anurans are easily recognized, by layman and spe­
cialist alike, by the short body and elongated hindlimbs, 
the absence of a visible neck, and the absence of a tail. 
The compact body has been attained by a reduction of the 
number of trunk vertebrae and the fusion of tail vertebrae 
into a single rodlike bone, the coccyx or urastyle. The 
lengthening of the hindlimbs has been attained, in part, 
by the elongation of two bones (astragalus and calcaneum) 
in the foot. Considering the variety of habitats occupied 
by anurans, there is remarkably little gross Variation in 
body plan. The female is usually larger than the male. In 
most frogs the tympanic membrane (eardrum) is visible 
as a prominent disc on each side of the head. Correlated 
with a sound-oriented existence, the larynx is also well de­
veloped, often accompanied by single or paired inflatable 
resonating sacs.
All frogs have poison glands in the skin, well developed 

in many diverse groups. In the Dendrobatidae, the skin 
secretions are especially toxic. Dendrobates and Phyllo- 
bates are small, diurnal frogs living in Central and South 
America, brilliantly coloured, solid red, yellow, or orange, 
or patterned with bold stripes or cross bars. These bright 
patterns are believed to act as warning colours to ward off 
predators. One nonpoisonous South American leptodac­
tylid, Lithodytes lineatus, mimics the dendrobatid Phyl- 
lobates femoralis, thus gaining protection from predation 
(see also m i m i c r y ).
The biochemical properties of amphibian skin toxins 

are highly varied, most being complex nitrogenous com­
pounds. The toxically active ingredients are of various 
types, from local irritants to convulsants, hallucinogens, 
neurotoxins (nerve poisons), and vasoconstrictors (acting 
to narrow blood vessels). The medical importance of these 
ingredients is now being investigated. Although these skin 
secretions irritate human skin and mucous membranes, 
they do not cause warts.

The skin toxins of most frogs do not provide security 
from predators; in fact, frogs are a basic food for many 
snakes, birds, and mammals. Edible anurans rely on mod- 
ifications of shape, skin texture, and colour, supplemented 
by behaviour, to escape detection. These modifications 
may reach remarkable extremes. Hylids of the South 
American genus Hemiphractus live on the forest floor

among leaf litter and have flattened bodies that enable 
them to blend well with dead leaves. Several tree frogs, 
rough skinned and greenish-gray, resemble lichens when 
flattened out on tree trunks. The coloration of many frogs 
changes from night to day. In most species the colour is 
darker and the pattern more distinct by day than by night, 
but the reverse is true for some tree frogs inhabiting semi­
arid regions. Colour change is brought about through the 
stimuli of light and moisture, which create a physiological 
change and result in contraction or expansion of the me- 
lanophores (pigment cells) in the skin.
More difficult to comprehend is the striking array of 

colours on the hidden surfaces of frogs. Many frogs that 
are rather dull or uniformly coloured when in a resting 
Position have bright colours or patterns on the flanks, 
groin, posterior surfaces of the thighs, and belly. For ex­
ample, the South and Central American hylid, Agalychnis 
calcarifer, when observed sleeping by day, is nothing more 
than a green bump on a leaf. The eyes are closed, the 
hindlimbs drawn in close to the body, and the hands 
folded beneath the chin. Upon moving, the frog creates 
a striking appearance, previously hidden surfaces showing 
a deep golden orange, interrupted by vertical black bars 
on the flanks and thighs. These so-called flash colours are 
common in frogs and are thought to serve in species rec­
ognition or in confusing predators. Some colour patterns 
obviously do confuse predators. The South American lep- 
todactylids of the genus Eupsophus have a pair of brightly 
coloured “eyespots” on the rump. When approached by 
a potential predator, the frog lowers its head and elevates 
the rump, thus confronting the predator with a seemingly 
much larger head.

Structural modifications allow certain specialized frogs 
to survive dry periods. Some arboreal frogs hide in bro- 
meliad plants (various genera of the family Bromeliaceae), 
which hold water in the axils of their leaves. Among the 
Hylidae are genera that have the head modified into a 
bony casque (“helmet”) and the skin co-ossified with the 
underlying bone. The head is used by some species to plug 
the constricted base of the bromeliads and by others to 
plug up holes in trees, the frogs surviving the dry season 
by utilizing what little moisture is trapped in the cavity.

Most toads of the genus Bufo and many genera in 
the families Rhinophrynidae, Pelobatidae, Myobatrachi- 
dae, Leptodactylidae, Hylidae, Ranidae, and Microhylidae 
burrow in sand, soil, or mud. Many of these species have 
the tubercles on the middle (metatarsal) part of each foot 
modified into a spade-shaped digging organ. The animals 
are highly resistant to desiccation and conserve water in 
the body by the mucous skin secretions that tend to make 
the skin impermeable. This modification is carried to the 
extreme in some Australian myobatrachids, which secrete 
a cocoon formed of hardened mucus.

CLASSIFICATION
D is tin g u ish in g  ta x o n o m ie  fea tu res . The superfamilies 

and families of the Anura are based on anatomical, devel- 
opmental, and behavioral characteristics. Important ana­
tomical features include: the type of vertebrate present, 
especially with respect to the articulating surfaces, which 
may be concave on the anterior end of each vertebra (pro- 
coelus), on the posterior side (opisthoeoelus), or concave 
on both ends (amphieoelus); the presence or absence of in- 
tercalary cartilages (between the terminal and penultimate 
bones of the digits); whether the pectoral girdle is firmis- 
ternal (i.e., with the cartilages of the two epicoracoid bones 
fused together) or arciferal (with these cartilages separate 
and overlapping); the presence or absence of an anterior 
projection, the omosternum, on the pectoral girdle; the 
presence or absence of teeth on the maxillary bone; and 
the presence or absence of Bidder’s organ (a rudimentary 
o vary) in the male. The type of egg and anatomy of the 
tadpole are often important. The key behavioral character­
istics are primarily those involved with reproduction, such 
as the type of amplexus and method of egg deposition.

Annotated Classification. T he Classification presented  
here is an am algam ation o f  recent view s by various special­
ists, non e o f  w hom  has surveyed the entire order. A scanty  
record o f  m eaningful fossils and inadequate know ledge o f

Coloration
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the morphology and mode of life history of many kinds o f  
frogs result in inconclusive evidence for any Classification 
of the families; consequently, the following Classification 
must be considered to be tentative.
ORDER ANURA

A m phibians lacking a tail in the adult stage; 6 to 9 presacral 
vertebrae; postsacral vertebrae (posterior to the pelvis) fused 
in to  a bony coccyx; h indlim bs elongated, m odified for jum p­
ing; fertilization norm ally external; eggs laid in water or not; 
an aquatic larval stage (tadpole) present in most; m ales usually 
with vocal cords, vocal sac (resonating cham ber), and a voice. 
A bout 2 ,660 species.
Superfamily Discoglossoidea

Vertebrae am phicoelous with labile centra (i.e., jo ined  by 
rings o f  cartilage); pectoral girdle arciferal; ribs present on an­
terior vertebrae; am plexus inguinal; larvae with single median  
spiracle (respiratory opening) and com plex m outhparts or with 
direct d evelop m en t (froglet hatching directly from  the egg).

Family Leiopelmatidae
N o  fossil record. N in e presacral vertebrae (i.e., anterior to the 

pelvic girdle); parahyoid and caudalipuboischiotib ialis (“tail- 
wagging”) m uscles present; direct d evelopm ent (Liopelmd) or 
stream -adapted tadpoles (Ascaphus). N ew  Zealand and north- 
western N orth  Am erica; 2 genera, 4 species. Adult length about 
5 cm .

Family Discoglossidae (fire-beUied and niidw ife toads)
Eocene to present. U sually 8 presacral vertebrae; parahyoid  

tongue m uscle and caudalipuboischiotib ialis m uscle absent. 
Still-water tadpoles. Eurasia, N orth Africa, and Philippine Is­
lands; 4 genera, 8 species. A dult length to about 10 cm . 
Superfamily Pipoidea

Vertebrae op isthocoelous; pectoral girdle arciferal; ribs absent 
or fused to transverse processes o f  vertebrae; am plexus inguin­
al; larvae w ith paired spiracles and sim ple m outhparts or with 
direct developm ent.

Family Rhinophrynidae (burrowing toad)
O ligocene to present. Eight presacral vertebrae; ribs absent; 

coccyx free, with 2 articulating surfaces; tongue free and protru­
sible; body robust; burrowing; aquatic larvae present. M exico  
and Central Am erica, 1 species; adult length to about 7 cm.

Family Pipidae (tongueless frogs)
Cretaceous to present; 5 to 8 presacral vertebrae; ribs present 

and free in larvae, but fused to transverse processes o f  vertebrae 
in adults; coccyx fused to sacrum or free and m onocondylar  
(i.e., w ith 1 articulation); tongue absent; body flattened. Aquat­
ic, direct d evelopm ent or aquatic larvae present. Africa south 
o f  Sahara and tropical South Am erica, east o f  Andes; 6 genera, 
14 species; adult length 5 -2 0  cm.
Superfamily Pelobatoidea

Vertebrae procoelous with labile centra; pectoral girdle arci­
feral; ribs absent; am plexus inguinal; larvae w ith single spiracle 
on the left, and com plex m outhparts.

Family Pelobatidea (spadefoots)
Eocene to present. Eight presacral vertebrae; coccyx fused to 

sacrum  or free and m onocondylar. Ten genera, 59 species; 
adult length 4 to about 15 cm . Three subfamilies: Megophryi- 
nae (Southeast Asia, Indo-Australian Archipelago, Philippine 
Islands), Pelodytinae (southw estern Europe and southwestern  
A sia), Pelobatinae (Europe and North Am erica).

Family Myobatrachidae
Eocene to present. Eight presacral vertebrae; coccyx free, bi-, 

condylar. Eighteen genera, 76 species; adult length to about 
10 cm . Three subfamilies: M yobatrachinae (N ew  G uinea and 
Australia), Cycloraninae (N ew  G uinea and Australia), Heleo- 
phryninae (South Africa).
Superfamily Bufonoidea

Vertebrae procoelous; pectoral girdle arciferal (in som e, sec- 
ondarily firmisternal); ribs absent; am plexus axillary; larvae 
usually w ith single spiracle, on the left, and com plex m outh­
parts, or w ith direct developm ent.

Family Rhinodermatidae (m outh-breeding frog)
N o  fossil record. Eight presacral vertebrae, Ist and 2nd fused; 

pectoral girdle partly firmisternal; m axillary teeth, intercalary 
cartilages, and Bidder’s organ absent; om osternum  cartilagi­
nous. Southern South America; 1 species; adult length 2.5 cm.

Family Leptodactylidae
Ecocene to present. Eight presacral vertebrae; pectoral girdle 

arciferal; m axillary teeth present; Bidder’s organ and intercalary 
cartilages absent; om osternum  cartilaginous or ossified. Thirty- 
nine genera, about 625 species; adult length 2 to about 20 cm. 
Four subfam ilies: Ceratophryinae (South A m erica), Telm ato- 
biinae (South and Central Am erica, W est Indies), Elosiinae

(South America), Leptodactylinae (South and Central America). 

Family Bufonidae (true toads)
O ligocene to present. F ive to 8 presacral vertebrae; pecto­

ral girdle arciferal, or partly or even  com pletely firmisternal; 
intercalary cartilages and om osternum  absent; Bidder’s organ 
present; m axillary teeth present or absent; aquatic larvae, direct 
developm ent, or live birth (Nectophrynoides only). W orldwide, 
except eastern part o f  Indo-Australian Archipelago, Polynesia, 
Madagascar; Bufo marinus introduced into Australia and som e  
Pacific islands; 13 genera, about 234 species; adult size 2 to 
about 25 cm.

Family Brachycephalidae
N o fossil record. Seven presacral vertebrae, pectoral girdle 

partly firmisternal; intercalary cartilages and om osternum  ab­
sent; Bidder’s organ present; m axillary teeth present; direct 
developm ent. Southeastern Brazil; 1 species; adult length 2 cm.

Family Dendrobatidae (arrow-poison frogs)
N o  fossil record. Eight presacral vertebrae; pectoral girdle 

com pletely firmisternal; intercalary cartilages absent; om oster­
num  present; Bidder’s organ absent; m axillary teeth present or 
absent. Larvae carried on backs o f  adults. Central and South 
America; 3 genera, about 70 species; adult length 1.5-5 cm.

Family Pseudidae
N o fossil record; 8 presacral vertebrae; sacral diapophyses 

round; pectoral girdle arciferal; intercalary cartilages present, 
ossified; om osternum  present; Bidder’s organ absent; m axillary 
teeth present; aquatic larvae (which grow to a much larger 
size than the adult). South A m erica east o f  Andes; 2 genera, 5 
species; adult length 2 -5  cm , larval length to 25 cm.

Family Centrolenidae
N o fossil record; 8 presacral vertebrae; pectoral girdle arci­

feral; intercalary cartilages present; om osternum  absent; Bid­
der’s organ absent; m axillary teeth present; term inal phalanges 
T-shaped; astragalus and calcaneum  bones o f  the foot fused. 
Stream-adapted larvae. Central and South America; 2 genera, 
about 45 species; adult length 2 -6  cm .

Family Hylidae (tree frogs)
M iocene to present; 8 presacral vertebrae; pectoral girdle ar­

ciferal; intercalary cartilages present; om osternum  absent; Bid­
der’s organ absent; m axillary teeth usually present; term inal 
phalanges claw-shaped; astragalus and calcancum  not fused; 
aquatic larvae or direct developm ent; adult length 1.3 to  
about 12 cm . Four subfam ilies: P hyllom edusinae (Central and 
South America), H em iphractinae (Central and South America), 
Am phignathodontinae (Central and South America), H ylinae 
(North and South A m erica, Europe, Asia except Indian subre- 
gion, Africa nörth o f  Sahara and Australasia).

Superfamily Ranoidea
Pectoral girdle firmisternal; ribs absent; am plexus axillary; 

larvae with single sinistral spiracle and com plex m outhparts, 
single m edian spiracle and sim ple m outhparts, lacking spiracle 
or undergoing direct developm ent.

Family Ranidae (true frogs)
M iocene to present. Vertebral colum n d ip lasiocoelous (m ixed  

am phicoelous and procoelous); intercalary cartilages present 
or absent; larvae w ith single spiracle, on left, and com plex  
m outhparts. A bout 55 genera and 842 species, adult length 
about 2 -2 5  cm. N in e  subfam ilies: R aninae (worldwide except 
for Southern South Am erica, Southern and central Australia, 
N ew  Zealand, and eastern Polynesia), Astylosterninae (Afri­
ca), Scaphiophryninae (M adagascar), Rhacophorinae (Africa, 
Madagascar, southeastern Asia, Indo-Australian Archipelago), 
Arthroleptinae (Africa), Cacosterninae (Africa), H yperoliinae 
(Africa, Madagascar, Seychelles), H em isinae (Africa), Petrope- 
datinae (Africa).

Family Sooglossidae
N o fossil record. Vertebrae procoelous; sacral diapophyses 

dilated; intercalary cartilages absent; larvae lacking spiracle. 
Seychelle Islands; 2 genera, 3 species; length about 4 cm.

Family Microhylidae
N o fossil record. Vertebrae procoelous or diplasiocoelous; in ­

tercalary cartilages usually absent; larvae with single m edian  
spiracle and sim ple m outhparts, or undergoing direct develop­
m ent. Eight subfamilies: C ophylinae (M adagascar), D yscophi- 
nae (Malay Peninsula, western Indo-Australian Archipelago, 
Madagascar), A sterophryninae (N ew  G uinea and Sulu Islands), 
Sphenophryninae (Philippine Islands, eastern Indo-Australian  
Archipelago, N ew  G uinea, northern Australia), Brevicipitinae 
(Africa), M icrohylinae (N orth and South Am erica, Southeast 
Asia, Sri Lanka, western Indo-Australian Archipelago, P hilip­
p ine and Riu K iu Islands), M elanobatrachinae (east-centräl 
Africa, India), Phrynom erinae (Africa).
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Critical appraisal. Modern authorities do not agree on 
all aspects of anuran Classification, and further study is 
needed to clarify the relationships of certain groups. The 
most widely used Classification above the family level is 
that established by G.K. Noble in 1931, in which five sub- 
orders were recognized, based on vertebral characteristics. 
The superfamilies given above are not exactly equivalent 
to the suborders of Noble, the following modifications 
being most noteworthy: (1) The names Ascaphidae and 
Leiopelmatidae are interchangeable, the first being used 
by most American authorities, the latter by most oth­
ers. (2) The family Myobatrachidae includes what were 
formerly recognized as Old World members of the Lep- 
todactylidae, a family now considered restricted to the 
New World. (3) The Brachycephalidae, as recognized by 
Noble, included the dendrobatids and the peculiar mouth- 
breeding frog (Rhinoderma), now considered distinct fam­
ilies, as well as several genera (e.g., Atelopus) currently 
placed in the Bufonidae. Most authorities now restrict 
the family Brachycephalidae to the single genus Brachy- 
cephalus. (4) The family Atelopodidae (sometimes spelled 
Atelopidae) of many authors is now relegated to the Bu­
fonidae. (5) Rhinoderma, which other authors have placed 
in the Atelopodidae, Leptodactylidae, and Bufonidae, is 
now given family status. (6) The relationships of the 
Microhylidae are uncertain, and their placement in the 
suborder Ranoidea must be considered tentative. This 
family may have had an evolutionary history entirely in­
dependent from the ranoids. (W .E.D.)
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Amsterdam

T o the scores of tourists who visit each year, Am­
sterdam is known for its historical attractions, for 
its collections of great art, and for the distinctive 
colour and flavour of its old sections, which have been so 

well preserved. The visitor to the city, which celebrated 
its 700th anniversary in 1975, also sees an overcrowded 
metropolis beset by the familiär urban afflictions of envi­
ronmental pollution, traffic congestion, and housing short- 
ages. It is easy to describe Amsterdam as a living museum 
of a bygone age and to praise the eternal beauty of the 
centuries-old canals, the ancient patrician houses, and the 
atmosphere of freedom and tolerance, but the modern 
city has yet to work out its own Solutions to the pressing 
urban problems that confront it.

Amsterdam is the nominal Capital of The Netherlands 
but not the seat of government, which is at The Hague. 
The royal family, for example, is only occasionally in res­
idence at the Royal Palace on the Dam square in Amster­
dam. The city lacks the monumental architecture found 
in other capitals. There are no wide squares suitable for 
big parades, nor are there triumphal arches or imposing 
statues. Amsterdam’s intimate character is best reflected

in the narrow, bustling streets of the old town, where 
much of the population still goes about its business. There 
are reminders of the glorious past—the gabled houses, the 
noble brick facades clad with sandstone, the richly deco- 
rated comices, the towers and churches, and the music of 
carillons and barrel organs—but the realities of life in the 
modern city often belie this romantic image.
The inner city is divided by its network of canals into 

some 90 “islands,” and the municipality contains ap­
proximately 1,300 bridges and viaducts. Amsterdam is 
the main Wholesale, retail, and industrial centre of The 
Netherlands. Nevertheless, tradition persists alongside in- 
novation. Although the first part of a new rapid transit 
system opened in 1977, about 20 percent of the work force 
still rely on the time-honoured bicycle for transportation. 
The city continues to be famous for its countless Chinese 
and Indonesian restaurants and the hundreds of house- 
boats that line its canals. Since the mid-1960s the city, 
now sometimes called “Swinging Amsterdam,” has been 
known for a permissive atmosphere, attracting numerous 
persons seeking an alternative life-style.
This article is divided into the following sections:
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Physical and human geography
THE LANDSCAPE
The city layout. Amsterdam is situated at the mouth 

and on the south side of the IJ, an inland arm of the for­
mer Zuiderzee, now Usselmeer, and connected by canal 
with the North Sea. It is divided by the canalized Amstel 
River into two main sections.

The old The medieval town lies on either side of the Amstel at the
own city’s centre, enclosed by the semicircular Singel (ditch or

moat). Outside the Singel are the three main canals dating 
from the 17th Century: the Herengracht (Heren Canal), 
Keizersgracht, and Prinsengracht. Within this area smaller 
canals run north and south. One tower (the Schreierstoren) 
of the old fortifications still stands.

The old part of Amsterdam has many ancient buildings, 
among which the Old Church (Oude Kerk), built in the 
13th Century, and the New Church (Nieuwe Kerk), begun 
in the 15th Century, are outstanding. Next to the New 
Church is the 17th-century town hall, now the Royal 
Palace, built in classical Palladian style. Other notable 
buildings include the Mint Tower (Munttoren), with a 
17th-century upper part superimposed on a medieval gate; 
the South Church (Zuiderkerk, 1611); the West Church 
(Westerkerk, 1631), where Rembrandt is buried; the Trip­
penhuis, housing the Royal Netherlands Academy of Arts 
and Sciences; and the Old Man’s House Gate (Oudeman- 
huispoort), now the entrance to one of the University of 
Amsterdam’s main buildings. The Sint Nicolaas Church 
(1886), the Central Station (1889), the Beurs (the bourse, 
or Commercial Exchange Building, 1903), and the Ship­
ping House (1916) are more modern in style. The former 
Jewish quarter, in the east of the old town, is the location 
of the Portuguese Synagogue (1670) and the Rembrandt 
House (Rembrandthuis), which is now a museum. The 
old town’s three main squares are the Dam, the Leid- 
seplein (Leidse Square), and the Rembrandtsplein. Fine

17th- and 18th-century patrician houses line the canals.
In the 17th Century the Buitensingel (Outer Moat), today 

called the Singelgracht (Singel Canal), enclosed the three 
main canals. Along it now run three quays: the Nas- 
saukade (Nassau Quay), Stadhouderskade, and Maurits- 
kade. Buildings outside the Singelgracht date from the late 
19th Century onward and include the Rijksmuseum (State 
Museum, 1876-85); the Concertgebouw, or Concert Hall 
(home of the Concertgebouw Orchestra); the Stedelijk, or 
Municipal, Museum (1895); the Olympic Stadium (1928); 
and the Amstel Station (1939).
City planning. A development plan, called the General The 

Extension Plan, was realized after World War II when General 
the urgent need for houses was an incentive to build as Extension 
quickly as possible. Simultaneously, a further detail of the Plan 
master plan was realized: Forest Park, in the southwestern 
part of the city, situated more than 13 feet (four metres) 
below sea level, was developed into a recreation centre.

Soon after World War II certain developments made it 
necessary to revise the General Extension Plan: it became 
obvious that the existing residential areas were inade­
quate. Further space, moreover, was required for traffic 
and parking as well as for schools, service industries, 
and recreation. In addition, the urban renewal of the old 
city, including the 19th-century residential areas, required 
much replacement space in the outer areas for dwellings 
and businesses that were razed in the inner areas.
Amsterdam’s planning problems differ little from those 

of any major city in the world; the particular problem has 
been that the city, with many areas more than 300 years 
old, must integrate its growth with the existing features 
of the area. The streets are narrow, for example, and the 
great concentration of employment in the city produces 
heavy radial traffic flows. Public transportation carries a 
large part of the passenger load and private ears only a 
relatively small part. As the metropolitan area has grown, 
and because large radial highways from the outer areas
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Central Amsterdam and (inset) its metropolitan area.
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to the city are not desirable, the continual need to ex­
pand the public transport system is a primary concern. 
An expansion of the rapid transit system was planned as 
one solution to the problem, but it was abandoned in the 
1980s after much local protest.
Town expansion since 1945 has resulted in the building 

of tens of thousands of dwellings, but this has meant at the 
same time a doubling of the urban area. There still will 
remain a considerable housing shortage for the foreseeable 
future. The main problem for years to come will be the 
renewal of further tens of thousands of dwellings in the 
19th-century area. A very large number of the additional 
dwellings needed cannot be built in Amsterdam itself, 
and, therefore, development is being extended to other 
neighbouring centres, such as Purmerend and Hoorn, 
about 10 and 20 miles (16 and 32 kilometres) northward, 
respectively. At the same time, new cities have been and 
continue to be constructed in the polders (land reclaimed 
from the sea) of the former Zuiderzee, east of Amsterdam. 
The General Extension Plan of 1935 came to be regarded 
as only a modest beginning when it was realized, and a 
more complete renewal of the city will take until the year 
2000 or beyond.

THE PEOPLE
In 1947 the urban district of Amsterdam covered an area 
of 14,100 acres, while the number of inhabitants was
800,000. Nearly 18 years later the area had expanded to
27,000 acres, but the population had only grown to 866,- 
000; however, by the mid-1980s the area had increased 
to some 41,000 acres and the population had decreased 
to about 675,000, a phenomenon common to many older 
cities of western Europe.

The birthrate went down after 1946, while the death rate 
increased. Population changes resulting from migration 
have shown negative figures since 1951, while, typically, 
the metropolitan area has shown a steady increase. The 
city has a large school-age population and a large popula­
tion of old people. The renewal of residential districts in
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of the poor, forcing them to outlying districts. Housing 
shortages in the late 1970s and the 1980s led to a well- 
organized and militant squatting movement. During the

same period thousands of foreign workers were attracted 
to Amsterdam because of the city’s chronic manpower 
shortage. By the mid-1980s a little more than 12 percent 
of the city’s population was made up of foreign nationals, 
and in addition there were sizable communities originating 
from The Netherlands’ former colonies (notably Indone- 
sia and Suriname). The city’s increasing cosmopolitanism 
and traditional liberalism present a sharp contrast with the 
more conservative attitudes generally prevalent elsewhere 
in The Netherlands.

THE ECONOMY
Finance. Although Amsterdam is a major manufactur- 

ing centre, the city is even more important as a centre 
for financial transactions. The origins of most of these 
activities can be traced back several hundred years. The 
Amsterdam Exchange Bank, founded in 1609, became 
the largest clearinghouse in Europe and made the city an 
international financial centre. Earlier, in 1602, the Dutch 
East India Company was founded, and the lively trade 
in shares laid the basis for modern stock dealings. More 
foreign securities are now quoted in Amsterdam than in 
any other exchange in Europe; and as the home exchange 
for leading Dutch securities, it ranks with the great finan­
cial centres of New York City. London, and Zürich, The 
main banks and insurance Companies in The Netherlands 
have their roots in Amsterdam, and much of the nation’s 
banking and insurance business originates there.

Trade. In Wholesale trade Amsterdam has played an 
important role since the 14th Century, and its importance 
as a staple market reached its zenith in the 17th Century. 
In the past the port was mainly a harbour for tropical 
products (coffee, tobacco, tea, and rubber), but, after the 
waterway Connections with Germany were improved fol­
lowing World War II and the ties with the former Indone- 
sian colonies were severed in 1949, the port developed 
into a transit port for bulk cargo (ore, coal, cereals, timber, 
and oil). By 1968 the harbour mouth at IJmuiden (on the 
coast some 15 miles west-northwest of Amsterdam) had 
been th o ro u g h ly  modernized, and thc port gave access to 
ships weighing up to 85,000 tons. In addition to this, large 
areas of deepwater-fronted industrial sites were developed 
for occupation by modern process industries.
Louis Goldman— Rapho Photo Researchers

Sint N ico laas Church, Amsterdam, with sight-seeing boats in the harbour. The port is in 
the left background.
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In civil aviation Amsterdam occupies a prominent place 
because of the importance and proximity of Schiphol Air­
port (linked by a five-mile railway to the city centre) and 
because of KLM Royal Dutch Airlines’ large share of in­
ternational air transport. Schiphol, which began Operation 
in 1967, now ranks among the top European airports in 
volume of passenger and freight traffic.

Industry. Amsterdam is the largest industrial city in 
The Netherlands. The city accounts for an important part 
of the production value of the printing and Publishing 
business, of the Chemical and petrochemical industries, 
of textile manufacturing, of metal goods and mechanical 
engineering, and of the conveyance industry. A special 
attraction for tourists is the diamond industry, introduced 
to Amsterdam in the 1570s when refugees from Antwerp 
settled there. Two thousand diamond workers of Jewish 
origin were deported and murdered during World War II 
by the Germans, and large quantities of precious stones 
disappeared during the occupation. With foreign assistance 
and government support, the industry was rebuilt, and 
now there are several diamond factories. Most (by weight) 
of the total world production of industrial diamonds is 
processed there.

Tourism. The tourist trade is one of Amsterdam’s most 
important sources of employment and revenue and is 
served by the city’s numerous hotels and its many board- 
inghouses, youth hostels, restaurants, and retail businesses. 
The principal attractions for tourists include the Rijksmu­
seum, the Artis Zoo, and sight-seeing trips on the canals. 
Amsterdam is also an important centre for international 
conferences and exhibitions.

ADMINISTRATION
According to the Constitution, every municipality in The 
Netherlands is headed by a council, the size of which 
depends on the number of inhabitants. The Amsterdam 
City Council has 45 members, who are elected for a four- 
year period. The Executive Committee consists of the 
burgomaster and nine elected aldermen. The burgomaster 
is not an elected official: he is appointed by the crown for 
a period of six years, and, though he presides at the meet­
ings of the council, he is not a member of this institution. 
The council has no say in his appointment, but he usually 
represents the largest political group in the council. Since 
the end of World War II, the Socialists have dominated 
the council, and the burgomasters have been members of 
the Socialist Party. The council, however, is made up of 
members of many different political persuasions, includ­
ing the Communists.

The aldermen are chosen by and from the members of 
the council. They, too, have a four-year period of office 
and receive an income, in contrast to the council mem­
bers, who get only an attendance fee.

As a rule the council meetings are open to the pub­
lic. The meeting place has been the old city hall—the 
Prinsenhof, formerly the Admiralty Court. In the 15th 
Century this was a convent, but after alteration in 1578 it 
was converted into a suitable “inn for Princes and High 
Personages.” From 1655 to 1808 the seat of the council 
was at the Dam square, where the medieval town hall 
was replaced by a new building designed by Jacob van 
Campen. When Louis Bonaparte, the French king of Hol­
land, chose this as his residence in 1808 and converted 
it into what is now the Royal Palace, the council moved 
to the Prinsenhof. In the mid-1980s a new city hall and 
opera house were built on the north bank of the Amstel. 
In 1926 Herengracht 502, which was built for a director 
of the Dutch East India Company in 1672, became the 
burgomaster’s official residence.

The various tasks of the municipality cover a wide 
range of activities. These include public transport, public 
works (including acquisition and allocation of grounds 
and buildings), public health, housing, electricity and gas, 
the port, markets, police, fire brigade, cleaning, social ser­
vices, waterworks, education, old people’s welfare work, 
and churchyards. The city has its own clearing bank, credit 
bank, advertising department, printing shop, swimming 
pools, theatre, archive department, museums, slaughter- 
house, and orphanage.

CULTURAL LIFE
As a centre of art, Amsterdam has much to offer. The 
Rijksmuseum is famous for its collection of 17th-century 
Dutch masterpieces. The museum has about 1,100,000 art 
objects, including some 7,000 paintings, displayed in more 
than 150 rooms. The Stedelijk Museum is a leading inter­
national centre of modern art, representing such artists as 
the Spanish Pablo Picasso, the Russian-bom Marc Cha­
gall, the French Henri Matisse, the Dutch Karei Appel, the 
Dutch-American Willem de Kooning, and the American 
Robert Rauschenberg. The Van Gogh Museum, opened 
in 1972, is dedicated to the work of Vincent van Gogh 
and his contemporaries. Among the many other museums 
is the notable Amsterdam Historical Museum, located in 
the former Sint Lucien Convent built around 1420.

The city’s Concertgebouw Orchestra has an international 
reputation, and Amsterdam is also a home for hundreds of 
painters, sculptors, authors, musicians, and actors. There 
are scores of curio and antique shops. Institutions of higher 
leaming include the University of Amsterdam (founded 
1632) and the Free (Vrije) University (founded 1880).
The city is situated in a region with many opportuni- 

ties for recreation. In addition to the Amsterdam Woods, 
outdoor recreation, including water Sports, is offered at 
the seaside resort of Zandvoort to the west, Sloter Lake 
(Sloterplas) in the heart of the western suburbs, the neigh­
bourhood of the former Zuiderzee, and many smaller 
lakes to the south and the north of the city.

History
EARLY SETTLEMENT AND GROWTH
Although modem historians do not exclude the possibility 
that during the Roman period some form of settlement 
existed at the mouth of the Amstel River, evidence of such 
has never been found. So far as is known, Amsterdam 
originated as a small fishing village in the 13th Century a d . 
To protect themselves from floods, the early inhabitants 
had to build dikes on both sides of the river, and in about 
1270 they built a dam between these dikes.
Even then, merchant ships from Amsterdam sailed as far 

as the Baltic Sea and laid the foundation of the future 
trade centre, acting as a link between northem countries 
and Flanders (roughly modern Belgium). The city was 
under the jurisdiction of the counts of Holland, one of 
whom, Count Floris V, granted the homines manentes 
apud Amestelledamme (“the people living near the Am- 
steldam”) a toll privilege in 1275. In this document the 
name Amsterdam is mentioned for the first time, though 
a full charter was not granted until 1306. The city rapidly 
extended its business, and in 1489, as a sign of gratitude for 
the support given by the city to the Burgundian-Austrian 
monarchs, Emperor Maximilian I allowed Amsterdam to 
adorn its armorial bearings with the imperial crown. By 
then Holland’s greatest commercial town and port, as well 
as the granary of the northem Netherlands, Amsterdam 
had become a centre of wealth and influence in Europe.

In the 16th Century there was religious and political 
resistance in the Netherlands against Spanish oppression. 
Amsterdam hesitated to accept the leadership of William 
I the Silent, prince of Orange, but in 1578 there was a 
bloodless revolution. The magistrates, together with the 
majority of Roman Catholic priests, were deported, the 
religious communities were secularized, and the Roman 
Catholic Church underwent reform.

Amsterdam was still a small town with no more than 
about 30,000 inhabitants, but things changed quickly, es­
pecially when, in 1585, Antwerp (in modern Belgium) was 
recaptured by Spanish troops, and the Scheidt (Schelde) 
River was closed. Antwerp’s fall led to a Wholesale influx of 
mainly Protestant refugees into the towns of the northem 
Netherlands, principal among them Amsterdam. Their ar­
rival enriched the city’s intellectual, cultural, and commer­
cial life. Banking and shipbuilding especially flourished. 
Much of the trade formerly concentrated in Antwerp then 
moved to Amsterdam, and with the Flemish merchant- 
men soon came hundreds of Jews expelled from Portugal, 
followed by their coreligionists from the area of modem 
Germany and eastern Europe. The city soon became a
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trading metropolis, whose population more than trebled 
between 1565 and 1618; merchant ships from Amsterdam 
not only sailed to the Baltic and the Mediterranean but 
also plied the long sea route to the East Indies and estab­
lished colonies in South America and Southern Africa.

At this time, the still outwardly medieval town developed 
into a big city, and in 1612 the City Council decided upon 
a new extension—the Three Canals Plan. Furthermore, the 
city needed a new and stately town hall, and the architect 
Jacob van Campen was commissioned to build one in the 
Dam square in the shadow of the New Church. In 1632 
the Athenaeum Illustre (which became the University of 
Amsterdam in the 19th Century) was erected. When, in 
1648, the Treaty of Münster ended the Eighty Years’ War 
(1568-1648) with Spain, Amsterdam was the financial, 
trading, and cultural centre of the world, lending money 
to foreign kings and emperors and thus exerting political 
influence internationally.

Conflict between the City Council and other political 
forces in the Dutch Republic was inevitable because the 
country was effectively no longer ruled by the States Gen­
eral in The Hague but by a small elite of burgomasters 
and merchants in Amsterdam. This Situation led to po­
litical difficulties with William II, prince of Orange, who

theless, maintained its dominant position for many years. 
Decline gradually came in the 18th Century; London and 
Hamburg surpassed Amsterdam as trade centres, but the 
city remained the financial heart of Europe. Amsterdam 
was occupied in 1787 by the Prussians who backed the 
policy of William V, prince of Orange. The French, wel- 
comed as liberators in 1795, brought freedom, but within 
a few years trade and shipping nearly stopped because 
of Napoleon’s embargo on trade with Britain. In 1806 
Napoleon proclaimed the Netherlands a kingdom, with 
Amsterdam as its Capital, but by 1810 the country was 
incorporated into the French Empire. Russian Cossacks 
entered the town in 1813, and, on March 30, 1814, 
William VI, prince of Orange, was inaugurated as William

THE MODERN CITY
Several attempts to restore prosperity to the city failed 
outwardly because of the harbour’s disastrous condition. 
Economic rehabilitation came only after the digging of 
the North Sea Canal from 1865 to 1876. The population 
expanded rapidly (to 500,000 by 1900), with the East

Indian trade remaining the backbone of its economic ac­
tivities. A sudden end to prosperity came in 1940, when 
the German Army occupied the country. Allied bombers 
attacked industrial areas several times during World War 
II, but the city’s severest loss was the deportation of about
70,000 Jewish inhabitants. In May 1945 Amsterdam was 
liberated by Canadian troops, and, on March 29, 1946, 
Queen Wilhelmina granted the town the right to add to its 
armorial bearings the device “Heroic, Resolute, Compas- 
sionate,” in recognition of the citizens’ attitude during the 
German occupation. In the latter part of the 20th Century 
the city’s traditional individualism and resistive attitude 
found an outlet in movements that called attention to 
issues such as nuclear disarmament, world peace, and the 
environment.
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Analysis (in Mathematics)

Analysis is one of the main divisions of mathemat­
ics, the others being history and foundations, alge­
bra, combinatorics and number theory, geometry, 

topology, and applied mathematics. In extent, analysis 
is the largest of these, comprising subdivisions that are 
nearly autonomous and easier to describe than the divi­
sion as a whole. Analysis may be defined as that part 
of mathematics concerned with smooth abstract objects 
such as sets of numbers, sets of geometrie points, or sets 
of functions that map numbers into numbers or points 
into points and with the processes, called limit processes, 
that depend on a measure of closeness between numbers, 
points, or functions. Analysis developed initially out of 
ad hoc arguments in which curves, geometrie bodies, and 
physical motions were analyzed by an informal process of 
decomposition into infinitesimal parts.

Limit and approximation processes, the usefulness of 
which was discovered during this early period of devel­
opment, came to be used systematically in the 17th and

18th centuries in the differential and integral calculus of 
Sir Isaac Newton and Gottfried Wilhelm Leibniz. Limit 
processes were applied by their followers and by 19th- 
century French and German schools of analysts to se­
quences of values of a single function. Differential and 
integral calculus, ordinary differential equations, and the 
calculus of variations have thus arisen from mechanics; so- 
called Fourier series from acoustics and thermodynamics; 
complex analysis from opties, hydrodynamics, and elec­
tricity; and partial differential equations from elasticity, 
hydrodynamics, and electrodynamics. Even mathematical 
probability, although born from problems of gambling 
and human chance, drew much of its syllogistic strength 
in the 19th Century from Statistical theories of mechanics 
and thermodynamics. (Ed.)

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, sections 10/21 and 10/22, 
and the Index.
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REAL ANALYSIS
Origins and concepts of analysis
EARLY STAGES OF DEVELOPMENT
The concept of number. The concept “number” has 

changed its meaning repeatedly throughout history, as new 
demands on mathematics have required a broader view of 
the nature of numbers. The main number Systems used

in analysis are those of the real numbers and the complex 
numbers, for it is in these Systems, that ideas of continuity 
and limiting processes can be given rigorous meaning.

The simplest number system comprises the natural num­
bers (0, 1, 2, 3 , . . .  ; some mathematicians exclude 0) and 
is used for counting. The incorporation of negative num­
bers (—1, —2, —3 , . . . )  leads to the integers. The system

Number
Systems
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that includes all fractions p/q  in which p  and q are in­
tegers and q is not zero comprises the rational numbers. 
However, the ancient Greeks discovered that some natu­
rally occurring geometrie lengths, such as the diagonal of 
a unit square, cannot be expressed as rational numbers. 
This discovery led eventually to the notion of irrational 
numbers (numbers that cannot be expressed as a ratio of 
integers) and real numbers, which include both rational 
and irrational numbers and can most simply be defined as 
numbers whose decimal expansion may not terminate— 
for example, the number n, whose decimal expansion 
3.14159 . . .  goes on forever. The final step in this series 
of extensions of the number concept was the invention 
of the complex number system, in which there exists a 
number i whose square is — 1 (or i =  yf—ï). Problems now 
recognized as being part of the prehistory of analysis have 
played a major role in the evolution of today’s main num­
ber Systems.
Irrational numbers. In the 5th and 4th centuries bc 

the Greeks gave the first known satisfactory solution to 
a problem in analysis. In a square the side of which has 
length equal to 1, the diagonal has a length equal to >/2. 
The decimal expansion of y [ 2  is a nonterminating quan­
tity, 1.4142 . . . ,  so that the value y / 2  is determined as the 
sum of an infinite series (see Box, sum 1), each term of 
which is an integer times a (nonpositive) power of 10. The 
Greeks proved that y [ 2  is not a rational number—that 
is, not a quotiënt p/q  of any integers p  and q. But they 
apparentiy found for y j 2  an approximate representation 
by certain rational numbers, or rather they found for the 
diagonal of the square approximations by line segments 
that are commensurate with the side of the square. The 
approximate numbers were later called the partial sums 
of the continued fraction for y[2, and apparentiy from 
the study of this problem there evolved the so-called 
Euclidean algorithm, a chain of operations (indicated by 
equations) for finding the largest integer that divides two 
given integers.

The most profound achievement in this entire context 
was the development of a general theory of irrational 
numbers, or of incommensurate ratios of certain types 
of “magnitudes” and of proportions between ratios. This 
achievement was the work of Eudoxus of Cnidus of the 
4th Century bc but was recorded by Euclid.
Areas and volumes. The Greeks also investigated the 

number n =  3.14159 . . . ,  which is the area of a circle 
the radius of which is 1, and the problem of squaring 
the circle that was widely known to the Athenian public. 
Computations of other areas and volumes and of centres 
of masses are known from the works of Archimedes, and 
these results taken cumulatively can be viewed as a pre­
cursor to the 17th-century theory of integration. But these 
“direct” Greek calculations of many particular areas and 
volumes by circumscribed and inscribed approximating 
figures, when compared with the procedures of the integral 
calculus proper, are rather awkward and tedious.
Limit processes. The Greeks were also puzzled by the 

fact that the ordinary number 1 is the sum of the geomet­
rie series (see 2) composed of the numbers V2, the square 
of V2, the cube of V2 , and so forth, and this was for them 
part of a range of problems relating to the concepts “in­
finitely small” and “infinitely large.” The preoccupation 
with such problems is reflected in the paradox of Achilles 
and the Turtle put forward by Zeno of Elea and in the 
distinction between potential and actual infinite as pro- 
posed by Aristotle.

FROM CALCULUS TO ANALYSIS
Analytic geometry. The Greek achievements in analy­

sis were but a prelude. A notable step was taken in the

14th Century by the French bishop Nicole d’Oresme, who 
discovered the logical equivalence between tabulation and 
graphing, more or less, and, in a way, proposed the use 
of a graph for plotting a variable magnitude the value of 
which depends on that of another.

The systematic theoretical basis for this possibility, how­
ever, evolved only later from the work of a leading French 
philosopher and mathematician, René Descartes, who in 
1637 laid the foundation for analytic geometry—that is, 
a geometry in which everything is reduced to numbers.
In this geometry a point is defined as a set of numbers 
called its Coordinates. A figure is viewed as an aggregate of 
points, but it is usually described by formulas, equations, 
and inequalities. This approach to geometry is the basis 
for the maps, graphs, and charts that have penetrated into 
all walks of life and for the mathematical concept of a 
function or rule of correspondence identifying with each 
value of x  at most one value of y, which, first intended 
only for analysis, eventually penetrated into all corners of 
mathematics and into all areas of rational thinking as well.

Later in the 17th Century the culminating event took 
place simultaneously in England and Germany when Sir 
Isaac Newton and Gottfried Wilhelm Leibniz introduced 
derivatives and laid the foundation for calculus and me­
chanics. Archimedes had been groning for the concept of 
a derivative but hit upon it only dimly in his book on 
spirals. Archimedes’ methods, comparable to those of the 
16th and 17th centuries, were in fact analytical in the 
modern sense of the term. The 17th and 18th centuries 
produced much mathematics in all directions, but analysis 
was the underlying theme.
The concept of the derivative. Greek mathematics was 

largely geometrie. It initiated some durable topics of 
analysis, but the organized creation of analysis began only 
around 1600. Geometry deals with spaces and configura- 
tions; topology with spatial deformations; algebra with the 
general nature of the basic operations of addition, sub­
traction, multiplication, and division; and arithmetic with 
additive and multiplicative properties of general integers— 
that is, natural numbers and negative forms of these,
Analysis also deals with specific operations, namely with 
differentiation and integration. It is more appropriate to Concern of 
say, however, that it deals with the mathematical infinite analysis for 
in many of its aspects, such as those of an infinite mul- the infinite 
titude, the infinitely large, infinitely small, infinitely near, 
and infinitely subdivisible. Its first objects and concepts, 
introductory and basic, are infinite sequence; infinite se­
ries; a function such as y = f(x );  continuity of a function, 
which is a property of a function in an infinitely small 
neighbourhood of a point; derivative of a function such as 
y' =  df/dx; and integral of a function, both of which can 
be defined in terms of infinite limits. The derivative is a 
master concept, one of the most Creative in analysis as 
well as in all of human cognition. Without it there would 
be no proper expression of such fundamental properties 
in physics as velocity, acceleration, density, gradiënt, and 
potential. The wave equation would not exist, and, indeed, 
physics as a discipline would be vastly different if the 
concept were unavailable. The formal textbook definition 
of the derivative took more than 150 years to evolve, and 
it is rewarding to begin with Newton’s own description of 
it under the name of “ultimate ratio”:

For those ultimate ratios with which quantities vanish are not 
truly the ratios o f ultimate quantities, but [they are] limits 
towards which the ratios o f  quantities, decreasing without 
a limit, do always converge: and to which they approach 
nearer than by any given difference, but never go beyond, 
nor in effect attain to, until the quantities have diminished 
in infinitum.
Newton’s generation was able to listen to a recondite 

mathematical definition, all in words, without symbols; 
and the Marquise du Chätelet, woman of the world, could 
undertake to translate Newton’s formidable Principia from 
Latin into French, ultimate ratios and all.
The introduction of rigour. The techniques introduced 

by Newton and Leibniz revolve around various “limiting” 
processes, involving quantities that are infinitely small or 
infinitely large. As George Berkeley pointed out with some 
force in 1734, there was then no adequate logical basis
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for the use of such quantities. However, Newton’s ideas 
of 1704 are very close to the modern view: “L consider 
mathematical quantities not as consisting of very small 
parts, but as described by a continual motion.” In his 
Cours d ’analyse de l ’École Royale Polytechnique of 1821, 
the French mathematician Baron Augustin-Louis Cauchy 
based all of analysis on the notion of a limit and defined it 
thus: “When the successive values attributed to a variable 
approach indefinitely a fixed value so as to end by dif- 
fering from it by as little as one wishes, this last is called 
the limit of all the others.” This definition is not totally 
satisfactory because the words “end” and “last” suggest 
that the limit has to be reached. Newton was in some 
ways nearer to the modern view because he realized that 
the limit need only be approached indefinitely closer.
The notion of limit was finally provided with a firm logi­

cal basis in the mid-19th Century by Bernhard Bolzano of 
Prague and, definitively, by the German Karl Weierstrass. 
In effect, Weierstrass made Cauchy’s definition quantita­
tive by assigning two real numbers, e and ö, to measure 
how closely the dependent and independent variables dif­
fer from their limits. In his definition a function f(x) tends 
to the limit / as x  tends to some value a if, given any 
positive number e, there always exists a positive number 
S such that, whenever the difference between x and a is 
less than ö, the difference between f(x) and / is less than 
e. This rather cumbersome “epsilon-delta” style of reason- 
ing became the comerstone of analysis and remains the 
accepted approach.

In 1961, however, the logician Abraham Robinson dis­
covered a new extension of the number concept in which 
infinitesimals and infinite quantities exist and can be 
subjected to rigorous calculations. This idea provides an 
alternative foundation for analysis, and the approach is 
generally known as nonstandard analysis. It has useful 
applications for research mathematicians and is in many 
respects simpler than the epsilon-delta approach, but it 
has not yet become established as a Standard technique.

The basic number Systems
Number as quantity. Mankind was early led to the con­

cept of a real number by the need for symbols to represent 
such geometrie quantities as length, area, and volume and 
such physical quantities as weight and (more recently) 
electric charge.
The characteristic features of such quantities are that (1) 

two quantities of the same kind can be added by some ob- 
vious geometrie or physical Operation (such as laying two 
segments next to each other on a straight line) and (2) any 
quantity can be divided into parts. The second feature, of 
infinite divisibility, is the crudest way of expressing the 
principle that the real-number system is continuous and 
not discrete like the system of positive integers.

The laws of addition are frequently intuitively obvious 
from the physical definition of this Operation. In the case 
of lengths, it is obvious that a +  (b +  c) = (a +  b) 4- c be­
cause both represent the sum of three segments of lengths 
a, b, and c in order on a line (see Figure 1). It is also 
obvious that a + b = b + a because the segment a + b can 
be transformed into the segment b +  a by rotating the 
segment through 180 °.

In representing geometrie or physical quantities by num­
bers, it is usually necessary to choose first an arbitrary 
unit, such as a foot, a square inch, or a pound. This unit 
of quantity is assigned arbitrarily the numerical value 1, 
and exact multiples of this quantity {i.e., sums of an inte­
gral number of unit quantities) are assigned corresponding

(a + b )

W ÊÊÊm m m m m m ÊÊÊÊÊÊM ÊKtm m
Figure 1: The associative law of addition.
The length a + {b + c) is the same as (a + b) + c because 
both represent the sum of three segments of lengths a, b, c in 
order on a line.

integral values. Because the entire addition table for posi­
tive integers can be constructed from the law for positive 
integers, which States that the sum of an integer a and 
an integer (b 4- 1) is the same as the sum of the integers 
{a + b) and 1, the sum of two such quantities must be rep­
resented by the sum of the corresponding positive integers.

Multiplication; number as ratio. A simple definition of 
the product of two quantities is not always possible. If the 
product of two lengths a and b is defined as the area of the 
rectangle with sides a and b, it may logically be objected 
that this is a quantity of a different kind.

To get around this logical difficulty, the Greeks suggested 
that a number should be considered as representing the 
ratio between a certain quantity and the unit quantity and 
never as representing the quantity itself. Thus, 160 pounds 
is a weight; the number 160 is the ratio of this weight to 
the weight of a pound.

This idea that numbers are dimensionless ratios has 
wide applicability: it leads to plausible “proofs” of 
the laws of multiplication. For example, the hypothe­
sis that a X {b X c) =  (a X b)X  c for all real numbers is 
given substantial support by the fact that both quanti­
ties may be regarded as representing the volume of a 
box of sides a, b, and c. These laws a X  b = b X  a and 
a X (b 4- c) = {a X b) + (a X  c) can be given similar plausi­
ble geometrie interpretations in terms of areas. But these 
plausible arguments are not proofs in any rigorous sense. 
They depend not only on postulates for geometry but also 
on definitions of area and volume.

The only known way of getting rid of these difficulties is 
to define real numbers abstractly in terms of the system of 
positive integers, deducing all properties of real numbers 
by pure logic from these definitions and properties of the 
positive integers and using geometrie and physical con­
cepts only to suggest possible postulates and definitions. 
In this way the properties of real numbers may be made 
to depend on pure logic and the concept of a class alone 
(see m a th em a tics , th e  Fo u n d a tio n s  o f). This abstract 
procedure will be followed henceforth.

Rational numbers. If it be assumed that division (except 
by zero) and subtraction are always possible, the system 
of positive integers then leads to a system of rational 
numbers (positive and negative fractions and integers, as 
well as zero). For the fundamental laws of arithmetic, see 
a r it h m e t ic . The assumption that every equation by = a 
in which a and b are positive integral coefficients has a 
solution corresponds to the idea that a quantity, a, can be 
divided into any positive whole number, b, of equal parts. 
The fundamental laws of arithmetic and the cancellation 
law for multiplication, which States that, if a X  m = a X  n, 
then m = n, can all be preserved.

By the cancellation law for multiplication, by — a 
can have only one solution, which is written a/b. 
It may be shown that the usual rules for adding 
and multiplying fractions must hold. For example, if 
by = a and dz = c, then bdy = ad, bdz =  bc; and so 
bd(y +  z) = bdy +  bdz = ad + bc, which proves the rule 
for adding fractions having different denominators. It can 
also be proved that division by fractions as well as by 
integers is possible in the new system.

Conversely, it can be proved that the rules for adding 
and multiplying fractions do give a system in which the 
laws of arithmetic, as well as the cancellation law for 
multiplication and certain other basic laws, are valid.

A more thorough study would reveal that a con­
siderable reduction in the number of postulates (fun­
damental laws needed to imply the others) is pos­
sible. All the laws for positive fractions thus can 
be deduced from the associative law for addi­
tion; the distributive laws, a X {b 4- c) =  (a X b) +  (a X c) 
and (a + b ) X c  = (aXc)  + (bX  c); and the unit laws, 
ö X l  =  l X f l - f l  and 1 +  1 ¥= l.

Irrational numbers. Fractions were used as early as 
1700 bc by the ancient Egyptians, but it was not until 
Pythagoras (530 bc) that the need for other numbers, such 
as y[2, was discovered. The need for such irrational num­
bers is corroborated in modern mathematical analysis, in 
which they play a fundamental role in the integral cal­
culus, trigonometry, and other fields. Pythagoras showed
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that the ratio x  of the diagonal of an isosceles right tri­
angle to the length of a side must satisfy the equation 
x 2 = 2 (Pythagorean theorem). No fraction min, however, 
can satisfy (m/n)2 — 2; that is, m2 = 2n2 has no solution 
among the integers, because 2 divides m2 an even number 
of times, and it divides 2n2 an odd number of times.

Eudoxus of Cnidus pointed out in about 367 bc that, 
although y/2 could not be represented exactly by any one 
fraction, it could be represented as a limit of a sequence of 
fractions. Thus, y/2 can be represented in the form of an 
infinite decimal: y/2 = 1.4142 . . . ;  this amounts to speci- 
fying y[2 as the limit of the sequence of decimal fractions.

The clear exposition of these ideas from the modern 
point of view is due to Georg Cantor (1871). Real 
numbers, including both rational and irrational numbers, 
are defined by Cantor as infinite sequences, x  = (x{, x 2, 
*3, • • • ), y  = (yu y* Ta* •••)»•■• > of fractions x„, yn, .. ., 
that converge in the sense that (xm — x n), (ym — yn), 
approach zero as m and n increase indefinitely. Here x is 
regarded as the limit of the sequence (xl9 x2, x3, . . . ) .

Real numbers. Equality is defined by making x  = y  
mean that (x n — y„) approaches zero as n increases indefi­
nitely. Addition and multiplication are defined by adding 
and multiplying corresponding terms (see 3). Laws valid 
for rational numbers can be extended to all real numbers 
by the principle of continuity. Each approximating term 
(x 4- y)n = xn + yn of x  4- y, for example, is equal to the 
corresponding approximation (y 4- x)„ =  yn 4- x n of y  4  x; 
hence, (x 4- y)n — (y 4- x)„ =  0 for all n, and x +  y  =  y 4- x 
by definition of equality. In general, the principle of 
continuity holds that laws involving continuously varying 
functions like x +  y  and x X y  that are valid for arbitrarily 
good approximations x n, yn, . . .  of x, y, . .  . must be valid 
also for the limit values x, y, . . . .

Another interesting definition of real numbers was made 
by the 19th-century German mathematician Richard 
Dedekind: by a section in the class R  of fractions is meant 
a division of all fractions into two classes L  and U, such 
that x < y  for every x in L  and every y  in U. Each frac­
tion (rational number) determines a section: L  consists of 
the x < a and U of the y  > a. The other sections define 
the irrational numbers; thus, the section dividing the frac­
tions into the x <  y/2 and the y > y/2 (more precisely, the 
positive y  with y 2 >  2) may be regarded as defining y/2. 
Dedekind’s definition is in fact equivalent to Cantoris.

The real numbers defined by this process have so far 
been found adequate for the mathematical treatment of 
most geometrie and physical quantities such as length, 
area, weight, electric charge, and the like. Not only are 
the fundamental laws of arithmetic, the cancellation laws, 
and the order properties true, but division (except by zero) 
and subtraction are always possible. Finally, there is the 
property of any increasing sequence Xj <  x2 <  x3 • • • the 
terms of which are all bounded above by a fixed constant 
c tending to a limit.

(3)
’x +  y  =  (x, 4- y l9 x2 4- yl9 x3 +  yZ9. . . )  
x  X y  =  (x, X y l9 x2 X y29 x3 X y39. . . )

(a 4- bï) 4 ( c 4  dï) =  a 4- c 4- bi 4- di

(4) '
— (a 4- c) -\-(b-\- d)i

(a 4- bi) X (c 4- di) =  ac 4- (ad 4- bc)i 4- bdi2 
=  (ac — bd) 4- (ad 4- bc)i

(5) a 4- bi ac + bd . bc — ad .
z  c + di c2 + d 2 c2 + d 2‘

(6)
( -  B ±  s/B2 -  4AC)

2A

(7)
( ~ B ± i j D )  

2A

Complex numbers. The equation x2 =  — 1 can have no 
real solution because the square of any real quantity is 
either positive or zero. But i =  yf—ï  can be introduced 
as an imaginary number, and those laws of addition 
and multiplication that do not involve the relation a > b 
may thus be preserved. To do this, all combinations 
a 4- bi =  a 4- b X y[—\ must be introduced; these are the 
so-called complex numbers. If addition and multiplication 
of complex numbers are defined appropriately (see 4), the 
basic laws familiär from the properties of real numbers will 
be satisfied. It can be verified by Substitution, for example, 
that the equation (c 4- di)z — (a 4- bi) has a solution (see 5). 
Furthermore, any quadratic equation Ax2 4- Bx 4- C =  0 
with real coefficients has complex roots (see 6), because, 
even if B2 — 4AC =  —D is negative, the roots (see 7) can 
be found as complex numbers.

This is a special case of a fundamental theorem 
of algebra that asserts that any polynomial equation 
x" 4- axx n~1 +  • • • 4- an =  0 with real or complex coeffi­
cients has a complex root. From a strictly algebraic stand­
point, no further generalization is called for.

Although the theory of algebraic equations is greatly 
simplified by the use of complex numbers, it is neces­
sary to sacrifice the properties of order. That is, if z„ 
z2, . . . ,  zn are a collection of n distinct complex numbers, 
it is generally not possible to order these such that, say, 
z v< z 2<-  * • < z„. This is in contrast to the corresponding 
case of a collection of n distinct real numbers, for which 
such an ordering is always possible.

Complex numbers are useful not only in pure mathe­
matics (theory of equations and function theory) but also 
throughout the physical Sciences. (Ed.)

Functions and differential calculus
FUNCTIONS
The concept of a function. A concept central to analysis 

is that of a function. Mathematics contains numerous in­
stances of a variable y  depending in some fixed manner on 
another variable x. For example, y  may be the square of 
x, the reciprocal, the cube, the sine, the inverse hyperbolle 
tangent, or some more complicated expression that can be 
calculated if the value of x  is known. In this case y  is said 
to be a function of x. In the traditional terminology x is 
the independent variable and y  is the dependent variable.

Classically, the notion of function was mixed up with 
that of continuity, and both were confused with represen­
tation as a formula. For example, there was considerable 
debate on whether the absolute value |x  |, which is x 
when x is positive but —x when x is negative, is “really” 
a function, because it cannot be defined by a single for­
mula and because its slope changes abruptly from — 1 to 1 
at the origin.

The current notion of function is extremely general. 
Given two sets X  and T. a function ƒ  is a well-defined 
rule that assigns to each element x  of X  a unique element 
y — f(x)  of Y. Thus, X  might be the set of all circles, Y  
the real numbers, and /(x) the radius of the circle x. The 
geometrie concept of radius becomes a function entirely 
analogous to square or sine. There is a more technical 
definition that replaces the word rule by a mathematical 
construction in set theory.

If both variables are real numbers, as is often the case 
in analysis, then a function may be represented geomet- 
rically by its graph. This is a collection of points in a 
plane, formed by plotting the dependent variable on the 
vertical axis against the independent variable on the hor­
izontal axis. The graph of a general function may appear 
extremely complicated, but for the traditional functions 
of analysis the graph forms a smooth curve. This is be­
cause the functions employed in analysis are very special. 
They are generally required to possess properties such as 
continuity (the graph does not break up into disconnected 
pieces) or differentiability (the graph has no sharp corners).

Special types of function. A function in general, as just 
described, is not sufficiently tangible for statements to be 
made conceming it, even if X  and Y  are real numbers 
(except if one of them is a finite set). Rather, in order 
to start, it is necessary to impose on the functions some
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restrictions or qualifications—that is, to single out classes 
of functions with some particular features that may be 
analyzed. Together with the general notion of function, 
certain overall descriptive properties also began to emerge 
by means of which classes of functions could be charac­
terized: continuity, differentiability, integrability, bounded 
Variation, and others. Earlier, however, especially in the 
17th Century, it had been taken for granted, expressly or 
not, that a function is a “formula” or “expression” that is 
a tangible prescription for finding y if x  is given. Certain 
functions, then familiär, were taken as being basic, as it 
were—for instance, x, x2, . . . ,  sin x, tan x, arctan x, ex, 
log x—and a formula arose by taking one or several such 
functions and performing a finite number of “natural” 
operations, primarily the four arithmetical basic opera­
tions but including also extraction of roots and, what is 
important, the Substitution of one function into another.

There soon appeared in these manipulations, however, 
certain expressions involving an infinite, or unending, 
succession of operations: certain infinite series, infinite 
products, and infinite continued fractions. Of these, the 

Infinite infinite series proved the most important by far, and two
series types of such series have advanced into positions of lead-

ership and command that no phase of development has 
seriously impaired since, although there have been cases 
of evasion from authority, half in mathematical sport and 
a little in eamest. These two are the power series and the 
Fourier series (named after the 19th-century French math­
ematician and Egyptologist Jean-Baptiste-Joseph Fourier).

DIFFERENTIAL CALCULUS
The derivative. The derivative of a function represents 

the rate at which the dependent variable changes relative 
to the independent variable. Graphically, it is the slope 
of the tangent to the graph. Rates of change are highly 
important in Science; for example, velocity is the rate of 
change of position, and acceleration is the rate of change 
of velocity. The idea of rate of change is given mathemat­
ical precision as follows.

If ƒ  (x) is a real-valued function of a real variable and x0 a 
The real number, consider the difference quotiënt constructed
difference by taking the ratio of the difference ƒ  (x0 +  h) — ƒ  (x0) to h,
quotiënt in which h is any real number except zero. If this differ­

ence quotiënt approaches a number as h approaches zero, 
this number is called the derivative of the function /(x ) 
at the point x0. If ƒ  (x) =  x2 and x0 =  1, for example, the 
difference quotiënt is, by a direct calculation (see 8), seen 
to be 2 +  h. As h approaches zero, the difference quotiënt 
approaches the number 2. The function thus has for its 
derivative the value 2 at the point 1.

On the other hand, there exist functions that fail to have 
a derivative at some given point. A simple example is 
the following: Let ƒ  (x) =  x  if x is positive or zero and 
/(x )  =  —x if x  is negative (that is,/(x )  =  |x | , the absolute 
value of x) and choose x0 to be 0. It follows that, if h 
is positive, the difference quotiënt is the number 1, as 
shown by calculation (see 9); whereas, if h is negative, 
the quotiënt is —1 (see 10). Thus, /( x )  does not have 
a derivative at x0 =  0 because, arbitrarily close to 0, the 
difference quotiënt assumes the values 1 and —1; i.e., this 
difference quotiënt does nöt approach one unique number 
as h approaches zero.

The derivative ofƒ  (x) at x0 (if it exists) is usually denoted 
by the Symbol/ ' ( x 0) or (df/dx){x0).

Figure 2: Geometrie representation of the concept of the 
derivative (see text).

Geometrie interpretation. Perhaps the quiekest way to 
obtain some insight into the concept of the derivative is 
to consider its geometrie interpretation. For example, if 
/(x )  =  x2/2 and x0 =  1, then inspection of the graph of this 
function near the point P =  [x0, ƒ  (x0)] =  (1, V2 ) shows that 
the difference quotiënt, the ratio o f /(x 0 +  h) — f ( x 0) to h, 
is equal to the ratio QM/PM  (see Figure 2). But, as is well 
known from analytic geometry, this ratio is the slope of 
the line passing through the two points P  and Q; that is, 
it is the trigonometrie tangent of the angle, symbolized by 
the Greek letter theta followed by an inferior h, 0h, made 
by this line and the x-axis. Now, if L  be the line tangent 
to the graph of ƒ  (x) at the point P, then, as h approaches 
zero, the point Q moves along the graph ofƒ  (x) toward the 
point P, and the angle 6h approaches the angle 6 made by 
the line L  and the x-axis. Consequently, the trigonometrie 
tangent of 6h approaches the trigonometrie tangent of 0. 
The latter, by definition, is the slope of the line L. On the 
other hand, by the definition of the derivative, this slope 
must also be the derivative of ƒ  (x) at x0. The derivative of 
ƒ  (x) at x0, therefore, is the slope of the line tangent to the 
graph o f/(x ) at the point [x0, / ( x 0)].

This geometrie interpretation and the argument justify- 
ing it extend equaliy well to other functions, provided that 
their graphs are sufficiently smooth— i.e., smooth enough 
to guarantee the existence of a unique tangent line passing 
through the point in question. Conversely, if the graph 
of ƒ  (x) fails to satisfy this condition at a point, then the 
derivative fails to exist; it has already been shown that the 
function / ( x ) =  |x | fails to have a derivative at x0 =  0. 
This is reflected geometrically by the fact that the graph 
of ƒ  (x) has a “corner” at the point [x0, ƒ  (x0)] =  (0, 0) 
(see Figure 3).

Instantaneous velocity. An important physical applica­
tion of the derivative is embodied in the concept of 
instantaneous velocity. In fact, a precise definition of the 
velocity of a moving partiele at a given time, t, involves 
exactly the same limiting process that occurred in the 
definition of the derivative, as will now be shown.

If, for simplicity, a partiele is considered to be moving 
along a straight line and in a fixed direction, then its 
position as a function of time can be represented in the

y-axis

Figure 3: Graph of f(x) =1x1 showing the absence of a 
derivative for the function at x0 = 0.
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following way. If some point along the particle’s path of 
motion is selected, then the particle’s position at time t is 
completely determined by the distance, ƒ(*), between the 
partiele and the chosen point, and no other dimension is 
needed to locate the partiele.

Using this notation, the average velocity of the partiele 
during an interval of time h, beginning at time tQ, is 
defined to be the ratio of f ( t 0 +  h) —f ( t 0) to h, as in the 
nontemporal case; that is, the distance traveled during this 
interval of time divided by the length of the interval.

On the other hand, a little reflection will show that, 
whatever meaning is attached to the concept of the instan­
taneous velocity of the partiele at time t0, it should, first 
of all, be a number, and, second, the average velocities of 
the partiele during small intervals of time starting at time 
t0 should approximate this number. Comparison of the 
ratio just considered with the difference quotiënt shows 
that these considerations make it obligatory to define this 
instantaneous velocity to be the derivative/'^).

An important example of this Situation is given by a 
freely falling body. It is an experimentally established law 
that, if a body is allowed to fall from rest, it will traverse, 
in time t, a distance that is proportional to t1 (provided the 
medium through which it falls offers no resistance). This 
law can also be expressed by asserting that the distance 
traveled by the body is a function of time, the expression 
having the form ƒ  (t) =  ct2 (in which the constant c de­
pends on the units used in measuring distance and time). 
Thus, the average velocity of the body during an interval 
of time h, beginning at time to, is by calculation (see 11) 
found to be c(2t0 +  h). The limiting value of this ratio, 
as h approaches zero, is 2ct0. Thus, the instantaneous ve­
locity of the freely falling body at time t0 is 2ci0 and also 
f ' ( t 0) =  2 ct0.

,. n  f ( t 0 +  h) -  f ( t0) c(t0 + h)2 -  ct02 
h h

2 ctQh +  ch2 
h

— c(2t0 +  h)

Maxima and minima. It is now possible to discuss one 
of the more important applications of elementary differen­
tial calculus: the location of the maxima and minima of a 
function. If a function ƒ  (x) of a real variable, x, is at least 
as large at x as it is at all other values of x  throughout 
an interval about x, then /(x )  is said to have a relative 
maximum, ƒ (x), at x =  x. If, on the other hand, ƒ (x) does 
not exceed the values ƒ  (x) when x ranges throughout an 
interval about x, then /(x )  is said to have a relative mini­
mum at x =  x . In Figure 4, x, and x3 are the locations of 
minima, while x2 and x4 specify the locations of maxima.

Now, if ƒ  (x) has a derivative ƒ '(x) for all values of x 
satisfying a < x < b ,  then the tangent to the graph of ƒ  (x) 
passing through a point [x, ƒ  (x)] corresponding to either 
a maximum or a minimum must be horizontal, and the 

Meaning slope of the tangent must be zero (see Figure 4). (It has 
3f zero been assumed here that a < x  <b.) The rigorous proof 
derivative of this fact is not difficult: For, assuming ƒ  (x0) to be a 

maximum, it is seen that, if h is positive and sufficiently 
small, the difference quotiënt cannot be positive, because 
ƒ  (x0) > ƒ  (x0 +  h) if x() +  h is near enough to x0; similarly, 
for h negative but of small absolute value, the difference 
quotiënt cannot be negative (because in this case both the 
numerator and the denominator are negative). The num­
ber ƒ '(x0), therefore, must be arbitrarily close to numbers 
that cannot be negative and to numbers that cannot be 
positive. The only number having this property, however, 
is zero; hence, ƒ '(x0) =  0. Obvious changes in this argu­
ment will show that the result is equaliy valid for the case 
in which ƒ  (x0) is a minimum.

It has just been shown that, if ƒ  (x) is either a maximum 
or a minimum, then ƒ '(x) =  0. Simple examples show 
that the converse of this statement is not always true. The 
value of the positive result just obtained, however, lies in 
the fact that, if it is desired to locate a maximum or a 
minimum of a function ƒ  (x), it is necessary only to deter-

Figure 4: Maxima and minima of a function.

mine those numbers x for which ƒ '(x) =  0. In general, this 
greatly simplifies the task.

Consider a simple but illuminating example. Suppose 
that 100 feet of fence is available to enclose a rectan­
gular pasture. What dimensions should the pasture have 
in order to contain the maximum possible area? If x 
denotes one length of the rectangle, then 50 —x must 
be the other length. Thus, the area of the pasture is 
(50 -  x)x =  50x -  x2. The problem, then, reduces to find­
ing the largest value (hence, a maximum) of the function 
ƒ  (x) =  50x -  x2, 0 < x < 50. It is found by calculation (see 
12) that the difference quotiënt is 50 — 2x  — h; therefore 

f ' ix )  =  50 — 2x. A maximum must satisfy, thus, the equa­
tion ƒ '(x) =  50 — 2x =  0; therefore, x  =  25. The area is 
largest when x =  25; that is, when the rectangle is a square 
of side 25 feet.
Computation of derivatives. It has already been shown 

that, if ƒ  (x) =  x2, then ƒ '(x) =  2x. This is just a special 
case of one of several formulas for differentiation that 
are obtained in elementary calculus. It follows from the 
definition of the derivative that, if n — 1, 2, 3 , . . .  is any 
positive integer and ƒ  (x) =  x n, then ƒ '(x) =  nxn~K

In fact, by means of an appropriate limiting process, it 
can be shown that, for each real number n, the expression 
xw for positive x has a natural definition as a real number 
(for example, n =  V2 gives the familiär square root func­
tion: x 1/2 =  yfx). The formula for differentiation extends to 
include all functions of the form ƒ  (x) =  x".

Many other well-known functions have simple expres­
sions for their derivatives. The trigonometrie functions, 
for example, have derivatives that are expressible in terms 
of other trigonometrie functions (see 13).
In addition to such specific formulas, several general 

rules for differentiation are derived from the definition of

( 12)

(13)

f ( x + h ) - f ( x )
h

50 h — 2 xh — h2
I  =  50 — 2x — h

(sin x)' =  cos x 
(cos x)' =  —sin x 
(tan x)' =  sec2 x 
(cot x)' =  —esc2 x

(14) [af(x) + bg(x)\ = a f(x )  + bg'(x)

(15) [f(x)g(x)Y =f(x)g'(x) + f(x)g (x )  (Leibniz’ rule)

Hfiï [/(*) ]'_  f(x )g (x )  - f(x )g '(x )
' ' UWJ feMP

(17) h \ x ) = f ’[g(x)]-g'(x)

(18) p(x) — a0 + a,x + • ■ ■ +  akx k

(19) p'(x) = a, + 2a1x  + - ■ - + kakx k- '
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the derivative. The four most basic of these rules will now 
be referred to.

Suppose that ƒ  (x) and g(x) are two functions and a and 
b are two constants. Whenever ƒ '(x) and ^'(x) exist, rules 
can be derived for the derivative of the sum (see 14), 
or linear combination, of f  (x) and g(x), for the product 
(see 15), and for the ratio (see 16) of /(x ) to g(x), pro­
vided g-(x) ¥= 0.
The fourth basic rule, the chain rule, may be stated in 

the following way. Suppose that, for each real number x 
for which g(x) is defined, the number g(x) is such that 
f[g(x)] is defined. The composite function h(x) =  ƒ  [g(x)] 
can then be formed. The chain rule asserts that, if both 
g'(x) and /'[g (x )] exist, then h'(x) exists and equals (see 
17) the product of the former two derivatives.
These four rules, together with formulas for the deriva­

tives of the powers of x and the basic trigonometrie func­
tions of x, permit the computation of the derivatives of 
a large class of functions. These include the derivative of 
the most general polynomial (see 18 and 19).

In addition, a formula for the derivative of the most 
general rational function (i.e., the quotiënt of two polyno­
mials) can be obtained.

Measure and integral calculus
HISTORICAL DEVELOPMENT
The abstract concepts of measure and of integration are 
best understood in the light of the historical evolution and 
growth of the problem of measure. This problem always 
has been present in everyday life as well as in Science. It 
pertains to measures of such properties as the length of a 
curve (rectification), area of a surface (quadrature), volume 
of a solid (cubature), mass or weight or electric charge of 
a body, probability of a random event, and so on. Yet the 
abstract concept of measure, of which the preceding mea­
sures are but particular concrete cases, was not isolated 
until the 20th Century. The corresponding evolution may 
be loosely divided into several periods, each characterized 
by its particular attitude toward the problem of measure.
The empirical period. The purely empirical period be­

gan with prehistory and lasted until the 6th Century bc . 
The most advanced organized knowledge of this era was 
that of the ancient Babylonians and Egyptians, providing 
precise and correct rules for finding areas and volumes 
of such geometrie figures as the triangle, trapezoid, and 
circle. For the Babylonians, n equaled 3 (this value of n is 
also found in the Old Testament), and for the Egyptians n 
equaled 256/81 (= 3.160 . . . ) .  They also had correct rules 
for the volumes of the parallelepiped, prism, pyramid, and 
circular cylinder, thought of in concrete terms—mainly as 
storage containers for grain. The ancient Egyptians even 
had a correct rule for measuring the frustum of a square 
pyramid— i.e., the part next to the base and formed by 
cutting off the top by a plane parallel to the base.
Apparentiy these rules were discovered empirically. To 

become proved mathematical propositions, deduced from 
a set of definitions and postulates, they had to await 
the “Greek miracle”: the emergence of organized abstract 
thinking in Greece, which includes the earliest known 
treatment of mathematics as a deductive discipline. Avail­
able information prompts some historians to attribute the 
birth of abstract mathematics to Thaies of Miletus (6th 
Century bc), one of the Seven Wise Men of ancient Greece.
The Greek period. This period began with Thaies of 

Miletus and lasted until about 200 bc. By the 5th Cen­
tury bc , problems of quadrature and cubature were so 
populär that Aristophanes in his satiric comedy The Birds 
alludes to the quadrature of circles, and the problem of 
duplication of cubes is attributed to the Delphic oracle. 
The first abstract proofs of rules for finding some areas 
and volumes are said to have been developed by Eudoxus 
of Cnidus in about 367 bc . About a Century later, his 
method of approximation was developed and exploited 
by Archimedes, called the greatest mathematician of an­
tiquity. This procedure, called the method of exhaustion 
in the 17th Century a d , was at the root of all further 
developments of the mathematical problem of measure. 
The method culminated in the 19th-century isolation of

the concept of Riemann integration, defined by means of 
approximating Riemann sums (which, in all justice, could 
be called Eudoxus or Archimedes sums or, as will be seen 
below, Cauchy sums).

In modern terms, the method of exhaustion applied to 
surfaces, for example, may be stated as follows: if S  is 
a surface of unknown area s, then one may choose another 
surface of known area 5' contained in S, and yet 
another surface S" of known area s" containing S; thus 
sf < 5  <  s". The approximating surfaces S' and S" are 
polygons or sums of slices, mainly trapezoidal or rectangu­
lar, selected by Eudoxus and by Archimedes according tq 
the particular figure S. In fact, sums of rectangular slices 
(the areas of which are particularly simple to compute) 
were to become predominant from the 16th Century ad  
on. To complete the proof, Archimedes used the following 
proposition: if a known area a is such that for every pos­
itive e there exist surfaces S' and S" with 5' <  a < s" and 
s" — s' < e, then s — a. Archimedes did not isolate this 
proposition. He proved it, in concrete geometrie terms 
for every particular figure that he considered, by a double 
reductio ad absurdum (double, because negative numbers 
were not available to him): If s < a, then e < a  — s is 
taken; but, if s>  a, then the choice e < s — a is made. In 
either case, a contradiction is reached, so that s = a. The 
method does not specify how the value of a is to be found.
The period of indivisibles. This period extended from 

1615 to about 1670, heavily influenced by Archimedes, 
whose works had become available in 1544 in Greek and 
in Latin. The concept of integration (see below Integral 
calculus) gradually emerged, but neither in Archimedean 
nor in modern dress—especially in England; there, inte­
gration became for a time not a primary Operation but the 
inverse of differentiation.

After the efforts of the Dutch mathematician and physi- 
cist Simon Stevin and other followers of Archimedes came 
the pioneering work of the German astronomer Johannes 
Kepler, Nova Stereometria Doliorum Vinariorum (1615; 
“Solid Geometry of a Wine Barrel”). From then on and 
until the 19th Century, Archimedean rigour was aban­
doned in favour of an intuitive “infinitesimal” reasoning. 
For Kepler, the circle consisted of an “infinity” of in­
finitesimal triangles with a common vertex at the centre, 
the sphere consisted of an “infinity” of pyramids, and so 
on. Nevertheless, he obtained more than 80 new results 
for certain areas and volumes. The language of infinitesi- 
mals, or method of indivisibles, was then codified by the 
Italian mathematician Bonaventura Cavalieri in 1635, in 
his Geometria Indivisibilibus Continuorum Nova Quadam 
Ratione Promota (“A Certain Method for the Develop­
ment of a New Geometry of Continuous Indivisibles”). 
For the first time in the history of the problem of measure, 
instead of measures of specific geometrie figures, general 
principles for quadratures and cubatures were announced. 
While not proved rigorously, the principles were at least 
justified in the language of infinitesimals.

During this period, the method of indivisibles yielded a 
very large number of special integrals as quadratures, cu­
batures, and centres of gravity. Most were formulated geo- 
metrically. Yet more abstract algebraic formulations were 
already apparent: Pierre de Fermat of France and Cava­
lieri integrated x n for rational values of n #  — 1; the French 
mathematician Grégoire de Saint-Vincent integrated it for 
n =  — 1 in a geometrie form that is readily recognized as 
the logarithmic function; and Pascal integrated cos x. Fer­
mat, Pascal, and the Scottish mathematician James Greg­
ory geometrically manipulated changes of variables and 
integrations by parts. In fact, geometrie methods, formula­
tions, and results were gradually made analytic. Pascal first 
discussed the types of sums that he would need and then 
only computed them in the concrete geometrie case under 
consideration. The English mathematician John Wallis in 
Arithmetica Infinitorum (1655; “Infinitesimal Algebra”) 
started straight from algebraic grounds, introducing infi­
nite series and infinite products, and Nicolaus Mercator, 
a German mathematician, discovered the series expansion 
oflog(l +  x).

The impetus and the tools for abstraction were provided 
by the growth of algebra, the birth of analytic geom-
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etry with René Descartes’s Géométrie (1637), Fermat’s 
Isagoge (written before 1636), and the birth and growth 
of kinematics, the consideration of motion leaving aside 
considerations of mass and force. Consideration of time 
as a concept in kinematics, and the notion of abscissa 
(the horizontal coordinate of a point in a plane Cartesian 
coordinate system), led to a gradual emergence of the idea 
of independent variable. Velocities and slopes of tangents 
led to the concept of differentiation. Performance of rec- 
tifications, such as that of parabolic arcs, forged a first 
link between differentiation and integration, because the 
rectification of curves y  =  ƒ  (x) was reduced to the quadra­
ture of Vl 4- [/'(x )]2, where ƒ '(x) is the derivative of ƒ  (x). 
In fact, integration lost its predominant role in favour 
of differentiation. The basic link was provided by the 
recognition that differentiation and integration are inverse 
operations, to be found in the English mathematician 
Isaac Barrow’s Lectiones Geometricae of 1670. Although 
a crowning of the period of indivisibles, Barrow’s work 
also represented the dying spirit of that period. He began 
with kinematic considerations that seemed to lead at once 
to the basic link. The relation between differentiation and 
integration, however, was given only much later in two 
widely spaced propositions and in geometrie terms: the 
derivative in terms of slopes of tangents, and the integral 
in terms of areas.
The calculus period. This period extended from about 

1670 to the beginning of the 19th Century, beginning with 
the creation of the calculus by Leibniz and Newton.

Newton, influenced by his teacher Barrow and his pre- 
occupation with dynamics—dealing with forces and their 
relation, primarily to motion—used a universal indepen­
dent variable conceived primarily as time; thus, he had 
no concept of functions of several variables and hence 
none of partial derivatives. The primary concept was that 
of fluxion (derivative) and arose from kinematic consid­
erations. The concept of integral was not isolated, and 
no symbol for integration was introduced. His first basic 
problem was to find fluxions. Integration was treated in 
a geometrie form as a search for fluents (antiderivatives, 
primitives, indefinite integrals), functions the fluxions of 
which are given.

Newton depended mainly on the fact that the derivative 
of a variable area F(x) under a curve is the Ordinate f(x )  
of this curve. For Newton, moreover, integration was only 
a particular case of his second basic problem: given an 
equality containing fluxions, find the corresponding rela­
tion for fluents (solve ordinary differential equations). He 
solved this problem formally by means of series.

Leibniz, influenced by Pascal, conceived the derivative 
as the slope of a tangent and the integral as summa om­
nium linae (“the sum of all lines”). The main purpose of 
his activity was to devise a universal language—that is, a 
general formalism for the acquisition and organization of 
knowledge. He largely succeeded in the creation of such 
a formalism for the calculus, and the present formalism 
is still essentially and properly his, including the integral 
symbol (a stylized form of the letter S standing for summa 
omnium). His also are the terms constant, variable, pa­
rameter, and (with the help of the Swiss mathematician 
Johann Bemoulli) function and integral.

The heroic years of the calculus at the end of the 17th 
Century saw the constant flow of new results from Leibniz 
and his school, as embodied in the work of Jakob Bemoulli, 
Johann Bemoulli, and G.F.A. de 1’Hospital. During the 
18th Century, the Scottish mathematician Colin Maclau- 
rin pursued and developed Newton’s ideas and attempted 
to clarify them in his Treatise o f Fluxions (1742), while 
the Swiss mathematician Leonhard Euler pursued further 
the ideas of Leibniz and his school in his Introductio in 
Analysin Infinitorum of 1748 and attempted to found the 
calculus upon an obscure passage to the limit, starting 
with the calculus of differences.

Mathematicians of the 18th Century devoted little effort 
to the shaky foundations of the calculus, apparentiy happy 
with the powerful tools at their disposal, the fecundity of 
the methods, the beauty and consistency of the results. 
Discussions about the metaphysics of calculus were left to 
philosophers and theologians, among whom the Irish-bom

Anglican Bishop George Berkeley figured prominently. 
The whole subject of metaphysics of calculus vanished 
into thin air, however, with the French mathematician 
Jean Le Rond d’Alembert’s two articles on “Limite” and 
“Differentielle” in the Encyclopédie (1751-65). At last the 
concept of limit was isolated, a concept that had mn as 
an almost invisible thread in the fabric of infinitesimals 
as woven since Stevin and others at the tum of the 17th 
Century. The concept of differentiation, too, was finally 
defined rigorously in terms of limits. (Yet, after d’Alem- 
bert, Lagrange still tried to define integration in terms of 
Newton’s conception of a function as a power series.)

The analysis period. A new era opened in France with 
Augustin-Louis Cauchy’s Résumé des legons sur le calcul 
infinitésimal (1823), the basis of which was the con­
cept of limit. Differentiation was defined by a passage 
to the limit. At last, the integral was defined directly 
and in purely analytic terms by retuming to the very 
essence of the method of exhaustion as follows: Given 
a bounded function ƒ  (x) defined for a  < x <b, the in­
terval [a, b] may be divided into n subintervals by 
means of points a =  x0 <  x, <  • • • < x n = b, and the Eu­
doxus-Archimedes-Cauchy sums (see 20; nowadays called 
Riemann sums) may be formed by adding n terms, 
each composed of a product of a value of ƒ  and the 
length of a subinterval, with ƒ  evaluated at an interme- 
diate point of the subinterval. The limit of these sums, 
as the largest length of the subintervals converges to 
zero, is, by definition, the integral of the function ƒ  on 
[a, b], provided that this limit exists and is independent of 
the choice of the tk, the intermediate point in the subin­
terval at which ƒ  is evaluated.

n  -  1

(20) 2  f(h)(xk + l - x h), xk <  tk < x k+l
k = 0

n —  1 « — 1

(21) 2  M k(xk +, -  xk), X  mk(xk + , - x k)

A new way of thinking was thus born; existence of in­
tegrals as well as of derivatives was no longer a question 
of faith but a problem to be studied. Cauchy gave an in­
complete proof of the existence of integrals of continuous 
functions, a proof that was completed only in 1875 by 
the French mathematician Gaston Darboux. Meanwhile, 
Riemann in 1854 (published in 1867) gave necessary and 
sufficiënt conditions for the existence of the integral called 
the Riemann integral and showed that continuous and 
pieeewise monotone functions satisfy these conditions. In­
stead of Riemann sums, Darboux introduced the upper 
and lower Darboux sums (see 21), replacing the value of 
ƒ  at an intermediate point in an interval by M k and mk, 
which, respectively, denote the least upper and the greatest 
lower bounds ofƒ (x), as x  varies between x* and xk+l. The 
passage to the limit yields the upper and lower Darboux 
integrals. These two integrals coincide if and only if the 
bounded function ƒ  is Riemann-integrable on [a, b].

INTEGRAL CALCULUS
The definite integral. As mentioned earlier in this arti­

cle, the integral is a limit concept. The geometrie aspects 
of this concept will now be explored. First, consider two 
real numbers, a and b, and a function ƒ  (x) defined for all 
x  satisfying a < x  < b. For the sake of simplicity it will 
be further supposed, for the moment, that the values ƒ  (x) 
are never negative. The basic problem of integral calculus 
can then be stated, based on Figure 5, as follows: What 
is the meaning (and numerical value) of the area of the 
region below the graph of /(x )  and above the interval 
(a, b) on the x-axis?

Other basic assumptions are that it is known what is 
meant by “area” in case the region is a rectangle and also 
that, if a region can be subdivided into a finite number of 
nonoverlapping rectangles, then its area is the sum of the 
areas of these rectangles. Having made these assumptions,
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Figure 5: Representation of the area under a curve that 
underestimates the integral value.

the question raised may be answered using the following.
First, the interval (a, b) is to be subdivided into n subin­

tervals by choosing consecutive points a =  x0, x l9 x2, . . . ,  
xn = b. In each of the subintervals /, =  x j, a point 
Ci (z =  1, 2 , . . . ,  n) is chosen such that the value / ( Q  is 
smallest among the values assumed by the function in f  
(if such a point C, exists). The rectangle with base f  and 
height ƒ (C/) (see Figure 5, in which n — 4 and C,= 1)
then lies below the graph of fix ) . It is reasonable to 
assume, therefore, that the area in question should be a 
number exceeding the sum of the areas of the rectangles 
that have been constructed (that is, the area of the shaded 
region in Figure 5). This can be expressed algebraically 
(see 22) in terms of A, in which A denotes the area below 
the graph of ƒ  (x) and above the interval (a, b).

Next, using a similar construction, instead of choosing 
the point Ci in the subinterval a point //, (if it exists) 
may be chosen such that the value fiß ,)  is the largest 
among the values assumed by the function in f  (see Fig­
ure 6, in which = x t and, again, n — 4). An inequality 
between the area A and a sum of rectangles can, again, be 
expressed algebraically (see 23).

A sum of the type in which the smallest value of f ix )  
in each subinterval f  is used is called a lower sum (with 
respect to the given subdivision); a sum of the type in 
which the largest value of f ( x )  in each subinterval is used 
is called an upper sum. The area in question should be 
a number, A, less than or equal to any upper sum and 
greater than or equal to any lower sum. If the notion of 
area as used here is to have a unique meaning, however, 
there should exist only one number with this property.

It will be noted that the restriction f{x )  > 0, which was 
made only in order to obtain a better grasp of the geomet­
rie aspects of the construction, can be dropped without 
necessitating any change in the above definition. Dropping 
the restriction, however, implies that regions below the 
x-axis and above the graph of a negative-valued function 
will have negative areas.

The area that has just been defined is usually called the 
Riemann integral (or the definite integral, for reasons that 
will be shown) of the function ƒ  (x) over the interval (a, b).

Integrable and nonintegrable functions. It is natural, at

this point, to attempt to determine what classes of func­
tions have a Riemann integral. It can be shown that, 
if /(x )  is continuous—roughly speaking, this means that, 
whenever x x and x2 are close, then f ( x {) and ƒ  (x2) are 
close—then it is (Riemann) integrable. In fact, this restric­
tion is not only sufficiënt but comes close to being also a 
necessary condition for this type of integrability.
Two simple examples of functions that are not integrable 

are the following: Suppose a = 0 and b =  1. Let /(x )  =
1/x for 0 < x  < 1, and le t/(0 )  =  0. Then it can be seen 
that the upper sums of this function are not defined (for, 
in the first interval, 7j, of any subdivision, there is no 
number ß x such that the value ƒ  [ //,] is the largest among 
the values that may be assumed by the function in 7j).

In the second case, again, let a = 0 and b =  1, and sup­
pose ƒ  (x) =  0 if x  is rational, but f i x )  = 1 if x  is irrational.
It is then easy to check that each upper sum is 1 and each 
lower sum is 0. In this case there does not exist a unique 
number less than or equal to any upper sum but greater 
than or equal to any lower sum.
Fundamental theorem of calculus. The connection be­

tween the two basic concepts, the derivative and the in­
tegral, is perhaps the most important feature of calculus.
This connection can be summarized roughly by saying 
that integration and differentiation are inverse operations; 
if first one of these operations and then the other is 
applied to a function, the original function is obtained 
(this is analogous to the Operation of addition, and then 
subtraction, with a given number).

In order to describe this more precisely, the concept of 
the indefinite integral must be introduced. Suppose that
f ix )  is continuous (hence, integrable) in some interval /, 
and let a and y  be two points of this interval. If the num­
ber a is fixed, then a function of y, F(y), can be formed 
by letting Fiy) be the integral of ƒ  from a to y; if y < a ,
Fiy) is equal to the negative of the integral from y  to a.
The function F(y) is called an indefinite integral of the 
function ƒ  (x).

The connection between differentiation and integration 
can then be stated in the following way: the function 
Fiy) (as defined above) is differentiable, and F'{y) — fiy ) ;  
furthermore, if G(y) is any other differentiable function 
satisfying G'{y) —fiy )  for all y  in I, then the difference 
Fiy) — Giy) is constant. This statement is known as the 
fundamental theorem of the integral calculus.

A function such as G(y), satisfying G'(y) = f(y), is called 
an antiderivative of fiy). If a constant is added to an The anti­
antiderivative of f iy ) ,  another antiderivative of the same derivative
f iy )  is obtained (because the derivative of a constant is 
zero). The fundamental theorem of the integral calculus 
can then be paraphrased by saying that the most general 
antiderivative ofƒ  (y) can be obtained by adding a constant 
function to an indefinite integral off(y).

Figure 6: Representation of the area under a curve that 
overestimates the integral value.
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One of the immediate, and most important, consequences 
of the fundamental theorem is that the integrals of a large 
class of functions can be obtained merely by inverting the 
formulas already developed for differentiation. For exam­
ple, it can be found that sin x is an antiderivative of cos
x. Thus, F(y) is the integral from 0 to y of the cosine 
function and must differ from sin y by a constant; that 
is, F(y) =  sin y +  C. The constant C is easily determined, 
because it follows from the definition of the integral that 
^(0) =  0. Hence, 0 =  F{0) =  sin 0 +  C =  C. It has been 
shown, therefore, that the sine is the indefinite integral of 
the cosine, for all y  (see 24).

The power of the fundamental theorem can be appreci- 
ated once it is realized that explicit formulas for integra­
tion such as the formula for the integral of the cosine, 
are by no means easy to obtain by working directly from 
the definition of the integral. Unlike the case of differ­
entiation, however, there are many functions that can be 
expressed by simple formulas but that do not have simple 
expressions for their antiderivatives.

Applications. Areas. The method of computing areas 
under curves has already been indicated in the formal 
definition of integral. As a further illustration, the area 
bounded by the curve y = x2 and by the line y = x  will 
be found (see Figure 7). The points of intersection of the 
curve and the line are (0, 0) and (1, 1). The strip of 
width A x  and height x — x2 has an area approximated by 
the product (x — x2)Ax This is the element of area AA. 
Summation of these elements, and subsequent passage to 
the limit by letting A x  approach zero, leads to the formula 
for the area as the integral of x — x 2. An antiderivative 
of x  — x 2 is the function x2/2 — x3/3. Hence, the integral 
becomes 1/6 (see 25).

Volumes o f solids o f revolution. If a plane region is ro- 
tated about a line in the plane, the resulting figure is called 
a solid of revolution. The volume of this solid is readily 
represented in the form of an integral. As an example, the 
volume generated by revolving the plane region bounded 
by the curve y  =  fx ,  the x-axis, and the lines x  = 0 and 
x  =  5 will be calculated (see Figure 8). When this plane 
figure is rotated about the x-axis, the strip of width Ax and 
height f x  generates a thin disk (or cylinder) of radius f x  
and thickness Ax. The volume of this cylinder is approx­
imately given by the area of the base times the thickness. 
Thus, the element of volume of the solid of revolution 
is A V =  n(y[x)2A x = nxAx. Summation of these elements 
leads to the formula for the volume of the solid: V (see 
26). It follows from this example that, in general, if the 
equation of the curve is y  =  ƒ  (x) and if the plane figure 
bounded by this curve, the x-axis, and the lines x =  a and 
x  =  b is rotated about the x-axis, then the volume of the 
resulting solid can be expressed by an integral (see 27).

Lengths o f curves. The arc length As from P  to Q (see 
Figure 9) is approximately given by the distance from

y-axis

Figure 7: The curve y = x2, the line y = x, and an element 
of area (strip) between them.

P to Q if these two points are sufficiently close to each 
other. Thus, the element of ärc length As is approximately 
V(Ax)2 +  (Ay)2, which can also be written in a form with 
the common factor Ax. Summation of these arc lengths, 
and passage to the limit, yields the formula for the length 
of the curve between the points A, B  (see 28), in which 
a and b are the abscissas of the points A, B. The length 
of a specific curve has therefore been obtained by calcula­
tion (see 28).
Areas o f solids o f revolution. If the plane region of 

Figure 9 is rotated about the x-axis, the lateral area of 
the thin slab bounded by the segment PQ is given by the 
circumference of the cross section times the slant height, 
or 2ny times length of PQ. Since the arc length from P 
to Q is approximated by the length of the segment from 
P to Q, the element of surface area of the solid of revo- 
lution is given by AS  =  2nyAs. With As approximated by 
V(Ax)2 +  (Ay)2, subsequent passage to the limit gives the 
surface area (see 29). For example, if y = 2 fx , a =  0, and 
b = 3, then s =  56n/3 (see 30).

Work done by a force. If a constant force F  is directed 
along the x-axis and acts on a partiele, displacing it through 
a distance x, then the work done by the force is given



Analysis 451

Work 
required 
to stretch 
a spring

y-axis

Figure 8: The plane region bounded by the curve y = Jx, the x 
axis, and the lines x = 0 and x = 5; when the plane figure is 
rotated about the x-axis to generate a solid of revolution, the 
strip of width A x and height yjx generates a thin disk of radius 
yfx and thickness Ax, which is an element of volume.

by the product of the force and the distance: W = Fx. If 
the force is not constant, the formula for the work done 
is represented by an integral. The element of work AW  is 
given by F(x)Ax, in which F(x) is the value of the force 
at x, and Ax is a small displacement from x to (x +  Ax). 
Summation of the elements of work, followed by passage 
to the limit, leads to the formula in which W  equals the 
integral from a to b of F(x).

Figure 9: The arc length As from P to 0  is approximated by 
the distance from P to Q if these two points are sufficiently 
close together.

For example, the force required to stretch a spring is 
proportional to the amount of stretch: F(x) = kx  (see Fig­
ure 10). For a certain spring it is found that a force of 50 
pounds is required to extend it by 0.5 inch. The constant 
of proportionality k, therefore, has the value 100, and 
F(x) =  lOOx. If the unstretched length of the spring is 10 
inches, the work required to stretch the spring to a length 
of 12 inches is W — 200 lb-in. (see 31). If the upper limit 
of integration (that is, 2) is replaced by 0.5, the same 
formula (31) indicates that the work required to extend 
the spring by 0.5 inch is only 12.5 lb-in.

Figure 10: A  10-inch spring displaced to length 10 + x + Ax.

Moments and centroids. The moment of an element of 
area about an axis (perpendicular to the plane of the area) 
is defined as the product of the element of area by its 
distance from the axis. In particular, the moment of AA 
about the x-axis is yAA, and the moment about the y-axis

is xA^4 (see Figure 11). Summation of these elements over 
the whole area and a passage to the limit lead to formulas 
for the moment of the plane area A expressed as double 
integrals: the moment about the x-axis is the double inte­
gral of y  with respect to A; the moment about the y-axis 
is the double integral of x  with respect to A.

The evaluation of these integrals is achieved by the com- 
putation of successive single integrals whose limits are 
determined by the boundary of the region. The centroid 
of the plane area A is defined as the point (x, y) at 
which X  =  M y/A, y  — M JA. For example, if the area is 
bounded by the curve y 2 =  2x +  1 and the line y =  x — 1 
(see Figure 12), the points of intersection are (0, —1) and 
(4, 3). Using the methods previously discussed, the area is

Figure 11: For a plane area A, the moment of an element of 
area AA about the x-axis is yAA, and the moment about the 
y-axis is xAA.

found to be A — 16/3. With the element of area written as 
AxAy, the moment about the x-axis can be written (see 
32, in which the inner integral is taken with respect to 
x, keeping y fixed). From the diagram it is seen that the 
lower and upper limits of integration for this integral are 
x  =  lh ( y 2 — 1), and x =  y +  1. Thus, the inner integral is 
calculable (see 33). The moment is also obtainable (see 
34, in which the limits are determined by the points of 
intersection of the curve and straight line). Evaluation of 
the integral yields Mx =  16/3.

A similar evaluation for the moment about the y-axis 
gives M y = 129/20. The centroid is therefore located at 
(387/320, 1). (Hy.K./Ed.)

Figure 12: The area bounded by the curve y2 = 2x + 1 and the 
line y = x — 1. The points of intersection are (0, —1) and (4, 3).

Infinite series

History of series. The origin of the modern theory of 
series precedes that of the calculus and can be associ­
ated in the 17th Century with the names of Bonaventura 
Cavalieri, John Wallis, James Gregory, and others. In the 
same Century, the discovery of the calculus by Leibniz 
and Newton gave a very strong impulse to the theory; the 
18th Century witnessed considerable progress in the work 
of Jakob and Daniel Bemoulli, Jean Le Rond d’Alembert, 
Leonhard Euler, and others. Much of this work was of 
purely formal character, and mathematical rigour was not 
the primary concern of the investigators.

Origin and 
develop­
ment of 
the theory
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Though Newton and Leibniz avoided divergent series, 
formal and uninhibited use of them brought such mathe­
matical rewards that the temptation was too much to with- 
stand, and divergent series became—mostly through the 
work of Euler—an accepted tool of investigation. Mathe­
matical instinct of the great mathematicians of the 18th 
Century prevented them, however, from making mistakes, 
and their results, properly interpreted, can now be proved 
rigorously. Rigorous foundations for the theory of infinite 
series were laid in the first half of the 19th Century by the 
French mathematician Augustin-Louis Cauchy and Nor- 
wegian mathematician Niels Henrik Abel; their definitions 
and proved results can be found in all textbooks of calcu­
lus. Their attitude toward divergent series, however, was 
purely negative. (Abel wrote in 1828: “Divergent series are 
the invention of the devil, and it is shameful to base on 
them any demonstration whatsoever.”) The respect com­
manded by the work of Cauchy and Abel banished diver­
gent series from mathematics for more than half a Century. 
Their work on the foundations of the theory of series was 
continued by others in the 19th Century, in particular by 
Peter Gustav Lejeune Dirichlet, Bernhard Riemann, and 
Karl Weierstrass. By the last decade of the 19th Century, 
the effects of Abel’s anathema began to disappear, and the 
work of Emesto Cesaro, Émile Borei, Leopold Fejér, and 
others showed that the theory of divergent series can be 
put on a rigorous basis and is a source of great progress in 
mathematics. In the 20th Century the work of the British 
mathematicians Godfrey Harold Hardy and John Edensor 
Littlewood brought major breakthroughs and extended the 
field in depth. Important progress in Tauberian theorems 
(of the Slovak mathematician Alfred Tauber) was made 
by Norbert Wiener.

Sequences and series. The notion of a series has a close 
connection with that of a sequence, a set of numbers 
arranged in order. The simplest example of a sequence is 
that of the positive integers 1, 2, 3 , A sequence 
may be finite or infinite, depending on whether the num­
ber of terms is limited or unlimited. An infinite sequence 
of numbers exists if every positive integer 1, 2, 3, . .  ., 
n, . . .  is assigned a number; in what follows, the expres­
sion “sequence” means an infinite sequence of numbers. 

E xam p les Some examples of sequences are as follows: a sequence 
3f of squares of positive integers (see sequence 35), an alter-
»equences nating sequence of the integers one and zero (see 36), an 

altemating sequence of integers (altemating means that 
the sign of each term is opposite to that of the preceding 
term; see 37), and a sequence of fractions each with nu- 
merator one and with denominators ascending in integer 
value (see 38).

The numbers constituting a sequence are called the terms 
of the sequence (such as the first, the second,. . . ,  the

(35) l2, 22, 32, . . . ,  n2, . . .

(36) 1,0, 1,0, 1 , . . .

(37) 1, - 2 ,  3, - 4 ,  5, - 6 , .  . .

(38) 1 i  I  i
’ 2 ’ 3 ’ "  ’ « ’ * * *

Note: (35), (36), (37), and (38) are examples of sequences.

(39) lim an = a, or an^>a

(40) lim an =  or an —> +oo

(41) an +  bn —̂► a +  b, anbn —> ab, an a 
bn b

Hth,. . . ) .  It is customary to denote a sequence by using a 
single letter with a subscript (called the index) to indicate 
the position of the term—for example, au a2, a3, a4, . . . ,  
an, . . . .  An abbreviated notation {an} is also used. It is 
assumed here that the terms are real numbers (natural 
numbers, their ratios, negatives, and limits); the case of 
sequences of complex numbers is considered later.

A series is the indicated sum of a sequence of numbers; 
for example, ax +  a2 +  a3 +  • • • +  an +  • • •. A series can 
also be finite or infinite, depending on the sequence. It 
is customary to denote a series by using the Greek letter 
sigma X, to indicate summation. For example, a{ +  a2
+  a3 +  • • • an +  • • • is written l ,a n, or simply

The properties of series are related to the properties of 
sequences. If every term in a sequence is less than or equal 
to the following term, the sequence is said to be increasing 
(or nondecreasing). In other words, if, in {<2„}, an is less 
than or equal to an + l for every n, then {an} is increasing.
If each term is less than the following one (that is, if 
an < an+,), the sequence is strictly increasing. On the other 
hand, if, for a sequence {an}, an is greater than or equal 
to an + l, the sequence is decreasing (or nonincreasing); if 
an > an+1, it is strictly decreasing.

Sequences that are either increasing or decreasing are 
called monotone (monotonically increasing or monotoni- 
cally decreasing, as the case may be; see 35 and 38). Some 
sequences are not monotone (see 36 and 37). If all the 
terms of the sequence an are less than a given number M  
(in symbols, an< M  for some M  and all n), the sequence is 
said to be bounded above. If all an exceed a certain num­
ber, {an} is said to be bounded below (see 35). Sequences 
bounded both above and below are simply called bounded 
(see 36). Some sequences are not bounded either above or 
below (see 37).

Convergence. A sequence {an) is said to converge (or Conver- 
tend) to the limit a if the terms an approach a indefinitely gence and 
as n increases (see 39). A precise definition is as follows: divergence
an tends to the limit a if, given any positive number (no 
matter how small) symbolized by the Greek letter epsilon, 
e, the magnitude of the difference, | an — a \, is less than 
e for all n large enough. If {an} tends to a limit, the se­
quence is said to be convergent; otherwise it is divergent.
The following type of divergence is important: {an} is said 
to diverge to infinity, or the limit of an as n approaches 
infinity is positive infinity (see 40), if for any number M  
(no matter how large) an is greater than M  for all n large 
enough; divergence of a sequence to negative infinity is 
defined in a similar way.

Of the sequences mentioned above, one (see 38) con­
verges to the limit 0; others (see 35 and 36) diverge.
Whether a given sequence converges and, if so, toward 
what limit is not always easy to decide. The following 
facts, however, can be helpful.

I. If »a and bn —> b, then the limit of the sum, the 
product, and the ratio of an and bn is the sum, the product, 
and the ratio of a and b, respectively (see 41), the last re­
lation requiring, however, the additional assumption that 
b is not equal to (¥=) 0.

II. Every convergent sequence is necessarily bounded; an 
example (see 36) shows that the converse is not true: a 
bounded sequence need not converge.

III. If a sequence is increasing and bounded above or 
decreasing and bounded below, it converges.

IV. If a sequence converges, then its terms, coming arbi­
trarily close to the limit, must also come arbitrarily close 
to each other, provided the indices are large enough. The 
converse of this is also true, though less easy to prove, and 
the result is the following important theorem of the 19th- 
century French mathematician Augustin-Louis Cauchy: a 
sequence {an} converges if and only if it has the following 
property: for any positive number e (no matter how small)
I am — an | <  s for all m  and n large enough.
Starting with a sequence al9 a2, . . . ,  an, . . . ,  a new se­

quence sx, s2, . . . ,  s„, . . .  is formed by the following rule: 
a sequence of partial sums is generally labeled sn and 
defined as a sum of the first n of its terms (see 42). If 
{sn} converges to limit 5, then it is said that the infinite 
series, an infinite sum of ak (see 43), converges to sum s.
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The numbers sn are called the partial sums of the series 
Zfl„, and the relation sn —> s is also written Z<2„ =  s. The 
numbers an are the terms of the series Zö„.

For any sequence "bl9 b2, . . . . . ,  there is always an
associated series that is a sum of differences constructed 
of bk and with typical term bn minus bn- x (see 44), the 
partial sums of which are bu b2, b3, . . . ,  bn, . . .  . Hence, 
every series is represented by a sequence (that of its par­
tial sums) and, conversely, every sequence by a series. It 
follows that every statement about series can be given in 
a form bearing on sequences, and conversely (but usually, 
in individual cases, one form may be preferable to the 
other). For example, Cauchy’s theorem stated above and 
pertaining to sequences assumes, in the case of series, the 
following form:

V. A series Tan converges if, and only if, given any 
positive number e, | am+, 4- am+2 +  ** • +  an \ < e for all m  
large enough and any n greater than m. In particular 
(taking n = m +  1), the terms of a convergent series must 
necessarily tend to 0.

Tests for For example, if a is any number and q is any 
conver- number of absolute value less than 1, the series
gence a 4  aq 4- aq2 4- • • • 4  aqn~x 4  • • • =  l laqn~l (called a geo­

metrie series) converges, and its sum is a/(l — q).
The series Zl/w =  1 4  V2 4  V3 4  • • •, called the har­

monie series, diverges.
If the terms of a series are positive numbers, the series is 

called positive. The partial sums of a positive series form a 
strictly increasing sequence and, in view of proposition III, 
a positive series converges if its partial sums are bounded 
above. If the partial sums of a positive series are not 
bounded above, the series diverges to +°°. Proposition III 
also shows the following:

VI. If and 7Lbn are positive series and if an > bn for 
all n, then the convergence of Zß „ implies convergence of 
]Lbn and, equivalently, the divergence of Z&„ implies that 
of Zß „. This result, which is usually called the comparison 
test, is very useful because the knowledge of convergence 
or divergence of some positive series can be used to obtain 
information about other series.

For example, from the fact that the geometrie series 
I,aqn~l converges if a is positive and q is positive and less 
than 1, it is possible to deduce the following corollaries 
for positive series.
VII. If an + Jan —> l, then, if / <  1, the series Zö„ converges; 

if / >  1, the series diverges. This is known as the ratio test.
VIII. If anl/n —► / and if / <  1, the series Xan converges; if 

/>  1, the series diverges. This is known as the root test.
If the limit / in VII or VIII exists but is equal to 1, the 

test fails (the case / =  1 can occur for both convergent

(42) (
sx =  al9 s2 — ax + a2, s3 =  ax+ a2 +  a3, . . .  
sn = +  a2 +  • • • +  an, • • •

(43) ax +  a2 +  a3 H- • • • +  an +  • • •

(44) bi +  (b2 — bx) +  (̂ 3 — Z?2) +  *-*  +  (^-Z >„_1) +  - -*

(45) 1-* +  2-* +  3"* +  • • • +  rrk +  • • • =  Y  rrk
» = 1

i + !  l . l  _ ln9 
J 2 + 3 4 + 5 - l n 2

1 — 3 + 5 ~  7 "*” 9 _  ’ * ' = 4 n (Leiïmiz’ series)

(46) .
1 + — - TT2

22 32 42 52 6

l + 3 i + 5 ^ + 7 ^ + 9 ^  +  * ‘ ' = z n2

1 1 1 1 1 1 1 1 1 1 
1 1 X 2  1 X 2 X 3  1 X 2 X 3 X 4

k =*=2 . 7182818 . . .
These series converge to known values as shown.

and divergent series) and other tests are sought. There are 
many of them, but the most useful is the following one 
based on the notion of the integral.

IX. If ƒ  (x) is a function defined for x  positive, itself posi­
tive and steadily decreasing to 0 as x  increases indefinitely, 
then the series Z ƒ  (n) =  ƒ  (1) 4  ƒ  (2) 4  ƒ  (3) 4  • • • converges 
or diverges according as the ƒ?f {x)dx is finite or not. This 
is known as the integral test.

When applied to the function ƒ  (x) =  x~k, in which k  
is a fixed positive constant, the test shows that the se­
ries that is a sum of reciprocals of kth  powers of posi­
tive integers (see 45) converges if k >  1 and diverges in 
all other cases. The result is not deducible from either
the ratio or root test, because, for the series Z , n~k, l is
equal to 1 both in VII and VIII.

Of interest among series that are not positive is a type 
called altemating series; this name is given to series 
a\ — a2 4  a3 — a4 +  • •■'•in which the numbers an them­
selves are of constant sign. It can be shown that such a 
series converges if (an} decreases monotonically to 0. For 
example, the series 1 — V2 4  V3 — lU 4- • • • converges.
A series Z<z„ is said to converge absolutely if Z|<^| con­

verges. Cauchy’s theorem for series shows that, if a series 
converges absolutely, then it converges in the ordinary Absolute 
sense; but the example of the convergent altemating series conver- 
1 —  V 2 4  V3 — • • • shows that a series may converge with- gence 
out converging absolutely. It follows that absolutely con­
vergent series form a special class among all convergent 
series. Because series Z 1*2*1 have positive or zero terms, 
the problem of whether a given series converges absolutely 
can be solved by applying one of the tests for the conver­
gence of positive series. In many cases the simplest way of 
proving that a certain series converges is by showing that 
the series converges absolutely, and this shows the impor­
tance öf positive series for the general theory of series.
Absolutely convergent series have a number of properties 
that are not shared by all convergent series. The most 
important of these properties is the fact that if a series 
converges absolutely, then arbitrary changes in the order 
of the terms of the series affect neither the convergence 
nor the sum of the series.

The Situation is completely different for series that con­
verge but do not do so absolutely (such series are called 
conditionally convergent); by a suitable change of the or­
der of the terms, such a series can be made to converge to 
any prescribed sum or can even be made divergent. This 
is a theorem of the 19th-century German mathematician 
Bernhard Riemann. Hence, unlike the case of absolutely 
convergent series, a conditionally convergent series has 
no intrinsic sum and everything depends on the order 
of the terms.

The number of important series that occur in mathemat­
ics is enormous. A few basic convergent series are given 
in five examples of series the sums of which are known 
and are expressed in terms of the natural logarithm and 
the numbers n and e (see 46).

Series of functions. If Zun{x) is a series the terms ux(x), 
u2(x) , . . . ,  un(x) , . . .  of which are functions defined in an 
interval of the real variable x and if Zun(x) converges at 
each point of the interval, then the series is said to con­
verge pointwise in the interval; ƒ  (x) denotes the sum, and 
Sn(x) the partial sums, of the series. Pointwise convergence 
means that for any positive e there is an index n0, depend­
ing in general on e and x, in symbols n0 = n0(e, x), such 
that I ƒ  (x) — Sn(x) I <  e for n > n0. If for each e >  0 an n0 
can be found independent of x, the series is said to con­
verge uniformly in the interval considered; geometrically 
this means that for each n>  n0 the graph of the curve 
y  =  s„(x) and that of the curve y = f( x )  differ by less than 
e in the whole interval under consideration. Pointwise 
convergence in general does not preserve properties of the 
terms of the series. For example, if the functions un(x) 
are continuous and Zun(x) converges pointwise, the sum 
Zun(x) need not be continuous. A simple example is pro­
vided by the series (1 — x) +  x( 1 — x) +  x2( 1 — x) +  • • •, 
which converges at each point of the interval 0 < x  < 1 
and the sum of which is equal to 0 for x  =  1 and equal 
to 1 at the remaining points of the interval. Similarly,
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if the un(x) are integrable over an interval and the series 
X«„(x) converges pointwise, the sum of Hun(x) need not 
be integrable. The significance of the notion of uniform 
convergence is that the sum of a uniformly convergent 
series of functions inherits many important properties of 
the terms—in particular their continuity and integrability. 
Not all properties, however, are preserved by uniform con­
vergence; for example, the sum of a uniformly convergent 
series of differentiable functions need not be differentiable. 
As a matter of fact, examples of continuous and nowhere 
differentiable functions are usually given as sums of uni­
formly convergent series of differentiable functions. The 
three theorems that now follow about uniformly conver­
gent series are particularly useful.

X. If the functions un(x) are continuous in an interval 
and if the series Xw„(x) converges uniformly in the inter­
val, the sum of the series is continuous in the interval.

XI. If the un(x) are integrable over a finite interval (a, 
b) and if Xw„(x) converges uniformly in (a, b), then the 
sum ƒ  (x) of X«„(x) is integrable over (a, b) and a definite 
integral of the function ƒ  is written as a sum of integrals 
of functions un (see 47).

XII. If each term of the series £ un(x) has a continuous 
derivative in a finite interval (a, b), if the series Zw'(x) of 
derivatives converges uniformly in (a, b \  and if the series 
Tun(c) converges for one point c in {a, b), then the series 
Zw„(x) also converges uniformly in (a, b), its sum /(x ) is 
differentiable, and f '{x ) = Zu'n(x).

There are no special tests for the pointwise convergence 
of series because pointwise convergence simply means or­
dinary convergence at each point x separately. There are 
tests for the uniform convergence of a series of functions, 
among which the following, usually called Weierstrass’ 
M-test, is particularly useful.

XIII. If there are positive constants M„ M 2, . . . ,
Mn, . .  . such that the series converges and if
| un(x) | < M n for each n and all x  of an interval, then the 
series ï,un(x) converges uniformly in the interval.

Only the uniform convergence of series has been con­
sidered. There are parallel definitions and results for the 
uniform convergence of sequences. One can also consider 
the uniform convergence of double series and sequences. 
Special types of series of functions are particularly impor­
tant for various branches of analysis (as in the Fourier 
series described later). The convergence of series Xw„(z) the 
terms of which depend on a complex variable z =  x +  iy 
may be considered. The most important among them is 
the case of power series.

Power series. Power series are of the form with co- 
effieients an (see 48), in which the an are constants (in 
general, complex) and z =  x 4- iy is a complex variable; in

(47) f  f(x)dx  =  V  f u„(x)dx 
Ja Ja

(48) cLq -F axz  +  a2z2 +  • • • +  anzn +  • • • =  '2anzn

1 + xy =  i + ax + «(«~ l )xi + °(a ~ *)(«~ 2) 3l t ( K +  1 X 2  1 X 2 X 3

+  • • • (Newton’s binomial series; R =  1)

(49) J e*= 1 +  t  +

1 2 _L 1 3— 2 * +  3X 3 — ( R = D

I 3 , 1 5— ^ x 3 +  ^ x 5 —• • • ( R = l )

X2 1 X3 1 • • (R

COS X 1 +  -1 X 2  T X 2 X 3 X 4
____  x6________
1 X 2 X 3 X 4 X 5 X 6

x3 , ______ x5.

+  • (R =  °°)

"  1 X 2 X 3  + 1 X 2 X 3 X 4 X 5

(R =  °°)

the symbol Y,anzn the index n ranges through the values 
0, 1, 2 , . . . ,  n, . . . .  Each power series has a circle of 
convergence; this is a circle (disk) with the centre at the 
point z =  0  and the following properties: the series con­
verges at each point interior to the circle and diverges at 
each point exterior to the circle. As to the behaviour on 
the circumference of the circle of convergence, I<anzn may 
converge at some points, diverge at others. The intersec­
tion of the circle of convergence with the real axis is an 
interval (—R, R); and the series 'Lanxn, a power series of 
the real variable x, converges in the interior of this interval 
and diverges in the exterior. The radius R  of the circle 
of convergence is called the radius of convergence of the 
power series. The circle of convergence can degenerate to 
a point; each power series L̂anzn necessarily converges at 
the point z =  0  but may converge at no other point: the 
series En!zn is an example of this (n\—factorial n—is the 
product n(n — \){n — 2) • • • 1). The circle of convergence 
may also cover the whole complex plane, as in the series 
'Lzn/n\. Finally, the radius of convergence may have any 
prescribed positive value R  because the radius of conver­
gence of the geometrie series X(z/R)M is precisely R.

At each point interior to the circle of convergence, the 
power series not only converges but converges absolutely. 
What is very important is that, in each circle concen- 
tric with the circle of convergence but of smaller radius, 
the power series converges uniformly. Series of the form 
a0 +  ax(z — b) + a2(z — b)1 +  • • • =  "Lan(z — b)n, in which b 
is a fixed complex number, are called power series with 
centre b. Their study does not require the introduction 
of new concepts because by replacing z — b with a new 
variable Z the series is reduced to the previously discussed 
case 'LanZ n. It follows that £<zw(z — b)n also has its circle of 
convergence, but this time the circle has its centre at the 
point b. Functions representable by power series have very 
important properties. Listed above are a few basic power 
series, considering for simplicity only real values of z (see 
49). (A.Zy./C.L.F./Ed.)

Vector and tensor analysis

Many physical quantities, such as temperature, pressure, 
and mass, have only magnitude. The numbers represent­
ing them are called scalars and obey the simple rules of 
arithmetic. On the other hand, quantities such as velocity, 
force, or position in two or more dimensions relative to a 
fixed point have both magnitude and direction and can be 
represented mathematically by two or more numbers that 
constitute what is called a vector. Geometrically, a vector 
is drawn as a line in a specific direction with a length 
equal to its magnitude (Figure 13).

The earliest knowledge of how to manipulate vector 
quantities dates from the time of Galileo, who in the 
course of his studies in the 17th Century first formulated 
the simple parallelogram law for combining forces. If two 
forces act on a body, their resultant force can be obtained 
from a parallelogram in which two adjacent sides have 
lengths and directions representing the forces. The two 
forces acting together are equivalent to a single force rep­
resented, in magnitude and direction, by the diagonal of 
the parallelogram. This is equivalent to the rule that two 
or more vectors can be added by putting their geometrie 
representations end to end, so to speak.
A vector can be multiplied by a positive number by sim­

ply multiplying its magnitude by that number (it has the 
same direction). To multiply a vector by a negative num­
ber, its direction is reversed and its magnitude multiplied. 
The process of multiplication by numbers is called scalar 
multiplication. An example of its application to physical 
quantities is the process of multiplying the mass of a body 
by its velocity to give its momentum. The momentum of a 
body is, thus, a vector quantity having the same direction 
as the velocity and a magnitude equal to the product of 
the magnitudes of its mass and its velocity.

Vectors in three dimensions may be expressed in the fol­
lowing way. A set of three mutually perpendicular vectors 
each of unit length is chosen, and any vector may be repre­
sented uniquely as a combination of these. If these vectors 
are written i, j, and k  (it should be noted that vectors in

Circle of 
conver­
gence of 
power 
series

Resolution 
of forces 
by vector 
parallelo­
gram

Expression 
of vectors 
in three- 
dimen- 
sional 
space



Analysis 455

physical applications are often printed in boldface type), 
then any vector can be represented by axi +  a2j  +  a3k. 
The numbers al9 a2, and a3 are called the components 
of the vector. By Pythagoras’ theorem, the length of 
a j  + a2j  +  a3k  is the square root of the sum of the squares 
of the components. The magnitude of an arbitrary vector 
v is written ||v|| .
Vectors may be multiplied together in two ways. The 

scalar product of two vectors (also called the dot product) 
is, in two dimensions only, defined to be the product of 
their lengths multiplied by the cosine of the angle be­
tween their directions. A physical example concerns the 
work done if a force F  moves in a straight line that has 
magnitude and direction d. If the force moves along the 
direction of d, the work is \\F\\ ||*/||; if it acts at an angle 
6 to that direction, it is ||/r|| ||</|| cos 6. If the force acts at 
right angles to the direction, the work done is zero.

In three dimensions, two vectors can be multiplied to 
give a third. The vector product of a and b is written as 
a X b  and is also called the cross product. It is a vector 
perpendicular to a  and b with length ||a|| ||6|| sin 0, 0 
being the angle between them. When an electric charge 
moves in a magnetic field, for example, it experiences a 
force that is mutually perpendicular to the field and the 
direction of motion, hence the principle from which it is 
inferred that the wire moving in the magnetic field of a 
generator will carry electrical current.

Many physical quantities take the form of mappings (or 
correspondences) from one collection of vectors to an­
other. For example, the stress at a point in a fluid is the 
relation between two vectors. The stress is an example of 
a tensor, which has a general mathematical definition that 
will be presented below. It will be seen that the tensor 
concept depends upon ideas involving more than one vec­
tor—in fact, collections of vectors that are called vector 
spaces. The idea of vectors and tensors was suggested by 
particular needs in problems of mathematical physics.

Once the concepts of vector and tensor are known from 
the study of particular physical or mathematical questions, 
it becomes natural, by the route of mathematical reason- 
ing, to express individual vectors or tensors as members 
of an appropriate space. By doing so, a setting of gener­
ality is established and the properties of these entities can 
be studied without reference to particular representatives 
that might have been encountered first historically or that 
might have been important in special cases. Therefore, 
with the advantage of historical maturity, discussion will 
begin here with the treatment of a vector space. (Ed.)

VECTOR ALGEBRA AND ANALYSIS
Vector space: history and basic ideas. The germinal 

idea of an abstract vector space that is not limited to appli­
cations grew out of investigations of the mathematicians 
Sir William Rowan Hamilton and Hermann Günther 
Grassmann during the early 1840s. In that era math­
ematicians still regarded complex numbers that involve 
the square root of —1 with a mixture of mysticism and 
suspicion, although by 1800 Caspar Wessel had suggested 
representing the complex number ax +  ia2, in which i is 
the square root of —1, concretely by a point in a plane 
(specifically, by the point [«„ a2] so that ax and a2 be­
come distances to the point measured along straight lines 
parallel to two rectilinear axes). In 1831 Carl Friedrich 
Gauss showed that complex numbers can be regarded as 
ordered pairs of real numbers for which the operations 
of addition and multiplication are defined (see equations 
50) in terms of the component parts of the pairs. The 
resulting algebra of pairs is a perfect replica of the algebra 
of complex numbers, without any reference to complex 
numbers or to the symbol i. This algebra proved to be 
useful in describing rotations in the plane.

Unaware of Gauss’s work, Hamilton discovered the same 
device six years later and continued to search for a com­
parable algebraic description of rotations in three-dimen- 
sional space. His early efforts were thwarted, however, by 
an algebraic dogma that insisted on certain familiär prop­
erties of addition, subtraction, and multiplication growing 
out of centuries of exclusive concern with familiär num­
bers. Each of the number Systems known was an example

(50)
a2) +  (b„ b2) =  (a, + bu a2 +  b2)

(ax, a2)- (b\. b2) (a,b, a2b2, <X\b2 Q2b\)

(51) (tfi, a2, . ..,a „ ) + (bi, b2, . . . ,b „ )
= (a, +  a2 +  b2, . . . ,  a„ +  b„)

(52) c(a 1? ö2> . . . ,a „ )  = (ca,, ca2, . . . .  ca„)

of an algebraic system that in today’s terminology is called 
a field. Formally, a field is a set of elements and two 
operations, called addition and multiplication, satisfying 
well-defined postulates, as discussed fully in the article 
a lg eb r a : Fields.

Hamilton’s eventual success came from his willingness to 
discard the notion that any useful and consistent algebraic 
system must satisfy all of the field postulates. His new 
algebra provided a means of describing rotations in three- 
dimensional space by an algebraic system that satisfies all 
the field postulates except the commutative law for mul­
tiplication, which identifies the products a • b and b • a as 
equal. In Hamilton’s algebra a- b — —b • a. Thus, Hamil­
ton provided the first example of a noncommutative field, 
which is now called a division ring. The elements of his 
algebra were called quaternions.

The realization that useful algebraic Systems could be con­
structed by replacing some traditional postulates proved 
to be as liberating to algebra as the corresponding dis­
covery had been to geometry only a few years before, 
when the parallel postulate of Euclidean geometry had 
been replaced by Gauss and the Hungarian and Russian 
discoverers of non-Euclidean geometry, Jänos Bolyai and 
Nikolay Ivanovich Lobachevsky. Mathematical heresy ap­
parentiy was in the air in those days. In 1844 Grassmann 
independently developed a theory that was far more imag­
inative and comprehensive than Hamilton’s, providing an 
algebraic mechanism for «-dimensional space and allow- 
ing for various definitions of multiplication. At the same 
time in England, Arthur Cayley invented matrix algebra, 
which includes the quaternions invented by Hamilton as 
a very special case.

The Contemporary concept of a vector is a natural or 
closely related abstraction and extension of the Observa­
tion that an ordered pair of real (not complex) numbers 
(ax, a2) represents a unique point in the Cartesian plane 
(that for which pairs of numbers are identified with num­
bers as described above); similarly, an ordered triple of 
numbers (al9 a2, a3) represents a point in three-dimensional 
Cartesian space (Figure 13), and an ordered «-tuple of 
numbers (ax, a2, . . . ,  an) represents a point in Cartesian n- 
dimensional space.

Addition of two «-tuples is defined by the parallelogram 
law, which States (see 51) that components of the «-tuples 
are added to form components of a new «-tuple called the 
sum. Multiplication of an «-tuple by a number is defined 
by extending the multiplication (by the number) to each

Hamilton’s 
modifica- 
tion of 
the field 
postulates

Figure 13: A vector regarded geometrically as a directed 
line segment (or arrow) from the origin to a point with 
Coordinates ax, a2, a3 (see text).
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Figure 14: Addition of two n-tuples (see text).

component (see 52). The laws of addition and multiplica­
tion are illustrated in Figures 14 and 15.

The resulting algebraic system is a particular example of 
a vector space, and the example is general enough to sug­
gest an axiomatic formulation of the concept of a vector 
space. To begin with, observe that two types of objects 
are involved in this example: numbers (which are called 
scalars and will be denoted here by lower case letters) and 
«-tuples of numbers (which are called vectors and will be 
denoted here by Capital letters). Normally the set of scalars 
is assumed to be a field, although a comparable theory of 
vector spaces exists for the case in which the scalars form 
only a division ring. It need not be assumed that a vector 
is an «-tuple of scalars; in general, the set V of vectors 
can be any set of objects that can be combined according 
to specific laws. Because the laws make specific references 
to a field of scalars, the term vector space over a field is 
used. Two of the most important fields that appear in this 
context are the field 3t of real numbers and the field & of 
complex numbers.

In the familiär notation used for many years for vectors 
in three-dimensional real space 3t3, the vectors along the 
three mutually perpendicular axes are denoted i, j, and k. 
Then an arbitrary vector v is written v = x i  +  yj +  zk, thus 
designating the point (x, y, z) in 3t3. This particular basis 
is called the Standard basis for 3t3, and much of the late- 
19th-century work in vector analysis and vector calculus, 
developed by the American physicist J. Willard Gibbs and 
the English physicist Oliver Heaviside, was expressed in 
this form. One of the great advantages of the abstract 
approach to vector space algebra is that it emphasizes co- 
ordinate-free methods and thereby avoids long arithmetic 
computations for properties that are intrinsic, and there­
fore it is independent of the choice of Coordinates.

It is important to observe that the definition of a vector 
space describes only the algebraic operations of vector 
sum and scalar multiple of a vector. Special types of vec­
tor spaces can be obtained by superimposing additional 
operations on a vector space. The most glaring omission 
up to this point concerns metric concepts or concepts 
that define distance. In itself a vector space provides no 
means for measuring distance, or angle, or area, or any 
of the usual concepts needed for geometry and most ap­
plications. Therefore, in particular, the reference in the 
previous paragraph to mutually perpendicular axes was 
intuitive and premature.

Products: scalar and vector. To attribute to a vector 
space £ the usual metric properties, a way must be found to 
define the length of a vector and the angle between vectors. 
Length is by nature a function from £ into the nonnegative 
real numbers, in the same sense that to each vector in £ 
there is assigned a number, the length. Angle is a function in

c(a,. a,)

Figure 15: Multiplication of an n-tuple by a number c (see 
text).

a similar sense from the space of all ordered pairs of vectors 
into the real numbers between 0 and n. Therefore, the real 
numbers are needed for such computations; for sim- 
plicity the scalar field can be chosen to be the com­
plex numbers (E, which include the real scalar field 
as a special case. Accordingly, the complex conjugate 
z of a complex number z =  x  +  iy is defined by z =  jc — iy. 
It follows that Zj +  z2 =  zj +  z 2, and z xz 2 =  z l9 z 2. The 
magnitude | z | of z is defined by | z | =  y/x* +  y 2.

If a vector space £ is defined so that vectors multiply 
with members of the field £  of complex numbers, a 
scalar product (or inner product) on £ is a function p 
with certain properties that maps pairs of vectors into 
complex numbers. The properties of the function p  are 
those that define the inner product (see 53). Examples Examples 
of inner products are the following: First, on the space of inner 
of «-tuples of complex numbers (see 54), p maps the products 
pair (al9. . . ,  an), (bx, . . . ,  &„) into axbx +  • • • 4- anbn.
Second, on the space of «-tuples of real numbers (see 55), 
the value of the function at (aX9. . .  9 an), (bX9. . . ,  bn) be­
comes axbx+ • • • +  anbn. Third, on the infinite-dimen- 
sional space of complex valued functions continuous on 
the interval of real numbers between a and b (see 56), the
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pair of functions (ƒ  g), is mapped into the limit of a sum, 
namely, the value of an integral.

The central fact about any scalar product is expressed 
in the Schwarz inequality, first employed by the German 
mathematician Hermann Amandus Schwarz (see 57). The 
length \\A || of a vector A  is defined (see 58) in terms of 
inner product, and it has the usual properties of Euclidean 
length (see 59). Distance between points (vectors) A and 
B is then defined in terms of length (see 60). Distance 
is symmetrie—that is, independent of the order of the 
vectors in the pair (A, B)—positive if A ¥= B and satisfies 
the triangle inequality (see 61).

In the case of the space of all real «-tuples with the inner 
product defined as in the examples above, these concepts 
of length and distance coincide with the usual Euclidean 
distance. Hence, any real inner product space is called 
a Euclidean space. Any complex inner product space is 
called a unitary space.
A major distinction between Euclidean and unitary 

spaces occurs in the definition of angle. In either case the 
Schwarz inequality assumes the same form (see 62). In the 
Euclidean case there is precisely one number y/(A, B) the 
cosine of which corresponds to the intuitive notion of the 
cosine between two directed line segments (see 63). Thus 
y/(A, B) is defined to be the angle between vectors A and 
B. In a unitary space p(A, B) is a complex number, in 
general, and so the real definition of angle cannot apply. 
The important case of perpendicularity (orthogonality) of 
A and B, however, can be defined by p(A, B) = 0 in a 
unitary space, just as in a Euclidean space.

The Standard basis in terms of which all other vectors 
can be expressed for «-dimensional Euclidean or unitary 
space is a set of « vectors, each of unit length and each 
pair orthogonal. Such a basis is called orthonormal. Rel­
ative to an orthonormal basis, any inner product on an 
«-dimensional space assumes the first form given in the ex­
amples above (54). This form is also called the dot product 
because of the notation frequently used, A ' B = p(A, B), 
in which A = (alf . . . ,  an) and B = (bx, . . .,  bn) are ex­
pressed relative to an orthonormal basis for «-dimensional 
unitary space. _The same form is valid in the Euclidean 
case, because b = b whenever b is real. The metric con­
cepts assume familiär forms (see 64).

Quite a different form of product of vectors is used 
extensively in studying the geometry of Euclidean three- 
dimensional space and its physical applications. As con- 
trasted with the scalar (or dot) product A • B, which is a 
scalar, the vector (or cross) product A X B  is a vector. 
Geometrically, A X B is the vector that, first, is perpendic­
ular to both A and B; second, that is of length ||^|| ||2f|| 
sin y/(A, B), which numerically equals the area of the par­
allelogram having A and B as adjacent sides; and, third, 
that extends from the origin in the direction of travel of a 
right-hand screw when it is rotated from A to B through 
y/, which is the smaller of the two possible angles.
An expression for A X B in terms of components is es­

sential for computations and precise reasoning (see 65). 
The basic algebraic properties satisfied by A X B  are im­
portant to compare with those of the inner product (see 
66). The first of these properties shows that a cross prod­
uct is anticommutative (or altemating), as first described 
by Hamilton for quaternions. The last of these properties 
relates A X B  to the Schwarz inequality.

Unlike the concept of scalar product, the existence of a 
vector product having the properties listed above depends 
critically upon the dimension « of the vector space on 
which it is defined. Except for the trivial cases (« =  0 and 
« =  1), such a vector product exists only for « =  3 and 
« =  7. This odd fact is closely related to long-standing 
Problems in algebra, originating in the work of Hamilton 
and Cayley but only fully solved in the 1960s. (D.T.F.)

Field theory. A partiele moving in three-dimensional 
space can be located at each instance of time / by a 
Position vector r drawn from some fixed reference point 
O. Because the position of the terminal point of r de­
pends on time, r is a vector function of t. Its components 
in the directions of Cartesian axes, introduced at O, are 
the coefficients of i, j, and k in the representation that 
identifies these three vectors with vectors of unit length

along the three mutually perpendicular axes (see 67). If 
the components are differentiable functions, the derivative 
of r with respect to t is defined by a formula (see 68) 
that represents the velocity v of the partiele. The Cartesian 
components of v appear as coefficients of i, j, and k. If 
these components are also differentiable, the acceleration 
a — dv/dt is obtained by differentiation (see 69). It may 
also be verified that the mies for differentiating products of 
scalar functions remain valid for derivatives of the dot and 
cross products of vector functions, and suitable definitions 
of integrals of vector functions allow the construction of 
the calculus of vectors. Such calculus has become a basic 
analytic tool in physical Sciences and technology.

Applications of vector calculus to problems of contin­
uüm mechanics (e.g., fluid mechanics, aerodynamics) call 
for a consideration of scalar and vector functions specified 
at each point of some region. A region of space with each 
point of which a scalar function is associated is called a 
scalar field, while a region in which a vector function is 
determined is a vector field. Examples of scalar fields are Examples 
regions at each point of which the temperature or density of scalar 
of a body can be determined. A region in the vicinity fields 
of a charged body in which the electric-intensity vector 
is determined is an example of a vector field. A scalar 
function u(P) determined at each point P of a scalar field 
is called a scalar point-function, while a vector function 
v(P) specified in a vector field is a vector point-function.
Gradient o f a scalar field. If there is a scalar point- 

function u(P) at a point P  and another scalar point-func­
tion u(P') at a nearby point P', the vector from P  to P' 
being expressed as Ar (see 70), then the ratio (see 71) of 
the difference between u at P  and u at P' relative to Ar 
represents the average space rate of change of u(P) in the 
direction of Ar. The limit of this ratio as | Ar | —>0, when 
this limit exists, represents the space rate of change of 
u(P) in the direction of Ar. The vector in that direction 
for which the space rate of change of u(P) is a maximum
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is called the gradiënt of u(P) and is denoted by grad u 
or Vu. It can be shown that in Cartesian coordinates the 
vector components of the gradiënt are partial derivatives 
of u—that is, derivatives of u, obtained by holding all but 
one variable fixed and differentiating with respect to the 
unrestricted variable (see 72). Thus, with each point of a 
scalar field, in which Vu exists, there can be associated a 
vector field. If u(P) is the temperature, then Vu gives the 
direction of the heat-flow vector in the field.

Divergence o f a vector field. On the other hand, two 
important fields can be associated with each continuously 
differentiable vector point-function v(P): one is a scalar 
field and the other a vector field. If v(P) is defined in some 
region T  bounded by a sufficiently smooth surface S, then 
the component of v(P) (which for the saké of concreteness 
can be thought to represent velocity v of fluid particles 
moving in T) in the direction of the unit vector n that is 
exterior (directed away from) and normal to the surface S  
is v u .  The amount of fluid issuing from S  then is given 
by ƒ v  ndo, in which the integration symbol represents 
the summation of r »  over the elements of area do of 
the surface S.

The flux of fluid per unit volume is thus equal to a ratio 
of the integral referred to, relative to r, in which t is the 
volume of T  (see 73). The limit of this ratio as r —»0, so 
that S  shrinks toward some point P in T, is an important 
scalar called the divergence of v(P). Thus, the divergence 
of v(P), written div v(P), represents the rate of fluid flow 
from P. If div v(P) is positive at P, then P is a source of 
fluid; if it is negative, then P is a sink. If div v(P) =  0, 
then no fluid issues from P.

Diver- In Cartesian coordinates div v(P) is given by a formula
gence in (see 74) that is the sum of partial derivatives of vector 
Cartesian components of the velocity vector v (see 75). 
coordi- Curl o f a vector field. Associated with v(P) is an impor-
nates tant vector field in which the vector calledi curl of v(P) is

defined by a formula that expresses, in the limit of small 
volume, the ratio of fn  X vdz relative to that volume, in 
which the integral is calculated over the surface S  (see 76). 
This vector provides a measure of the angular velocity of 
the fluid at any point P in the field. ïn Cartesian coordi­
nates curl v is given by an especially convenient formula 
in which the vector components are differences of partial 
derivatives (see 77). When curl v =  0 at every point of the 
region, the field is said to be irrotational, and, when v(P) is 
such that div v =  0, the field is solenoidal. The importance 
of these two special fields sterns from the fact that every 
continuously differentiable vector function v(P) defined in 
a region r (subject to mild restrictions) can be expressed as 
a sum of two vector functions f(P) and g(P) such that f(P) 
is solenoidal and g(P) is irrotational. The possibility of 
such decomposition greatly simplifies the study of many 
velocity and force fields occurring in physics.

TENSOR ANALYSIS

Tensors, or generalizations of vectors, as characterized at 
the beginning of this article, were invented to express geo­
metrie entities arising in the study of manifolds—-that is, 
spaces that resemble Euclidean space in small regions but 
which may be curved in an arbitrary manner. Originally 
these small regions were used to define coordinate Systems 
on the manifold, and tensors were expressed in terms of 
functions involving many indices that obey certain trans­
formation laws when the coordinate system is changed. 
Subsequently, a global study of manifolds resulted in an 
invariant treatment of tensors and their algebraic rules of 
combination. This is the subject of tensor or multilinear 
algebra.

The concept of tensors and the knowledge of some of 
their properties can be traced back to the work of Gauss 
and to the work of his younger countrymen Bernhard 
Riemann and Elwin Bruno Christoffel as well. Their alge­
bra and analysis eventually were shaped into a systematic 
method by the Italians Gregorio Ricci-Curbastro and Tul- 
lio Levi-Civita, who coined for this powerful branch of 
mathematics the name absolute differential calculus. It is 
now known as tensor analysis. The chief aim of tensor 
analysis is to construct and discuss relations of laws that 
are generally covariant—that is, laws that remain valid

in passing from one to any other system of coordinates.
Thus, the method of tensor analysis is of prime impor­
tance for differential geometry. It became the object of 
widespread interest after the advent of general relativity 
theory, in which a principal requirement is precisely such 
unrestricted covariance of physical laws. There are many 
useful applications of tensor analysis—both finite and in­
finite dimensional—to classical mechanics, quantum me­
chanics, fluid mechanics, and other fields.

Consider a continuous «-dimensional manifold or space 
S„ (see g e o m e t r y : Topological groups and Differential 
topology), the element or point P(x,) of which is de­
termined by assigning the values of n real independent 
variables or coordinates x r Let Q(x, +  dx,) be another 
point of Sn. Then the ordered point-pair P, Q or the set 
of differentials dx, is a vector. To begin with, the idea 
of size or length is foreign to this concept, as S„ thus 
far is a nonmetrical manifold. If the x, be transformed Tensor 
into any other system of n coordinates x'„ the former transfor- 
being continuous functions of the latter with continu- mation 
ous derivatives dx,/dx'K and nonvanishing, finite Jacobian and rank 
J  = dx,/dx'K; then dx, are transformed into differentials dx', 
by a linear transformation in which the coefficients 
are partial derivatives (see 78). (The convention will 
be adopted that every term in which an index occurs 
twice is to be summed over all its values.) Any set of n 
magnitudes Al, functions of the x„ that are transformed 
by this rule, that is, by the rule of transformation that 
go veras differentials (see 79), forms a contravariant tensor 
of rank 1, the Al being its n components. For contravari­
ant tensors upper indices are used, except for dx„ the 
prototype of all such tensors. Next, any n magnitudes A, 
that are transformed as the differentiators d/dx„ which 
are arrived at by formally inverting the partial derivatives 
that constitute the coefficients (see 80), form a covari­
ant tensor of rank 1; lower indices are used for such 
tensors. These two kinds of tensors, or rank 1, are also 
termed vectors—e.g., three-vectors, four-vectors (such as 
the relativistic four-velocity or four-potential, in space- 
time, S4) and so on, according as w — 3, 4 , . . . .  Similarly, 
any n2 magnitudes AlK transformable by a natural gener­
alization of the rank 1 covariant tensor transformation 
(see 81) form a covariant, and any Al transformable by 
a natural generalization of the rank 1 contravariant ten­
sor transformation (see 82) form a contravariant tensor 
of rank 2. Again, n2 magnitudes A,K transformable by a 
linear transformation in which coefficients are products 
of coefficients from rank 1 covariant and contravariant 
tensor transformations (see 83) are said to form a mixed 
tensor of rank 2, covariant in i and contravariant in k .
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The extension to any rank is obvious. Any nri + ri mag­
nitudes A%::;, with r, lower and r2 upper indices, which 
are transformed according to a generalized rule (see 84), 
form a mixed tensor of rank r — rx +  r2. This is the most 
general concept of a tensor. A tensor of rank zero, called 
also a scalar, is a single function of the x t, invariant with 
respect to any transformations of coordinates, ƒ ' —ƒ  A lK 
is symmetrical if A lK = A Kl and is antisymmetrical or a 
skew tensor if A lK =  —A Kl, implying An =  0. Similarly for 
A ,k. Analogous definitions hold for mixed tensors and for 
higher ranks. Symmetry and antisymmetry are invariant 
properties.
Differentiation. The differentiation of tensors with re­

spect to the coordinates yields, in certain circumstances, 
further tensors. If / i s  a scalar function of the x, or scalar 
field, df/dxl = f  is a covariant vector, the gradiënt of ƒ  (but 
d2f/dxßxK is not a tensor; again, if du is an invariant, dxj 
du is, but d2x jd u 2 is not a vector). Further, if At is a vec­
tor, BlK = dAt/dxK — dAJdx, is a skew tensor, the rotation 
of Ar Finally, if AlK is antisymmetric, Blkk = dAlK/dxx 4- 
dAXK/dxl 4- dAXl/dxK is again such a tensor, the expansion 
Of Ak .
In what precedes only such properties of tensors were 

treated as are independent of any metrical considerations; 
the space S n thus far is a nonmetrical, amorphous man­
ifold. Its metrics may now be fixed by laying down the 
line element, a quadratic differential form (see 85) to be 
considered as invariant and to serve as the measure of the 
(squared) size or length of the vector d x r In the differen­
tial form there are coefficients glK = gKl that are prescribed 
functions of x. It follows that, because dx, is contravariant, 
gtK is covariant. Equivalently, it may be said that a certain 
symmetrical tensor g lK is impressed upon S n as the fun­
damental or metrical tensor, Converting it into a metrical 
manifold called a Riemannian space.
The minors g lK of g =  |g,K|, divided by g, form again a 

symmetrical tensor, the contravariant metrical tensor, to 
be used along with g lK. The outer product and contraction 
can be used in raising and lowering tensor indices. Thus, 
g lKA K =  A ‘ and g lKB K = B r

The angle 6 between two (copunctal) vectors Al and B‘ 
is defined by the invariant cos 0 =  glKAlBK/AB, where A, B 
defines their sizes. The unit vector je, =  dxjds  determines, 
locally, a direction in S„. The angle between two directions 
x» fi is given by cos 6 =  glK x t yK.
Integrals. The integral fd x h . . . ,  dxn, briefly fdx, ex­

tended over a region of S n, is transformed into fJdx', and 
the determinant g  into g' =  J 2g. Consequently, ƒ jgdx  is 
an invariant metrically impressed upon that region’s size 
or volume (area, if n =  2). This concept is readily extended 
to any submanifold of S n characterized by x, as functions 
of m < n  parameters pa, the role of metrical tensor is 
taken over by a linear transformation of it (see 86). If, by 
a proper choice of the coordinate system, all components 
g ik are reducible to constants, the metric space S n is Eu­
clidean or homaloidal (flat). This is but a very special case 
of Riemannian space. In general, such a reduction is not 
possible, and S n is non-Euclidean.

Differen- Differentiation of tensors, aided by metrics, yields an 
tiation of unlimited number of new tensors. The oldest of such is 
tensors by Riemann’s set of four-index symbols of 1861. The simplest 
metrics metrically differential tensor, however, was discovered in 

1869 by Christoffel. This is the covariant derivative of 
a vector A, (see 87) in which certain terms [ik, ju] are 
Christoffers symbols (not forming a tensor) (see 87). 
Again, the generalization of this is a mixed tensor (see 88). 
Detailed symbolism is necessary to express the covariant 
derivatives of ClK and CIJC (see 89, 90). The covariant 
derivative of g lK itself vanishes identically. Noteworthy for 
their applications are the vector divergence of a skew A lK 
and the scalar divergence of A* (see 91); e.g., one group of 
the 19th-century Scottish physicist James Clerk Maxwell’s 
equations is represented by div (Fw) =  O, where C' is the 
four-current and Fw the electromagnetic skew tensor (six 
vector); the second group is expressed by equating to zero 
the expansion of Fw =  g,agKßF“'*.
Geodesics, null lines. The most characteristic curves of 

the metric S n are its null or minimal lines, ds = 0, and 
shortest curves or geodesics defined by Sfds = 0, with

fixed terminals. The equations of a geodesie are second- 
order differential equations expressed in terms of Christof­
fel symbols and x, in which x  = dx/ds (see 92). They de- 
termine—e.g., in the case of space-time—the motion of a 
free partiele in the metric, and gravitational, field g,K. The 
null lines are imaginary or real, depending on whether the 
form (85) expressing the square of the differential of the 
line element is a definite or nondefinite form. The definite 
form holds in the case of spaces proper as contemplated 
by the pure geometer, and the nondefinite form character­
izes space-time with one positive and three negative gKK.
The null lines of space-time represent light propagation.
The definiteness or nondefiniteness of the quadratic form 
and its index of inertia (number of negative gKK terms) are 
invariant properties.
Parallel displacement of vectors. A fruitful contribu­

tion to tensor analysis due to Levi-Civita is the concept of Levi- 
parallel displacement of a vector with respect to a curve. Civita’s 
The metric Sn can in general be imagined as imbedded concept 
locally in a Euclidean space E  of l/i(n +  1) dimensions. 
Levi-Civita defined parallel displacement in Sn as a con­
sequence of a parallel displacement in E. In spite of the 
ultraspatial construction, parallelism is intrinsic, express- 
ible by the S„ metrics alone.

If x,= fXs) are the parametric equations of any chosen 
curve C, then there are differential equations along C that 
with the initial vector A !(S0) = A 0l determine uniquely a 
contravariant vector A ‘ at each point of the curve (see 93).
The vector Al at the point corresponding to s = s is said 
to be obtained by a parallel displacement of the vector A0l 
with respect to the given curve C and is said to be parallel 
to A0l. Any two vectors generated as above, one at each 
point, are parallel with respect to C. If it be required to 
construct a curve the tangents of which follow from each 
other by parallel displacement along the curve itself, the 
result will be the equations of a geodesie (92), so that the 
curve is a geodesie. The latter is thus throughout parallel 
to itself. Accordingly, a vector transferred along a geodesie 
remains equaliy inclined to it.
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If a vector X  be carried by a parallel displacement along 
two different paths a, b from O to O ', the two vectors 
at O', equal in size, generally differ in direction. One is 
parallel to X 1 via a, the other via b. In short, parallelism 
depends on the route of transfer or is nonintegrable (un­
less Sn is essentially Euclidean). Thus also, if the vector 
is carried around a circuit, it returns at O with its direc­
tion changed.

The covariant derivative of the vector is the tensor X;a. 
Its covariant derivative X l(Kß is not symmetrie in a and 
ß. A straightforward calculation shows that the difference 
of the two forms of this covariant derivative involves 
the important tensor R*  ̂ (see 94). This latter tensor is 
the Riemann-Christoffel, or curvature, tensor (see 95) the 
vanishing of which is the necessary and sufficiënt condi­
tion for the reducibility of glK to a constant tensor, or the 
criterion of a homaloidal space.

Riemann’s four-index symbols and curvature. Rie­
mann’s own set of four-index symbols is the covariant 
tensor (iß, Xk) =  R ,^  =  gm Rlkka. Conversely, R ^ a =  gf* 
(iß, Xk). Like equation (95), the symbols are antisym­
metric in K, X. Three more linear relations hold between 
them. This reduces the number of independent symbols 
to n2(n2 — 1)/12—e.g., six for a three-space, 20 for an S4, 
and but one for a surface, say (12, 12). This symbol di­
vided by g is a scalar of the surface, its Gaussian curvature
K. If a vector undergoes parallel displacement around a 
circuit on a surface, it retums with its direction changed 
by an amount equal to \Kdo, the Gaussian curvature of 
the surface integrated over the surface area enclosed by 
the circuit. As a consequence, the excess (over n) of the 
angle sum in any geodesie triangle is jKda, a theorem 
proved by Gauss.

When there are three or more dimensions, the curvature 
properties can no longer be expressed by a single magni­
tude but require for their description the knowledge of the 
whole curvature tensor or the associated Riemann Sym­
bols. The concept of Gaussian curvature is now replaced 
by that of Riemannian curvature— i.e., at any point 0(x) 
of S„, the set of Gaussian curvatures K  of geodesie sur­
faces of all possible Orientations laid through O. If be 
the metric tensor of such a surface as submanifold, K = 
l/h(\2 , \2)k, the symbol is calculated with h^. This and 
the determinant h can be expressed in terms of the tensor 
glK of the manifold and the vector pair, f ,  rj1, fixing the 
orientation (see 96).

(94)

(95)

(96)

=  IC) k )  +  [ay , k ) { iß ,  y)

-  {ßy, k ) {ia ,y}

K  Uk
(g,xgm -  &„&*)<?

In general, K  will depend on position and on orienta­
tion. In other words, with regard to curvature, Sn may be 
nonhomogeneous and anisotropic (e.g., space-time within 
or around matter); but, if K  is everywhere isotropic, 
it is also constant throughout Sn (Schur’s theorem). By 
the expression (96) for K  in terms of the tensor gw 
and the vector pair, <?, rj1, the necessary and sufficiënt 
condition for isotropy of Riemannian curvature becomes 
(iX, Kf i )  =  K(g,K gM -  g m or Rj,,*“ =  K (ö“glX -  öx“g,K) with
constant K. (D.T.F./Ed.)

Measure theory

The classical integral calculus is founded on the concept 
of the Riemann integral. However, this is not an entirely 
satisfactory basis. Certain functions that “ought to be” 
integrable fail to possess a well-defined Riemann integral. 
Functions that are limits of sequences of Riemann inte­
grable functions may not themselves be Riemann inte­

grable. The search for a more general and better behaved 
notion of integral led to the subject of measure theory, 
which among other things has provided the long-sought 
foundations for the concept of probability.
Beyond the Riemann integral. The general concept of a 

real-valued function of a real variable that had appeared 
in a more or less vague or restrictive form throughout the 
calculus period was finally isolated by Dirichlet in 1829.
Dirichlet examined the problem of convergence of Fourier 
series. Since the coefficients of these series are given by 
integrals, the knowledge of Fourier series expanded with 
the evolution of the concepts of integration and of func­
tion. From the time of Dirichlet and Riemann on, the 
knowledge of trigonometrie series and, more generally, of 
harmonie analysis thus gained in depth and in extension.

In fact, modern set theory, which changed the whole Modem 
outlook on measure and integration, began in 1872 with set 
Cantor’s investigation of the structure of some exceptional theory 
sets of trigonometrie series: sets S  such that, if a trigono­
metrie series (see 97) converges to zero except at the 
points of S, then each coëfficiënt cn = 0. The evolution 
of set theory between 1872 and 1890, due primarily to 
Cantor’s genius, together with the parallel investigation 
of the system of reals and of functions of reals by such 
mathematicians as Richard Dedekind, Karl Weierstrass, 
and Paul du Bois-Reymond, all of Germany, as well as 
Ulisse Dini of Italy, brought on the “great mathematical 
revolution” at the tum  of the 20th Century.

(97) 2  c / "
n = —oo

Measure and content. The problem of foundations was 
revived but was applied to the tremendous wealth of ac- 
cumulated knowledge at a level of abstraction far beyond 
that known to the ancient Greeks. In particular, the prob­
lem of measure was no longer confined to a few special 
sets—the geometrie figures available to Eudoxus or Pascal. 
Moreover, the very nature of the problem was different.
Eudoxus’ or Pascal’s problem was to find the measure 

(area, volume) of some specific geometrie figure. The ex­
istence of this measure was a question of faith, and it 
was approximated by sums of measures of simple figures. 
The new problem was to define a measure for as large a 
class of sets as possible by means of such approximations. 
The first attempts were made in 1884-85 by the German 
mathematicians Carl Gustav Axel Hamack, Otto Stolz, 
and Cantor. They did not succeed because they used only 
approximations from above; they assigned to any set S  
the greatest lower bound of sums of ordinary measures 
of simple sets—intervals, rectangles, parallelepipeds, the 
finite unions of which cover S.

The outer content so defined does not correspond to 
the intuitive idea of measure, for it is not additive: in 
everyday experience as well as in experimental Science, 
the “measure” of a union of two disjoint sets is the sum 
of their “measures.” For example, the volume (or mass) 
of two disjoint bodies is understood as the sum of their 
volumes (or masses). This requirement was recognized in 
Italy and France by Giuseppe Peano and Camille Jordan, 
who introduced approximations both from above and 
from below. To a set S, contained in a bounded interval 
I, they assigned also its inner content (the difference be­
tween the ordinary measure of I  and the outer content 
of S). If the inner and outer contents of S  are the same, 
then their common value defines the content of S. This 
content measure is additive. The most important types of 
sets encountered in analysis, however, such as the set of 
all rationals or general open sets, have no content. The 
content measure is thus of limited use.

Borel measure. The extension (or theory of measure) 
period began in 1898 with Émile Borel, the modem French 
Eudoxus. It is characterized by the extension of the idea 
of measure to wider and more abstract classes of sets and 
by the parallel extension of the idea of integration to wider 
and more abstract families of functions until both ideas
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coalesce. It was stimulated by and intricately interwoven 
with the explosive growth of general topology following 
Maurice Fréchet’s thesis in France in 1902.

At the root of the theory of measure lie a few crucial 
remarks by Borel in his Lecons sur la théorie des fonctions 
(1898). While studying series of functions, Borel found the 
need for a measure such that sets whose measure is not 
zero are not countable. He therefore introduced the Borel 
measure on the Borel field, prototypes of all measures and 
all (T-fields considered below.

In the present discussion, the following terminology will 
be used. Unions of disjoint sets will be called sums, and 
the symbol U for union will be replaced by the Greek letter 
sigma, X. “Countable” will mean finite or denumerable. 
Countable (or finite) set operations are complementations 
taking countable (or finite) unions and intersections. A 
cr-field (or field) of sets is a class of sets closed under 
countable (or finite) set operations.

Borel began by extending the ordinary measure on in­
tervals to a measure on open sets, as follows. As Cantor 
had shown that every open set G of reals is a countable 
sum of open intervals Ijf Borel realized that the “natural” 
extension consists in assigning to G the sum of ordinary 
measures of its constituent intervals / .  Hence, if G is not 
bounded, this sum may be infinite, but it always exists. 
By indefinite iteration of countable set operations and 
using the same extension procedure, he then extended the 
class of open sets and their measure to the class of Borel 
sets and their Borel measure. This class is a cr-field (the 
smallest cr-field containing the class of open sets), and this 
measure is cr-additive; the measure of a countable sum of 
sets is the sum of their measures. From then on, the Borel 
field of Borel sets in any topological space will be the 
smallest cr-field containing the topology; that is, the class 
of open sets in the space. (In fact, some authors use the 
term Borel field as a synonym for cr-field.)

Lebesgue measure and integration. The Archimedes of 
the extension period in France was Henri-Léon Lebesgue. 
He took the decisive step in his thesis Intégrale, aire, vol­
ume (1902), which he immediately applied to trigonomet­
rie series (1903), and pursued further in Sur Vintégration 
des fonctions discontinuous (1910). Lebesgue combined 
the ideas of his immediate predecessors, Jordan and Borel, 
and created and exploited the powerful tools of mod­
ern measure and integration. The evolution of his ideas, 
methods, and results consisted primarily in the gradual 
shedding of their extraneous coverings.

The Lebesgue measure is defined by extending the ordi­
nary measure on intervals by means of outer and inner 
Lebesgue measures, exactly as the Jordan content was 
defined, except that coverings by countable unions of in­
tervals replace coverings by finite unions. The intervals are 
one-dimensional or TV-dimensional, and the same method 
applies. Thus, the Lebesgue integral of a function ƒ  > 0, 
defined on a set, becomes simply the Lebesgue measure 
of the Ordinate set of the function, provided this set is 
Lebesgue-measurable. As may be expected, every Rie- 
mann-integrable function is Lebesgue-integrable, but the 
converse is not true. Riemann’s integrability condition 
for bounded functions ƒ  becomes: the discontinuity set of 
ƒ  is of Lebesgue measure 0. Thus, the famous Dirichlet 
function ƒ  (x) =  0 or 1 (according as x is irrational or not), 
which is Lebesgue-integrable on every bounded interval, 
is not Riemann-integrable.

Lebesgue’s main contribution, however, does not lie in 
the above concepts. The Lebesgue measure, for example, is 
simply the completed Borel measure; that is, a Lebesgue- 
measurable set is a Borel-measurable set up to a subset 
of a set of Borel-measure 0. What really mattered were 
Lebesgue’s discovery and use of the properties of his con­
cepts of measure and of integration.

Using the Lebesgue approach, the problem of finding a 
process of integration that includes both that of Leibniz 
(summa omnium) and that of Newton (primitive) was 
solved by Arnaud Denjoy of France (1912) and also by 
Oskar Perron of Germany (1914).
The cleaning up of Lebesgue’s ideas was essentially 

achieved in the 15 years or so that followed the publication 
of his thesis. It yielded a general answer to the problem of

measure for areas, masses, probabilities, and the like and 
finally isolated its conceptual substance. The answer and 
the substance, however, were to be formulated in terms 
far removed from the everyday experience. The steps in 
the cleaning-up process included the generalization that 
stemmed from Thomas Jan Stieltjes of France and was 
due to Johann Radon of Germany and the abstraction 
that began with Fréchet in 1915 and with Constantin 
Carathéodory of Germany in 1918.

Conditions for existence of the Riemann integral. The 
question may now be raised: if  a function ƒ  is bounded on 
an interval a < x  < b, can a criterion be found that will 
ensure the integrability, or nonintegrability, of f ?  (A func­
tion ƒ  is bounded on a <  x  < b if there exists a number M  
such that | ƒ  (x) | < M  for all x  in the interval. Boundedness, 
in effect, prevents the function from assuming arbitrarily 
large values at any points of the interval.)

This question can be concisely answered in terms of the 
concept of a set of points of measure zero. A set of points 
is of measure zero if the points can be covered by intervals 
the sum of whose lengths can be made arbitrarily small. 
For example, the set of points x0, x u x2, . . . »  x*, . . . ,  in 
which x0 =  0, x k = l /k ( k =  1, 2, 3 , . . . ) ,  is of measure 
zero because for any positive number s (no matter how 
small) x0 can be covered by an interval of length e/2; x, by 
an interval of length e/22, . . . ;  x* by an interval of length 
e/2k+ ’; and by the theory of infinite series it can be shown 
that the sum of these lengths is precisely e. It should be 
noted, for the sake of clarity, that any finite set of points 
is of measure zero.

The following criterion provides a necessary and suffi­
ciënt condition for Riemann integrability: If a function ƒ  
is bounded on an interval a <  x  <b, then the Riemann 
integral of ƒ  on the interval exists if and only if the set of 
discontinuities o f /is  of measure zero. The result for piece- 
wise-continuous functions is a special case of this theorem.

The function f( x )  =  sin[l/sin(7r/x)], for example, is not 
defined at the points 0, 1, V 2, V 3, . . . . At these points the 
function can be assigned any values. The resulting func­
tion is bounded on the interval 0 < x  < 1, however, and its 
only discontinuities in this interval are the above points, 
which form a set of measure zero. Hence, the integral of ƒ  
from 0 to 1 exists.

A property that holds at all points of a given set, except 
for a subset of measure zero, is said to hold almost every­
where on the set. The above theorem therefore States, in 
effect, that, for the Riemann integral to exist, the function 
ƒ  must be continuous almost everywhere on the specific 
interval. The extension of the concept of an integral to the 
Lebesgue integral is designed to cover cases that are not 
so restricted.

Probability theory. The basic Setup of the history of 
measure also yields the foundations of probability theory. 
Deserving mention is the concept of stochastic indepen- 
dence, which was, and to a great extent still is, essential 
to the evolution of probability theory since its inception 
in 1654 by Blaise Pascal and Pierre de Fermat. It, too, be­
came measure-theoretic with the creation and abstraction 
of finite and infinite product measures by Lebesgue and 
by the American mathematician P.J. Daniell.

Recent developments. Since about 1930, when integrals 
of functions with values in a Banach space were introduced 
by the Polish-born mathematician Salomon Bochner, a 
further abstraction began. Measures and functions (hence, 
integrals) take values in more and more abstract spaces 
instead of taking numerical values as above, and various 
types of convergence are used. Of particular importance 
are the various stochastic integrals. In fact, the foregoing 
indications concerning the theory of measure and integra­
tion have many variants, even in the numerical case. In 
the final analysis, their conceptual substance is the same, 
but it is seen from different points of view in various 
settings, from Eudoxus and Archimedes, through Leibniz 
and Riemann, to Lebesgue and the present day. The most 
important fact is the ever-spreading use of the powerful 
tools that these concepts provide for such areas as dif­
ferentiation theory, boundary problems, ergodic theory, 
probability theory, group theory, potential theory, and 
harmonie analysis. (Hy.K./Ed.)
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COMPLEX ANALYSIS
Complex analysis arose from studies of analytic functions 
of complex variables. A function f ( z )  is said to be ana­
lytic in a two-dimensional region if, at each point of the 
region, the derivative ƒ '(z) exists. Analytic functions are 
also called holomorphic, monogenic, regulär, or regular- 
analytic functions. Historical usage and the many varieties 
of context recommend the different terms for the same 
concept, as will be seen below.

The theory of analytic functions was created by the 
French mathematician Augustin-Louis Cauchy, who in 
1814 began the task of integrating between complex lim­
its (see Real analysis above). His results were first made 
known in 1825. He used his new ideas to lay the foun­
dation for a theory of ordinary and partial differential 
equations, including applications to mathematical physics. 
In 1851 Bernhard Riemann of Germany outlined a theory 
in which the analytic function is defined by a pair of har­
monie functions (functions that satisfy Laplace’s equation; 
see Differential equations: Partial differential equations be­
low) joined by the Cauchy-Riemann equations. The values 
of the function form a geometrie entity that is called a 
Riemann surface. In the same paper the idea of conformal 
mapping (see below) was introduced.

His Contemporary Karl Weierstrass took the view that 
analytic functions are defined by power series (in which 
each term is a constant multiplied by the independent 
variable to some power; see Infinite series above) that are 
linked by a method of analytic continuation.

Theory of analytic functions 
of one complex variable
FOUNDATIONS

Complex numbers and the complex plane. Complex 
numbers are numbers of the form a +  bi, in which a and 
b are real numbers and i is the square root of —1. They 
can be written also as ordered pairs of real numbers (a, b). 
The complex numbers form a field. The elements of this 
field are ordered pairs of real numbers (a, b) for which 
equality, addition, multiplication, and scalar multiplica­
tion are defined by well-specified rules involving ordered 
pairs (see Box, equations 98). The associative, commuta­
tive, and distributive laws (see a lg eb r a : Elementary and 
multivariate algebra) hold; (0, 0) acts as zero, (1, 0) as 
unity. From one of these laws the result that an arbitrary 
ordered pair can be written as a linear combination of 
two fixed ordered pairs each having components one or 
zero in some order (see 99) is obtained, using the classical 
notation. The numbers (<a, 0) are identified with the real 
numbers a so that the equalities (1, 0) =  1 and (0, 1) =  i 
may be written.

The notation (a, b) suggests the geometrie representation 
of the complex number a 4- bi by the point (a, b) in an 
ordinary Euclidean plane. The x-axis is then called the real 
axis, and the y-axis the imaginary one. An alternate repre­
sentation is by the vector (see Vector and tensor analysis 
above) joining (0, 0) with (a, b). The length r of this 
vector is called the absolute value of the complex number 
c =  a +  bi and is written \c\ = r. The angle, symbolized 
here by the Greek letter theta, 0, that the vector makes 
with the positive real axis is called the argument, 6 =  arg 
c (see Figure 16). Thus, an arbitrary complex number can 
be written in trigonometrie or exponential form (see 100). 
The point a — bi = c is called the conjugate of c. In the 
geometrie representation of complex numbers, addition 
becomes vector addition. The absolute value of a product 
is the product of the absolute values, and the argument is 
congruent to the sum of the arguments, modulo 2n.

The plane used for this representation is known as the 
complex plane. The complex variable is usually denoted 
by Z  — X +  iy. There is an extensive geometry of the com­
plex numbers based on this representation. In its trigono­
metrie form z  can be expressed by z  = r (cos 6 4- i sin 0). 
Given another complex number z', it can be shown that 
the product z • z' accords with the general relationship

zn =  r"(cos n6 4- i sin nd), which is known as de Moivre’s 
formula (devised in the 18th Century by Abraham de 
Moivre). It holds for any real number n and can be used 
to compute the nth roots of a complex number. For the 
following discussion it is important to realize that the 
equation | z — c \ = r represents a circle with centre at c 
and radius r and that the inequality, the absolute value of 
z — c less than r (that is, | z — c \<  r) defines the interior 
of the circle, often called a disk.
Functions. The idea underlying the function concept is 

that of a correspondence, or of a mapping of one set of 
objects D, called the domain, upon another set of objects 
R, called the range. If there is a unique definite object Q 
of R corresponding to every object P of D, then Q is said 
to be a function of P and is written Q — f  (P). If R and D 
are sets of real numbers, then the function is a function Q 
of a real variable.
For functions of complex variables, D and R  are sets 

of complex numbers, and D is usually required to be a 
domain in a narrower sense, namely, an open connected 
set. This means that for every point of D there is a small

f
(a, b) =  (<c, d)  if and only if a — c, b — d
(a, b) 4 -  (c, d) =  (a +  c, b +  d)

(98) ' (a, b) • (c, d) —-(ac — bd, ad  +  bc) 
Kc • (a, b) =  (ac, bc)

(99) (a, Z>) =  a- (1, 0)  +  M 0 ,  1 ) =  a +  bi

(100) c =  r(cos 0 +  /  sin 6) =  rew

(101) f<2) - / ( z 0)
T --- -7-.“ U

(102) £ II II 1
(103) F » + F „ -  0

(104) X  a„(z -  a)„
n — Q

(105) =  lim sup|<2„|

(106) F i ^ t m b ) l zr b ) kk = 0 K•

(107) £ / ( z ) « f e - =  ƒ  ƒ [ £ ( * ) ]  dg(t)

(108) j j ( z ) d z  =  0

(109) / ( 2 ) = 1  f  m *
2m Je t — z

(HO) r n i ^ - A .  f  fiOdt
KZ) 2ni J c  ( t—z)" + l

f(z)  =  Y ß n(z -  by

( Hl )  1

a„ =  (2 n i) - ' j j ( t ) ( t -  b)~"-’dt
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y-axis

Figure 16: Geometrie representation of a complex 
number a + bi by the vector of length r that joins 
the origin (0, 0) and the point (a, b) in the x, y 
plane, making an angle 6 with the x-axis. As 
indicated by the relations shown, r = y}a2 + b2 and 
6 — arctan b/a.

neighbourhood that is also in D and that any two points 
of D may be connected by an unbroken line in D.

A function ƒ  (z ) defined in D may be continuous there. 
This means that if z  is near to z0 in D, then ƒ  (z) is near to 
ƒ (z0) in R. The differentiable functions form a subclass of 
the continuous functions. In the present case /(z ) is said 
to be differentiable at a point z 0 in D if the ratio (see 101) 
of the difference of the function evaluated at two points to 
the difference of the two points approaches a finite limit 
when z approaches z 0, the limit being independent of how 
z  approaches z 0. This limit is known as the derivative of 
ƒ  (z) at z  =  z 0 and is denoted by ƒ '(z0) (see Real analysis 
above). If f '( z )  exists everywhere in D, the function f(z)  

Holo- is said to be holomorphic or analytic in D. The term ana-
morphic lytic, however, will be used below in a more general sense. 
functions The formal rules of the calculus apply to complex-valued 

functions. Thus, sums and products of functions holomor­
phic in D are also holomorphic in D, although in the case 
of a quotiënt the points at which the denominator is zero 
must be excepted. If n is a positive integer, zn is holomor­
phic in the finite plane; this implies that every polynomial 
is a holomorphic function and that rational functions are 
holomorphic except at the zeros of the denominators.

If ƒ (z)=  U(x, y)-\-iV(x, y) is holomorphic in D, then 
the real-valued functions U and V have partial derivatives 
with respect to x and y  that satisfy the Cauchy-Riemann 
equations relating these partial derivatives (see 102, in 
which subscripts indicate differentiation with respect to 
x  and y). Conversely, if a pair of real-valued functions 
has continuous partials in D that satisfy the Cauchy- 
Riemann equations, then ƒ =  U +  iV  is holomorphic in D. 
The functions U and V are known as conjugate harmonie 
or logarithmic potential functions. They satisfy Laplace’s 
equation in which the sum of two second partial deriva­
tives is restricted to equal zero (see 103). This is the 
two-dimensional analogue of the equation satisfied by the 
Newtonian potential.
Power series. The basic class of holomorphic functions 

is formed by the power series (see 104). Such a series 
converges for a given z  if the sequence of partial sums 
converges to a finite limit. This may happen only for 
z = a or, at the other extreme, for all values of z. In 
general, there exists a positive number R, known as the 
radius of convergence of the series, such that it converges 
(even absolutely) for | z  — a \ < R  and diverges for every 
z outside the circle | z  — a | = R, known as the circle of 
convergence. The value of R  is given by a limiting form 
for its reciprocal (see 105).
The sum of the series in | z  — a | <  R  is a holomorphic 

function F(z), the derivative of which can be obtained by 
termwise differentiation of the power series. The resulting 
power series has the same radius of convergence and may 
be differentiated as often as desired. Thus F(z) has deriva­
tives of all orders. According to Weierstrass, the power 
series defines an element of an analytic function. Further 
elements can be obtained by elementary rearrangements 
of the power series (see 104).

If | b — a | <  R, z — a = (z — b) + (b — a) can be written, 
and the nth power of this expression can be expanded by

the binomial theorem, multiplied by an and added. Col­
lection of terms results in Taylor’s series (named after the Taylor’s 
17th-18th-century English mathematician Brook Taylor); series 
that is, the result of such collection is a power series for 
ƒ  in which the coefficients are constructed from values 
of derivatives of ƒ  (see 106) and that converges at least 
for |z  — b | <  R — \a — b\. If the radius of convergence 
exceeds this value, then the new series defines a holo­
morphic function in a disk that overlaps the old one. In 
the intersection of the two disks the functions coincide; 
outside, each function defines the analytic continuation of 
the other. The new element (see 106) can be rearranged in 
the same manner and gives rise to further new elements.
The totality of such elements (with some adjunctions; see 
below) constitutes the analytic function defined by the 
first power series (104). In this process, it is possible to get 
back to the starting point with an element distinct from 
this series (104). The number of distinct elements having 
the same centre z = a is at most countable.

It may happen that the power series (104) cannot be con­
tinued outside its circle of convergence, which in this case 
is said to be the natural boundary of the function F(z). In 
a certain sense this is the rule rather than the exception; 
the phenomenon is apt to present itself if the coeffi­
cients exhibit recurrent nonperiodic irregularities, such as 
very long gaps between terms, or if the coefficients have 
only a finite number of distinct values that do not recur 
periodically.

THE CAUCHY THEORY
Cauchy’s integral theorem. A rectifiable curve C is given 

by z = g(t), for t greater than or equal to zero and less 
than or equal to unity; that is, 0 < t < 1, in which g(t) is 
continuous and of bounded Variation. If ƒ  (z) is continuous 
on C, then the Riemann-Stieltjes integral of f[g(t)] with 
respect to g(t) (see 107) exists. If D is a simply connected 
domain with ƒ  (z) holomorphic in D and, further, if C  is a 
simple, closed, rectifiable curve in D, then the integral of 
the function around the curve is zero (see 108).

This basic theorem, announced by Cauchy in 1825, is 
the source of most of the results in analytic-function the­
ory. First, it gives a representation of ƒ  (z) in terms of its 
boundary values on C  If z is interior to C, then the func­
tion evaluated at that point has a representation in terms 
of an integral extended around the boundary (see 109).
The integral can be differentiated with respect to z under 
the sign of integration as often as desired (see 110). Thus, 
the existence of a first derivative implies the existence of 
derivatives of all orders.

Representation theorems. Cauchy’s formula (see 109) 
can also be used to obtain expansions of /(z )  in infinite 
series. The Cauchy kemel (t — z) 1 is expanded in a series The 
of the desired type; multiplication by f ( t)  and termwise Cauchy 
integration then gives the corresponding series for /(z). kemel 
In this manner, for instance, Taylor’s series (106), with F  
replaced by f  which converges in the largest circle with 
centre at b in which ƒ  (z) is holomorphic, is obtained. Lau- 
rent’s series, named for the French mathematician Pierre 
Alphonse Laurent, is obtained in an analogous manner 
(see 111). It is valid in the largest annulus (a ring-shaped 
region) 0 < R ,  < | z  — b\<  R 2 < co in which ƒ  (z) is holo­
morphic. Various expansions of holomorphic functions in 
so-called interpolation series are obtainable by the same 
method.

If in the Laurent series (111) R l =  0, the point z = b is an 
isolated singularity of /(z). This singularity is removable 
if an — 0 for n <  0. It is a pole of order m  if a_m ¥= 0 
but a^k is identically equal to zero—that is, a-k =  0, for 
k  > m; it is an essential singularity in the remaining case.
The coëfficiënt a_x is known as the residue of /(z )  at 
z = b. In the case of a pole, | /(z )  | is uniformly large in 
the neighbourhood of z =  b. The function ƒ  (z) is assigned 
the value 00 (infinity) at z = b, and the expansion (111) is 
adjoined to the elements that define the analytic function.

At an essential singularity no value can be assigned to 
the function; in fact, /(z )  assumes every value infinitely 
often, with at most one exception, in every neighbourhood 
of z = b (which was proved by Charles Émile Picard, a 
French mathematician, in 1879).
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Applica­
tions

Residue theorem. Cauchy’s theorem (see 108) must be 
modified if /(z )  is not holomorphic inside C. If the only 
singularities are isolated and none lies on C, then the 
integral of the function around the curve is expressed in 
terms of a sum (see 112), in which the summation extends 
over the residues of the integrand inside C. This residue 
theorem of Cauchy also has a large number of appli­
cations. Cauchy used it to evaluate definite integrals—a 
problem of considerable practical importance in electrical 
engineering, physics, and other fields. He also used his 
residue theorem for the first rigorous discussion of series 
expansions arising in boundary value problems of math­
ematical physics, and this is still a valuable method. The 
residue theorem also plays a central role in the theory of 
elliptic functions.

Another important application of the residue theorem is 
the principle of the argument. Suppose that inside C there 
are no singularities other than poles of /(z )  and that no 
pole or zero lies on C. If the residue theorem is applied 
to the logarithmic derivative of /(z), it is found that the 
change in the argument o f /(z )  as z describes C in the 
positive sense equals 2n times the difference in the num­
ber of zeros and poles of ƒ  (z) inside C.

ENTIRE AND MEROMORPHIC FUNCTIONS 
A function ƒ  (z) is entire (integral in British terminology) 
if it is holomorphic in the finite plane. It is transcendental 
if it does not reduce to a polynomial. In 1876 Weierstrass 
showed how to construct an entire function of given zeros. 
An entire function without zeros is of the form exp [g(z)], 
where g(z) is also entire. Entire functions are classified 
according to a quantity called their order, which is closely 
related to the asymptotic behaviour of the coefficients of 
the defining power series and imposes an upper bound on 
the frequency of the zeros.

An entire function takes on every value infinitely often, 
with at most one exception. This theorem, proved by 
Picard in 1879 by use of the elliptic modular function, 
has been in the centre of attention ever since. Elementary 
proofs have been found by the French mathematician 
Émile Borel and by the German mathematician Edmund 
Landau, and the theorem also follows from a mapping 
theorem due to Andre Bloch, proved in 1924. It is now 
a simple consequence of an elaborate theory of the distri­
bution of the values assumed by an entire or meromor- 
phic function developed by Frithiof Nevanlinna and Rolf 
Nevanlinna of Finland starting in 1924.

A function having only polar singularities is said to be 
meromorphic. The representation of such a function by 
partial fractions was given by the Swedish mathematician 
Magnus Gösta Mittag-Leffler in 1877. (Ed.)

ELLIPTIC FUNCTIONS
One example of analytic functions is the class of functions 
known as elliptic functions. They have many applications 
in algebraic geometry, topology, the algebraic theory of 
numbers, and other fields of mathematics. Also, they have 
influenced the development of the general theory of func­
tions of complex variables.

Origins. It is a familiär result of elementary calculus 
that if R  is a linear or quadratic function of a variable 
x, then the integral of any rational function of x and 
y[R is an elementary function. In the next higher case, 
when R  is a cubic or quartic with no repeated factor, 
no such result is possible. It was gradually recognized by 
mathematicians of the 18th Century that these integrals 
\f(x , y[R)dx, in which ƒ  is any rational function of x 
and fR , were essentially new functions requiring special 
investigation. They were named elliptic integrals because 
a special case of such integrals occurred in the problem of 
finding the length of arc of an ellipse. An important for­
mula connecting such integrals, equivalent to one of what 
are now called addition theorems, was discovered as early 
as 1761 by Leonhard Euler of Switzerland. The first sys­
tematic treatment of the new integrals, however, is a legacy 
of Adrien-Marie Legendre, a French mathematician, who 
proved, among other results, that any elliptic integral can 
be reduced to the sum of an elementary function and 
of constant multiples of integrals in three Standard forms 
(see 113) involving the variable x  as well as k  and n, in 
which k  and n are constants called the modulus and the 
parameter, respectively. These three integrals are called 
Legendre’s Standard (or normal) elliptic integrals of the 
first, second, and third kinds, respectively.

But before Legendre finished his Traité des fonctions 
elliptiques et des intégrales Eulériennes in 1826, Niels 
Henrik Abel of Norway, in competition with Karl Gustav Abel’s 
Jacob Jacobi of Germany, revolutionized the subject. If a work 
variable u is expressible as an indefinite integral of one of 
the three Standard forms in which k  appears (see 114) and 
if the parameter k  is 0 in this integral, then u =  sin_1x or 
x =  sin u. In 1825 Abel recognized this fact and inverted 
the relation between u and x (for k  not necessarily 0) by 
treating x as a function of u instead of following Legendre 
in treating the integral u as a function of x. The function 
x obtained in this manner is denoted by sn u or, more 
precisely, by sn (u, k). Two more functions, cn u and dn 
u, are defined similarly; together with sn u they are called 
Jacobi’s elliptic functions, as distinguished from Legen- 
dre's elliptic integrals, which, however, Legendre himself 
called fonctions elliptiques. From the analogy with trigono­
metrie functions, Abel and Jacobi immediately obtained 
important properties of the new functions: their double 
periodicity (see below Properties) and the addition theo­
rems that express sn (u +  v), etc., as rational functions of 
sn u, cn u, dn u, and sn v, cn v, dn o. It is now known 
that many of the fundamental results of Abel and Jacobi 
had been anticipated, but not published, by Carl Friedrich 
Gauss, a German mathematician.

Properties. Jacobi’s sn u, cn u, dn u are simple cases 
of a more general class of functions having the same or 
similar properties, namely, elliptic functions. Let cou co2 
be any complex numbers such that co2/cOi =  r is not real.
A function f(u )  of a complex variable u is said to be 
doubly periodic in col9 co2 if ƒ  (u +  &>,) =  ƒ  {u +  co2) =  ƒ  (u).
An elliptic function is a single-valued doubly periodic 
analytic function ƒ  (u) that has no singularities other than 
poles for any finite value of u. To obtain the properties 
of such a function, it is convenient to use the geometrie 
representation of complex numbers by points in a plane 
(the Argand diagram, named for the Swiss mathematician 
Jean-Robert Argand). Any parallelogram with vertices at 
a, a +  cüx, a 4- co{ +  co2, a + co2 (a arbitrary) is called a 
parallelogram of the periods; if the properties of f(u )  are 
known throughout any one parallelogram, then from the 
periodicity its properties are known everywhere, so that 
it suffices to study one parallelogram. The function ƒ  (ü) 
may also be considered as an analytic function on the 
torus obtained by identifying opposite sides of a parallel­
ogram of periods. This interpretation of elliptic functions 
as functions on tori is the starting point of the modern 
analytic approach to the theory.
Theta functions. To study the properties of his elliptic 

functions, Jacobi introduced four allied functions Qfu, r),
7 = 1 ,  2, 3, 4, called theta functions. Jacobi could express 
his elliptic functions as quotients of 0’s and obtain most of 
the fundamental properties of elliptic functions by using 
theta functions.



Analysis 465

Functions 
of one 
complex 
variable

The Weierstrass theory. Weierstrass founded his the­
ory of elliptic functions on a function p(u) defined by 
(115) in which the sum is taken over all numbers 
co #  0 of the form mcol +  nco2, m, n = 0, ±1, ± 2 , . . . ,  
col and co2 being any given complex numbers such that 
co2/col is not real. The function p(u) is an elliptic function 
with periods coh co2; it has poles of order 2 at the points 
co and at 0, is regulär elsewhere, and satisfies a differential 
equation that is quadratic in the derivative of the function 
and cubic in the function itself, coefficients being g2 and 
g3 as well as the constant 4 (see 116), where g2, g3 are 
constants depending only on the periods. Thus, p(u) is the 
inverse function of the elliptic integral that involves the 
cubic just mentioned (see 117).

Letting x =  p(u), y  = p'(u), then u (x , y) defines a one- 
to-one correspondence between points u in a parallelo­
gram of periods and points (x, y) on the plane algebraic 
curve defined by y 2 = 4x3 — g2x  — g3, and the elliptic func­
tions with the given periods may be considered as rational 
functions on this curve. This Observation enabled math­
ematicians to develop the theory of elliptic functions en­
tirely within the realms of algebra and algebraic geometry 
without recourse to the theory of functions of a complex 
variable. Thus, the scope of the theory of elliptic functions 
can be broadened considerably. (K.Iw./Ed.)

Theory of analytic functions 
of several complex variables
DEVELOPMENT OF COMPLEX ANALYSIS
Complex analysis arose from the study of analytic func­
tions of one or several complex variables. Beginning with 
Riemann’s fundamental discoveries in the middle of the 
19th Century, there was a gradual but continual shift of 
emphasis toward the investigation of global properties of 
analytic functions by topological (see g eo m etry : General 
topology) and algebro-geometrical methods, with the result 
that complex analysis became rather intricately interwo- 
ven with the other principal mathematical disciplines and 
could be viewed only against the background of mathe­
matical development as a whole, which is characterized in 
the 20th Century by a remarkable synthesis of ideas.

Analysis of the properties of functions of one complex 
variable (complex analysis in one dimension) had a re­
markable growth during the second half of the 19th Century 
as a result of the brilliant research of Riemann and others. 
Shortly after 1900 the general principle of uniformization, 
conceived by Felix Klein of Germany and Henri Poincaré 
of France, was established by Paul Koebe. These devel­
opments were presented as a unified theory in 1913 by 
Claus Hugo Hermann Weyl, a German-born mathemati­
cian who emigrated to the United States in 1933.

During the latter part of the 19th and the beginning of 
the 20th Century, the theory of functions of several com­
plex variables made its appearance, as did algebraic geom­
etry, especially the theory of algebraic surfaces founded by 
Max Noether of Germany, Charles Emile Picard, Henri 
Poincaré, and, last but not least, the Italian geometers 
Guido Castelnuovo, Federigo Enriques, and, somewhat 
later, Francesco Severi. In 1895 Pierre Cousin investigated 
certain global properties of analytic functions on domains 
in complex «-space and brought to the attention of math­
ematicians two problems that were later to bear his name; 
the study of these and related problems led to some of the 
most important developments of complex analysis during 
the first half of the 20th Century.

In the years following the publication of WeyFs book, the

geometrie concepts, first introduced into complex analysis 
by Riemann, were studied for their own sake and vastly 
generalized as a result of the growth of topology as a 
branch of mathematics. Solomon Lefschetz, a Russian- 
bom American mathematician, made a profound study 
of the topological properties of algebraic surfaces in a 
tract that exerted considerable influence on the later de­
velopment of complex analysis, topology, and algebraic 
geometry. Élie-Joseph Cartan, a French mathematician, 
developed and applied systematically the theory of exte­
rior differential forms that merged with topology in the 
fundamental theorem proved by the Swiss mathematician 
Georges de Rham in 1932 and helped give birth to the 
concept of cohomology in algebraic topology (see a l g e ­
bra ). Stefan Bergman discovered an important type of 
Hermitian metric on subdomains of complex «-space that 
was subsequently generalized by Erich Emst Kahler of 
Germany and became known as a Kahler metric.

Beginning about 1932, the British mathematician Sir 
William Vallance Douglas Hodge generalized the theory 
of harmonie functions on Riemann surfaces to harmonie 
differential forms on higher dimensional compact Rie­
mannian manifolds, and on complex manifolds that pos­
sess Kahler metrics. Hodge’s theory was developed and 
perfected during the 1940s by the Japanese mathematician 
Kodaira Kunihiko, who also generalized the theory to 
open manifolds and introduced systematically the method 
of orthogonal projection in Hilbert space (named after 
David Hilbert, a German mathematician).

Simultaneous with the development of the theory of 
harmonie differential forms, an intensive investigation of 
questions related to the Cousin problems was made by 
Oka Kiyoshi of Japan, Heinrich Adolf Louis Behnke and 
Karl Stein of Germany, Henri Cartan of France, and 
others. Although the methods used by these investigators 
differed somewhat from those of Hodge, Kodaira, and 
de Rham, the time was becoming ripe for a remarkable 
confluence of ideas, and this took place shortly after 1950 
with the introduction into complex analysis of new no­
tions from algebraic topology, namely, fibre bundles and 
cohomology with coefficients in sheaves (see g e o m e t r y : 
Algebraic topology).

The idea of a fibre bündle was first recognized during 
the period 1935-40, while the notion of a sheaf was intro­
duced into topology a few years later by the French math­
ematician Jean Leray (similar concepts, never precisely 
defined, had occurred earlier in various special contexts). 
The introduction of these concepts had an explosive effect 
on the development of complex analysis during the fol­
lowing years.

A third advance of great importance in complex analy­
sis, which took place during the period 1935-50, was the 
development, principally by the German mathematician 
Carl Ludwig Siegel, of the theory of automorphic func­
tions of several complex variables.

HOLOMORPHIC FUNCTIONS 
OF SEVERAL COMPLEX VARIABLES
If C denotes the set of all complex numbers, Cn is used 
to denote the set of «-tuples z  =  (zl9. .  . ,  zn). Here « is 
an integer and each of z l9.. . ,  zn is a complex number. 
For any z  in O , | z  | denotes the positive square root of 
a sum of absolute values of components (see 118); here 
z  — ( z b . . . ,  z„), and | z ,| is the absolute value of the com­
plex number z}Tor j  =  1,. . . ,  «.

Now, if £2 is a subset of Cn, it is called an open set if, 
for any point a in £2, all points of Cn sufficiently close 
to a actually lie in £2 (that is, there is a positive number 
p such that any z  in Cn with | z  — a | <  p belongs to £2).

Harmonie
differential
forms
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An open set £2 is called a domain if it is connected—that 
is, if any two points of £2 can be joined by an arc lying 
entirely in £2.

If a complex-valued function ƒ  is defined on the open set 
£2 [ ƒ  associates to any point z in £2 a complex number 
/(z)], ƒ  is said to be holomorphic on £2 if the following 
holds:

For any point a —\ a x, . . . , « „ )  in £2, there is a family 
{ck . .  . k } of complex numbers, one for each «-tuple 

kn) of nonnegative integers, such that, for 
each z in Cn sufficiently near a, the series of generalized 
power series type with coefficients from the family of 
complex numbers (see 119) converges to the value ƒ  (z) of 
the function ƒ  at z.

Some basic properties of holomorphic functions are the 
following:

1. A holomorphic function is continuous; it possesses par­
tial derivatives of any order; and each partial derivative is 
again a holomorphic function.

2. If ƒ  and g  are two holomorphic functions on the do­
main £2 (£2 is open and connected) and if /(z )  =  g(z) for 
all z in some neighbourhood of a point of £2, then ƒ  and g 
are identical.

3. In the maximum principle, ƒ  is taken to be holomorphic 
on £2, in which £2 is a domain in Cn. Furthermore, there is 
a point a in £2 such that | ƒ  (a) | > | ƒ  (z) | for any z in £2. It 
follows that ƒ  is a constant (/(z) is independent of z).
For later use, the following notation is introduced. £2 is 

an open set in Cn, and ƒ:£2 —» Cm is a map of £2 into 
Cm (n and m are positive integers). For each z in £2, the 
value /(z )  is a point in Cm, hence is an ra-tuple (see 
120). This defines m functions/ , . . .  , f m on £2. The map 

/:£2 —> Cm is said to be holomorphic if each of ƒ , . . . ,  f m 
is a holomorphic function on £2.

Another basic fact conceming holomorphic functions 
can be stated as follows:

4. £2 is taken to be open in Cn, and ƒ: £2 —> Cm is a holo­
morphic map. Furthermore, £2' is taken to be an open set in 
Cm containing all the points ƒ  (z) as z runs over £2. Finally, 
q> is a holomorphic function on £2'. Then the function (p o f  
defined on £2' by (p o f( z )  =  (p[f{z)\ is holomorphic on £2'.

A topological space is a set on which the notion of open 
set is given. Hence, on a topological space, the notion of a 
continuous function is defined. A map of one topological 
space onto another is said to be bicontinuous, or to be 
a homeomorphism, if it is one-one, continuous, and the 
inverse map is also continuous. Two topological spaces 
are said to be homeomorphic if they are connected by 
a homeomorphism. Homeomorphic spaces are topologi- 
cally equivalent; i.e ., their intrinsic topological properties 
are the same.
A map of one open set of C" onto another is said 

to be biholomorphic if it is one-one and holomorphic 
(which implies that the inverse is also holomorphic). The 
ball of Cn cannot be mapped biholomorphically onto the 
polycylinder of Cn if n >  1. Thus, topologically equivalent 
domains are not generally holomorphically equivalent, 
except under certain circumstances in the case when n 
is equal to 1.

CONFORMAL MAPS
The study of conformal maps arose from the necessity of 
constructing geographic maps. Because the surface of the 
Earth is approximately a sphere, it is readily seen that it 
cannot be represented on a flat surface with preservation 
of the proportion of all distances. The next best property 
to be preserved is the relative shape of configurations in 
the neighbourhood of each point; this, in a more precise 
mathematical formulation, amounts to preservation of the

magnitude and sense of angles at each point. Such a map 
is called conformal. Examples of conformal maps include 
the familiär Mercator (which was named after Gerardus 
Mercator, a Flemish mathematician and geographer of the 
16th Century) and stereographic projections. In a confor­
mal map of one open set of the plane onto another, it 
is possible to verify that the map is given locally by a 
biholomorphic transformation of one complex variable.

On the other hand, a biholomorphic map of one open 
set of Cn onto another is not generally conformal if n >  1.
Throughout this section it will be supposed that n — 1.
The preceding local characterization of a conformal map 

disposes only of the most trivial aspect of the map because 
the characterization gives no information conceming the 
existence of a conformal map of one given plane domain 
onto another. Because it is impossible, except in the most 
trivial cases, to construct conformal maps explicitly, atten­
tion has centred mainly on the problems of proving their 
existence and of determining their properties.

A necessary condition in order that there should exist 
a biholomorphic (one-one conformal) map of one plane 
domain onto another is that there should exist a bicon­
tinuous map (homeomorphism) of the one domain onto 
the other, and it is a remarkable fact that this necessary 
condition is in some cases sufficiënt.

If D is a domain of C that is not the whole of C, and Riemann 
D is homeomorphic to the unit disk | z | <  1, then there mapping 
exists a unique biholomorphic (one-one conformal) map theorem 
of D onto the unit disk | z | <  1. It has the property that a 
prescribed point Z0 of D goes into the centre of the disk, 
and a given direction at Z0 transforms into the direction 
of the positive real axis.
Although the whole plane C  is homeomorphic to the 

unit disk, it is impossible to map it conformally onto the 
unit disk; this is a consequence of a classical theorem of 
the 19th-century French mathematician Joseph Liouville.

The symbol S  is used to denote the class of functions 
ƒ  of the complex variable z that are holomorphic in the 
unit disk, that map it one-one conformally onto domains 
of C, and that are normalized by the condition that their 
power series in z, convergent for | z | <  1, are of the form 
with lowest power z being 1 and with coëfficiënt of z being 
1 (see 121). In his proof of the general uniformization 
principle (of which the Riemann mapping theorem is a 
special case), Koebe introduced the class S  and studied 
some of its properties. If the class S  is suitably topolo- 
gized, then, for each integer n >  1, the map F  :S —» Cn, 
which sends the function ƒ  of S  into the point (a2, a3, . . . ,  
an + x) of Cn, determined by the n coefficients a2i a3, . . . ,  
an+l in the power series development of f  is continuous.
If the image of S  under the map F  is denoted by Bn, 
then the set Bn, homeomorphic to the closed unit ball 
| wl |2 4- | w212 4- • • • +  | wn |2 < 1 of Cn, is called the «th 
coëfficiënt region of S. The structure of the class S  is 
completely determined by a knowledge of these coëfficiënt 
regions and the maps Fn.

(121) f(z) — z +  a2z2 +  a3z3 +  a4z 4 +  • • • 4- anzn + • • •

In 1916 the German mathematician Ludwig Georg Elias 
Moses Bieberbach proved that B l is the region | a2 \ <> 2 
and, soon thereafter, posed the problem of investigating 
the regions Bn for all n. He further conjectured that \an\< 
n for all n (the Bieberbach conjecture). This problem and 
conjecture were later followed by an intensive study of the 
class S. The Bieberbach conjecture was eventually proved 
in 1984 by Louis de Branges. (R.Na./Ed.)

DIFFERENTIAL EQUATIONS
Differential equations are equations that relate a function 
ƒ  to its derivatives. This type of equation finds widespread 
application in science and technology because it can be 
used to express natural laws that describe the behaviour 
of rates of change of quantities. A well-known example

in  physics concerns radioactivity. A  radioactive elem ent 
changes spontaneously in to  a stable elem ent, a process that 
is know n as radioactive decay or disintegration. The law  
describing this behaviour States that the rate o f  decay with 
tim e— that is, the am oun t o f  a substance changing per
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second, say—is proportional to the amount of substance 
present. Initially, when the material is a pure radioactive 
element, this rate of decay is high. As the radioactive 
element changes into a stable element, however, the rate 
of change falls because there is less radioactive material. 
Therefore, the rate of decay decreases continuously with 
time.

In this process the quantity of interest is the amount 
of substance (n) remaining after a given time—i.e., the 
number of atoms or the mass. Clearly this quantity will 
depend in some way on the time that has elapsed; in other 
words, it is a mathematical function of time and can be 
denoted by n(t).

A formulation of the law is that dn/dt equals the product 
of —X and n (see Box, law 122). In this case n represents 
the amount of radioactive material, X is a constant, and 
dn/dt is a notation for the rate at which n increases with 
time. The minus sign is required because n is decreasing 
with time and not increasing. The expression dn/dt is 
known as the derivative of n with respect to t. An idea of 
the nature of a derivative can be obtained by considering 
the behaviour of a specific function of x, say x2. If x  has 
the value a (a real number), this function has the value 
a2. If this value now changes to (a +  h), the value of the 
function becomes (a +  h)2. The change in the value of the 
function is (a +  h)2 — a2, and this change has occurred as 
a result of x changing by h. Thus, the rate at which x2 has 
changed with respect to the change in x is given by the 

(a +  h)2 — a2 .
quotiënt--------jr------- . This gives an average rate of
change over the value h. If h now becomes smaller and 
tends to zero, the quotiënt tends to the value 2a, because, 
when the (a +  h)2-term is expanded and the a2-term sub- 
tracted from it, the division yields 2a + h (see 123). 2a is 
the rate of change of x 2 with x at the point a and is known 
as the derivative of the function. If a is allowed to vary— 
i.e., to take any values—a new function 2x is obtained 
that for a given value of x expresses the rate of growth of 
x2 with x at that value. In general, a function of a single 
real variable x can be denoted by u(x) and its derivative 
by du(x)/dx or by u'(x). This process can be repeated: the 
derivative of u'(x) can be formed and denoted by u"(x) or 
by d 2u(x)/dx2, and similarly for higher derivatives u(n)(x).

When the independent variable is time and the dependent 
variable distance, the first derivative is velocity, the rate at 
which distance changes with time. The second derivative 
is acceleration, the rate at which velocity changes.

Retuming to the example of radioactive decay, the equa­
tion involves a derivative and is one example of a differ­
ential equation. The solution of this differential equation 
is the function n(t), which shows how n depends on t. The 
problem of solving it is that of finding the function of t 
the derivative of which is —Xn(t).

A common example of a differential equation that in­
volves a second derivative is the equation describing the 
motion of a simple pendulum under the influence of 
gravity. The second derivative of the angular displace­
ment from the vertical 6 is proportional to the sine of 
the angular displacement (see 124). The equation involves 
the length a of the pendulum and g, the acceleration of 
a falling body under the influence of gravity, called the 
acceleration of free fall. The equation may be expressed in 
words as follows. The rate of increase with time of the rate 
of increase of angular displacement with time (the angular 
acceleration) is directed toward the vertical position and is 
inversely proportional to the length of the pendulum and 
directly proportional to the sine of the angular displace­
ment. This rather complicated verbalization illustrates the 
economy and precision of the mathematical formulation.

Most physical situations are too complicated to be ex­
pressed simply by one variable depending on another. For 
example, the position of a body in a vertical plane is given 
by two coordinates x  and y, indicating the distances from 
a vertical and horizontal axis respectively. The motion 
of a body moving in this plane can be expressed by an 
equation involving these two coordinates (x, y), each of 
which depends on the time t.

In particular, if air resistance is neglected, a partiele 
moving under the influence of gravity is described by a 
pair of differential equations expressed in terms of second 
derivatives (see 125), in which g  denotes the acceleration 
caused by gravity. There is no acceleration in the horizon­
tal direction because there is no force in this direction.

A further example is provided by geometry. It is shown 
in calculus that the curvature k  of a curve the equation 
of which in Cartesian coordinates is y  =  y(x) is defined in 
terms of the second derivative of y  (see 126). A curve with 
the property that the rate of change with respect to x  of 
its curvature is a prescribed function y/(x) therefore has an 
equation that satisfies the equation dK/dx =  y/(x), which is 
equivalent to an equation involving a third derivative (see 
127). By using the alternative notation of primes denoting 
differentiation (see 128), it is also possible to write this 
equation in a more simple form (see 129). For example, 
a circle has constant curvature so that it has y/(x) =  0; 
hence, all circles are symbolized by the same differen­
tial equation with the term involving y/(x) set equal to 
zero (see 130).

The preceding examples are all equations that involve 
functions of a single variable. Derivatives of such functions 
are called ordinary derivatives, and, therefore, equations 
of this type are called ordinary differential equations. The 
pair of equations involves simultaneously the derivatives 
of two independent variables x  and y  and is an example 
of a pair of ordinary simultaneous differential equations.

The transverse displacement of a vibrating string is de­
termined by an equation of a totally different kind. If the 
string is at rest stretched to a tension T  between points 
x  =  0 and x =  ö of the x-axis, then, if the string is set 
vibrating, the displacement, y, of a point that originally 
had a coordinate x  will depend not only on x but also 
on the time t. In other words, y  is a function of two 
independent variables, x  and t. Its Variation is govemed 
by the fact that the second partial derivative with respect 
to x  is proportional to the second partial derivative with 
respect to t (see 131), the proportionality constant c — 
y/T/a, a being the mass per unit length of the string. The 
derivatives in this equation are partial derivatives, and the 
equation is an example of a partial differential equation. 
The theory of such equations is markedly different from 
the theory of ordinary differential equations, and it will be 
considered later in this article.

Motion 
of a
pendulum
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Ordinary differential equations

An ordinary differential equation is a relation connect- 
ing the function y  of an independent variable x  and its 

Equations derivatives y 'ß y", . . . ,  y {n) (see 132). If the derivative 
of the first of the highest order occurring in the equation is y (n) = 
order and dny/dxn, the equation is said to be of order n. For exam-
first degree pie, equation (122) is a first-order equation, and equations 

(124) and (125) have an order of two. The power to 
which the highest derivative occurs is called the degree of 
the equation. Equations (122), (124), and (125) are of the 
first degree; a second-order differential equation involving 
(y")2 and no higher of y ' (see 133), however, is of the 
second degree because the highest derivative occurs to the 
power 2. If the equation is of a form (see 134) in which 
the function y  and its derivatives occur linearly and in 
which the coefficients an(x) , . . . ,  ax(x), a0(x) depend only 
on x and not on y  or any of its derivatives, the equation 
is said to be linear. If y/(x) =  0 (equal for all values of x), 
the equation is said to be homogeneous; and, if i//(x) is 
not equal to zero for all values of x, it is said to be non­
homogeneous. Equation (122) is linear and homogeneous, 
but equation (124) is nonlinear.

HISTORICAL BACKGROUND
The study of differential equations is almost as old as that 
of the calculus itself. Newton discovered a method of infi­
nite series and the calculus in 1665-66. In 1671 he wrote 
an account of his theory of “fluxions,” a fluxion being 
a derivative of a “fluent,” the name Newton gave to his 
dependent variables. Newton discussed “fluxional equa­
tions,” or, as they are now called, differential equations. 
These he divided into three categories. In modern nota­
tion, the first category is that in which dy/dx is a function 
of x alone or of y  alone; the second consists of ordinary 
differential equations of the first order of the form dy/dx 
—/(x , y); and the third is made up of partial differential 
equations of the first order. Newton derived Solutions of 
differential equations by a method using power series with 
indetermiriate coefficients, which he claimed to be univer- 
sally effective. Though written in 1671 in Latin, his work, 
entitled The Method o f Fluxions and Infinite Series, was 
not published until 1736. As a result it had little or no 
influence on the development of the theory of differen­
tial equations.

Leibniz A greater impact was made by the work of the Ger­
and his man mathematician and philosopher Gottfried Wilhelm 
followers Leibniz. Although his investigations were not begun until 

1673, Leibniz became known through the publication of 
his results in 1684 in the Acta Eruditorum (“Deeds of 
Distinguished Men”), a scientific journal that had been 
established only two years earlier.

Foremost among the devoted followers of Leibniz were 
the Swiss mathematicians, the brothers Jakob and Johann 
Bemoulli. With others of their family, they played a no­
table part in the development of the theory of differential 
equations and of the use of such equations in the solution 
of physical problems.

In May 1690 in a paper in the Acta Eruditorum, Jakob 
Bemoulli showed that the problem of determining the 
isochrone— i.e., the curve in a vertical plane such that a 
partiele will slide from any point to the bottom in ex­
actly the same time, no matter what the starting point— 
is equivalent to that of solving a first-order nonlinear 
differential equation (see 135). He then solved the equa­
tion by what is now called the method of Separation of

variables; the general method was enunciated by Leibniz 
in the following year. Jakob Bemoulli’s paper of 1690 is 
a milestone in the history of calculus, for in it the term 
integral occurs in the literature for the first time.

In 1692 Leibniz discovered the method of solving first- 
order equations of homogeneous type and still later that 
of solving linear equations of the first order. The prob­
lem of finding the general solution of what is now called 
Bernoulli’s equation was proposed by Bemoulli in 1695 
and solved by Leibniz and Johann Bemoulli by differ­
ent methods. Thus, within a few years of the birth of 
the infinitesimal calculus, most of the known methods 
of solving first-order ordinary differential equations had 
been developed.

Numerous applications of the use of differential equa­
tions in deriving the Solutions of geometrie problems were 
made before 1720. Among these may be mentioned the 
problem of determining a plane curve the curvature of 
which is a prescribed function of position and that of find­
ing the orthogonal trajectories of a given family of plane 
curves. Some of the differential equations formulated in 
this way were of the second or higher order. Second- 
order equations of the form F(y, y ' y") =  0, in which the 
independent variable x does not appear explicitly, were 
discussed as early as 1712 by an Italian mathematician, 
Count Iacopo Francesco Riccati, although, in fact, Jakob 
Bemoulli had earlier studied the special case y ' = x2 +  y 2. 
Some of the younger members of the Bemoulli family, 
particularly Daniel, contributed to studies of such equa­
tions. Important work on first-order equations of exact 
type and of first-order equations of degree higher than the 
first was done in the 1730s by Alexis-Claude Clairaut, a 
Frenchman who was one b f the most precocious mathe­
maticians of all time.

The second period in the history of differential equations 
was dominated by Leonhard Euler, the Swiss mathemati­
cian who made many contributions to the theory, starting 
in 1728. He introduced several methods of lowering the 
order of an equation, the concept of an integrating fac­
tor, the theory of linear equations of arbitrary order, the 
development of the use of series Solutions, and the discov­
ery that a first-order nonlinear differential equation with 
square roots of quartics as coefficients (see 136) has an 
algebraic solution. This last result, which is a special case 
of Abel’s theorem, led to the theory of elliptic functions 
created in the 1820s by Niels Henrik Abel and Karl Gus­
tav Jacob Jacobi.

Much of the early work on differential equations was 
concerned with the discussion of basic questions about 
what is meant by a function or by the solution of a dif­
ferential equation. Such questions continued to be raised 
because the answers found satisfactory by one generation 
of mathematicians were challenged by their successors. 
The first attempt to establish a rigorous theory of func­
tions was made by Abel and Augustin-Louis Cauchy in 
the 1820s. Cauchy’s work in real analysis gave an entirely 
new direction to the theory of ordinary differential equa­
tions, steering it away from the investigating of techniques 
of solution into the asking of general questions about 
the existence and uniqueness of Solutions. Cauchy himself 
proved the first existence theorem and gave methods of 
deriving Solutions through limiting processes. The theory 
of analytic functions, also due to Cauchy, led to the cre­
ation of the theory of differential equations in the complex 
domain and, in tum, to the study of functions of several 
complex variables.

Much recent work in ordinary differential equations is 
of a basic nature, concerned with the conditions that 
guarantee the existence of a solution of a given equation; 
the theory is more concerned with establishing that a so­
lution exists than with trying to derive a closed form for 
it. Such an attitude is essential when many of the prac­
tical problems involving differential equations are solved 
by the use of electronic computers; the validity of nu­
merical processes must be thoroughly investigated. The 
study of differential equations continues to contribute to 
the solution of practical problems in control theory, in 
orbital mechanics, and in many other branches of Science 
and technology, and also to ask challenging questions of

Early
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pure mathematicians working in such apparentiy abstract 
subjects as functional analysis and the theory of differen­
tiable manifolds.

TYPES OF PROBLEMS SOLVABLE WITH THIS DISCIPLINE
Some simple examples of how differential equations may 
arise in the analysis of problems in physics and geometry 
have already been given. In such problems the unknown 
quantity has to satisfy not only a differential equation 
but also some other conditions. For example, the quan­
tity n(t) may have to satisfy the condition that at t = 0 
it takes a prescribed value N. Some other problems that 
can be solved with the help of differential equations are 
listed below.

Problems in mechanics. The catenary. If a cable of uni­
formly distributed mass m per unit length is suspended 
between two points A and B, the curve formed by the cable 
is called a catenary. If a coordinate system is chosen with 
an origin vertically below the lowest point of the curve, 
and with a y-axis that is vertically upward, the shape of 
the curve is determined by a second-order nonlinear dif­
ferential equation (see 137), involving a constant a (with 
the dimensions of length). The constant is expressed in 
terms of T, the vertical tension acting on the cable at its 
lowest point, and g, the acceleration caused by gravity, by 
the formula a — T/(mg). If the distance of the origin below 
the lowest point of the cable is taken to be a, the required 
solution must satisfy the conditions y(0) =  a, y'(0) = 0.
Motion in a line under known forces. The motion of 

a partiele of mass m projected vertically upward in a 
straight line with velocity v is described by a differential 
equation relating the time derivative of mv to g (see 138)

and the resistance of the medium R(v), the function R  
being known. If the mass m  is constant, the left side of the 
equation reduces to the time derivative of the velocity (see 
139). If m  is a prescribed function of v, the left side can be 
attacked by the rule for differentiating a product (see 140).
Escape velocity from the Earth. If the acceleration 

caused by gravity at the Earth’s surface is g, then, at time t, 
the distance r from the Earth’s centre of a partiele moving 
vertically upward is determined by a differential equation 
which States that the second derivative of v is proportional 
to (R/r)2 (see 141), in which R  is the radius of the Earth. 
If the initial velocity of projection is V, then the initial 
conditions are the position and velocity at t — 0 (see 142).

The motion at any point in the upward trajectory is 
determined by the solution of this initial value problem. 
If the partiele is to escape from the Earth’s gravitational 
field, (dr/dt)2 must exceed zero for all values of r. It tums 
out that this condition is satisfied only if V2 is greater 
than or equal to 2gR. For this reason f(2gR) is called the 
escape velocity from the Earth.

Vertical motion o f a rocket. A problem of interest is 
that of a rocket ascending in a straight line under the 
influence of gravity with a thrust that is constant both in 
magnitude and direction.

The thrust of the rocket is produced by the ejection of 
mass at a constant rate ƒ  with exhaust velocity Ve, which 
when measured relative to the rocket is constant. The 
height x  above the Earth’s surface at a time t while the 
rocket is still firing is determined by the nonlinear differ­
ential equation (see 143) relating the second derivative of 
x  to an expression of the form (1 +  x/R )2 and involving g, 
the acceleration caused by gravity at the Earth’s surface; 
R, the radius of the Earth; and m0, the initial mass of the 
rocket. The initial conditions in this case are that x  — 0, 
dx/dt =  V when t =  0.

Motion o f a planet under an inverse square law. If 
a planet is moving in a plane under an inverse square 
law, then its motion can be described by the plane polar 
coordinates r, 6, the origin of which is situated at the 
centre of force.

The inverse square law relates the radial force on the 
planet to the inverse of the square of the distance from the 
origin. The motion is described by a pair of second-order 
differential equations derived from Newton’s second law 
(see 144) involving a constant c.

Problems in other areas of physics. Electrical circuits. 
The electrical current x  in a simple circuit containing a 
resistance R , a self-inductance L, and a capacitance C 
when a voltage E(t) is applied is determined by a simple 
differential equation (compare Figure 17A). The drops in 
voltage across the ends of the resistance and the induc- 
tance are, respectively, R x  and L(dx/dt). The drop across 
the capacitance is q/C, in which q is the charge on the 
condenser. The current is given by x  = dq/dt, and the 
voltage E(t) must equal the sum of the voltage drops. The 
charge is therefore determined by the differential equation 
obtained by substituting x  =  dq/dt (see 145).

Similarly, for the coupled circuits shown in Figure 17B, 
the currents x  and y  are determined by a pair of similar 
linear second-order differential equations (see 146).

Self-oscillatory problems. Certain electrical circuits, 
such as feedback circuits controlled by thermionic values, 
have the property that a source of power increases with the 
amplitude of the oscillation. To exhibit the main features 
of the behaviour of such Systems, the 20th-century Dutch 
mathematician Balthasar van der Pol took as his mathe­
matical model a second-order equation (see 147), which 
is now called van der Pol’s equation. This equation is 
typical of the models describing a series of self-oscillatory 
Problems. For example, the equation for the oscillations 
of a valve generator with a cubic valve characteristic can 
be reduced to van der Pol’s equation; van der Pol himself 
used this equation in the theory of the oscillations in a 
symmetrie multivibrator, in which there is an inductance.

Potential theory. In many branches of physics, such as 
electrostatics, magnetostatics, irrotational motion of per­
fect fluids, and others, an equation of interest is the partial 
differential equation named after Pierre-Simon Laplace, 
the 18th-century French mathematician. This equation

The
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Figure 17: Electrical circuits.
(A) Simple circuit containing a resistance R, a self-inductance 
L, and a capacitance C. (B) Coupled circuits in which the 
currents x and y are determ ined by a set of differential 
equations.

(see 148) relates second partial derivatives of the potential
u. The equation can be expressed in cylindrical coordinates 
(p, (p, z) (see 149). If there are Solutions of this equation 
in the form of a product of exp{—£z), cos(v^) and some 
function of p, R(p) (see 150), then R  must be a solution of 
a second-order linear ordinary differential equation with 
variable coefficients so that R{p) =  co{£,p) in which o)(t) is 
a solution of a second-order linear equation with variable 
coefficients (see 151) known as Bessel’s equation of order
v, so named after Friedrich Wilhelm Bessel, the 19th- 
century German mathematician and astronomer.

Similarly, Laplace’s equation can be expressed in spher- 
ical coordinates (see 152). For axisymmetric Solutions of 
the form v(r, 0) = rnQ(0) (i.e., Solutions that do not de­
pend on the azimuthal angle (p) © must be a solution of 
another linear ordinary differential equation with variable 
coefficients (see 153). Changing the independent variable 
in this equation from 6 to p = cos 6 gives Solutions of the 

Legendre’s desired form if ©(0) =  w(cos 6), in which w(p) is any solu- 
equation tion of the ordinary differential equation (see 153) called 

Legendre’s equation of order n, named after Adrien-Marie 
Legendre. (See Potential theory below.)

Stellar structure. An interesting ordinary differential 
equation arises in the discussion of the theory of stellar 
structure. If the gravitational equilibrium of a mass of 
gas is considered, it is found that its pressure p  varies 
with the distance r from the centre of the mass according 
to a second-order differential equation involving G, the 
gravitational constant, and p, the density (see 154). The 
density is related to the pressure through the physical law 
log p = log k + ( 14- 1 /p) log p in which K  and p are 
constants. If log p =  log pc +  p  log 6, in which pc is the 
central density, and a new independent variable £, = kr 
is introduced, in which k  is defined in terms of pc and 
constants (see 155), the Lane-Emden equation and initial 
conditions for it are obtained (see 156). (The equation was 
named for the astronomers Jonathan Homer Lane of the 
United States and Robert Emden of Switzerland.) Unless 
p  is 0 or 1, the equation is nonlinear.

The harmonie oscillator in wave mechanics. One prob­
lem in wave mechanics is that of determining the wave 
function ip of a partiele of mass m  moving on the x-axis 
under the action of a force —kx. The wave function \j/ for 
a partiele has the physical significance that | ip(x, y, z) |2 dx 
is the probability of finding the partiele in a small element 
of volume dx centred at the point with coordinates (x, y, 
z). In this problem the equation describing the partiele is a 
particular case of a more general second-order differential 
equation named after a 20th-century Austrian physicist, 
Erwin Schrödinger (see 157), involving E, the total energy 
of the partiele, and h, Planck’s constant. The problem here 
is not so much to solve this ordinary differential equa­
tion as to find the possible values of E  that ensure | y/\ 
—» 0 as | x | —> 00. (For an understanding of convergence 
to the real number “infinity,” see Real analysis above.) 
If the variables are changed to x  — (h2/4n2mk)az, a = lM, 
and X =  (4nE/h)(m/k)l/2, an equation relating d 2y//dz2 and 
(X — z2)y/ (see 158) is obtained. The problem is to find 
the set of allowed values of X ensuring the existence of 
Solutions such that | ^ | —> 0 as |z |—► °o. Such a problem is 
called a Sturm-Liouville problem (named after the 19th-

century French mathematicians Charles-Francois Sturm 
and Joseph Liouville).
Control theory. A different kind of problem involving 

differential equations arises in optimal control theory. In 
control theory attention is first of all focused on a pro­
cess—that is, some action changing with time and usu­
ally described by a differential equation or a system of 
differential equations. In parallel with the concept of pro­
cess, Controls are considered for influencing the particular 
process being discussed, and the objective is the result 
achieved by the process through a properly applied control 
strategy. If, with respect to some criterion of performance, 
the strategy that is best is sought, the problem is called an 
optimal control problem.
A simple problem of this kind is that of driving a railroad Typical 

locomotive from one station to another on the assump- control 
tion that the same force is available for both starting theory 
and stopping—e.g., two rocket motors pointed in opposite problem 
directions and each capable of a maximum thrust P. If 
the locomotive is treated as a partiele of mass m and the
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decreases in m  caused by loss of fuel and all resistance 
phenomena are neglected, the product of m and the sec­
ond derivative of x  equals ƒ  (see 159), in which x is the 
distance traveled by the locomotive from its starting point 
and ƒ  is the force applied by the rocket motors. The con­
trol is defined by the inequality | ƒ  | < P. As an objective, 
one of the following conditions could be taken:

1. The journey must be accomplished in the minimum 
time.

2. To avoid excessive wear on components, the journey 
must be accomplished with the minimum expenditure of 
energy.

3. The amount of rocket fuel used should be kept to 
a minimum.

Once one of these criteria has been decided upon, the 
optimal control problem consists of designing a scheme for 
applying ƒ  in such a way as to achieve the desired result— 
i.e., of selecting from the set of Solutions of the differential 
equations corresponding to all permissible forms of ƒ  the 
one that is best.

Chemical kinetics. Simple Chemical reactions can be 
described by first-order ordinary differential equations; A 
simple first-order reaction such as the decomposition of 
nitrogen pentoxide may be considered first. If c is the 
concentration of nitrogen pentoxide at time t, then the 
derivative of c is equal to the product of a constant k, 
which is called the rate constant for the reaction, and 
—c (see 160).

Similarly, in a second-order reaction of the type A + B 
—> A' +  B' in which a and b are the initial concentrations 
of A and B, respectively, and x is the change in the con­
centration of either A or B  that has occurred at time t, the 
derivative of x is proportional to the product of (a — x) 
and (b — x) (see 161);

Reversible reactions can also be described by differen­
tial equations. For example, consider a simple reaction

of the type A B, such as the interconversion of a-d-

glucose (A) and ß-d-glucose (B) in which a and b are the 
initial concentrations of A and B  and a — x  and b + x  
their values at time t. (If dx/dt =  0 the reaction is at 
equilibrium.) The derivative of x  is proportional to the 
difference of k x(a — x) and k2(b +  x), in which k x and k2 
are constants (see 162).

A catalytic reaction is one in which some substance, 
known as a catalyst, changes the reaction rate without itself 
going through any permanent change. In an autocatalytic 
reaction a substance A is transformed to another substance 
B, which then acts as a catalyst for the reaction. If x  is the 
concentration of B  at time t and N  is its final value, then 
such a process can be described by a differential equation 
in which dx/dt is proportional to the product of x  and 
(N — x) (see 163).

Growth of populations. To illustrate how ordinary dif­
ferential equations arise in biology, an equation arising in 
a simple study of the growth of populations is considered. 
The expression p(t) denotes the number of inhabitants of 
a given area at time t, and it is assumed that, in the time 
interval t to t +  h, (i) the niimber of individuals born is 
Nph, (ii) the number of individuals dying is Mph, (iii) the 
number of individuals entering the area is Ih, and (iv) the 
number of individuals leaving the area is Eh, Tn which N, 
M, I, and E  will, in general, be functions of both p  and 
t. The function p(t) is then determined by the fact that its 
first derivative is proportional to the obvious combination 
of these quantities (see 164).

In óne population model it is assumed that I  and E  
are constants and that N  = n — vp, M =  m + pp in which 
m, n, p, and v are constants. If these forms are substi­
tuted into the above population equation and n — m = e 
and p  4- v =  k, a nonlinear differential equation known as 
Verhulst’s equation is obtained (see 165), the constant e 
being called the coëfficiënt of increase and k  being called 
the limiting coëfficiënt.

If the population is isolated (i.e., if there is neither im- 
migration nor emigration), I  — E  = 0, and the equation 
reduces to a simpler form in which dp/dt equals the prod­
uct of p  and e — kp (see 166).

Physiology. Regulation o f carbon dioxide in the body. 
An example of the occurrence of a pair of ordinary 
simultaneous equations in physiology is provided by a 
simple model of the regulation of carbon dioxide (C 02) 
in the human body. In this model it is assumed that the 
carbon dioxide is distributed between two compaitments 
corresponding to the lungs and the remaining tissue and 
that respiration is a function of C 02 only. With further 
simplifying assumptions it can be shown that during res­
piration C» the alveolar (lung) C 0 2 concentration, and 
CT, the concentration of CÖ2 in the tissue, are determined 
by the pair of simultaneous equations that relate dC Jdt 
and dCT/dt each to CA and C, (see 167), in which VA and 
VT are the respective volumes of the alveolar and tissue 
compartments; Cf is the concentration of inspired carbon 
dioxide; ax, a2, a3, bx, b2 are constants; and R  is the rate at 
which carbon dioxide is formed by metabolism.

Distribution o f Creatinine in the human body. Another 
example taken from physiology arises in the analysis of a 
two-compartment model for the distribution of Creatinine 
in the human body. The first compartment is the blood 
plasma; the second is not clearly identified, but there is 
evidence that such a compartment exists. If Qx, Q2 denote, 
respectively, the quantities of creatinine in the first and 
second compartments, their Variation is determined by a 
pair of linear first-order differential equations relating dQ J  
dt and dQ fd t to Qi and ß 2 (see 168), with rate constants 
k x, k2, and k3.

TYPES OF SOLUTIONS
A relation y  = q>(x) is said to be a solution or integral 
of the differential equation ƒ  (x, y, y', . . . ,  y {n)) =  0 in the 
range a < x < b  if, when substituted into the equation, it 
gives a result that is identically zero in that range (see 
169). It is frequently difficult or undesirable to express a 
solution y  explicitly as a function of x, but instead to have 
an implicit relation F(x, y) =  0 between the solution y  and 
the independent variable x. Such a relation is a solution 
if, when solved explicitly for y  in terms of x, it yields a
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Occurrence 
of arbitrary 
constants

solution in the way described above. For example, if both 
sides of a polynomial equation in x  and y  are differenti- 
ated with respect to x, then the function y(x) determined 
by this implicit relation will be a solution of the differen­
tial equation thereby obtained (see 170). The simplest of 
all ordinary differential equations is y ' =  g(x), in which g 
is an elementary function. An example is g(x) = 2x. The 
problem of solving this differential equation is equivalent 
to finding a function y(x) the derivative of which is 2x; 
this leads to the solution y = x 2 +  c in which c is an 
arbitrary constant. The process of integration has led to 
the occurrence of an arbitrary constant in the solution. It 
can be seen intuitively (and it can be proved rigorously) 
that finding the solution of a differential equation of the 
nth order will somehow be equivalent to performing n 
integrations and that the final solution y{x) will contain n 
arbitrary constants of integration.

(170)
x3 +  y 3 4- 3xy = 1
(x +  y 2)y' +  x2 +  y  =  0

(171) (y')2 + x y ' - y  = 0

(172) y  = cx+  c2

(173) y =  x +  1

(174) y(x) = - ^ x 2

(175) 2 ( y 'f  =  3 y

(176) 9 y 2 = 4(x — c)3

(177)
d2y
M + o ? y = o

(178) y(x) =  c, cos (ox) +  c2 sin(ft)jc)

(179) y(a) = y<>, y'(a) = o0

Any solution of an nth order equation of the form 
y  =  (p{x, cl9 c2, . . . ,  cn) in which c{, . . . ,  cn are arbitrary 
constants is called a general solution of the equation. Any 
solution that may be obtained from the general solution of 
an equation by assigning particular values to the constants 
is called a particular solution of that equation. It some­
times happens that a nonlinear differential equation has 
a solution that cannot be obtained by assigning specific 
values to the arbitrary constants in the general solution. 
Such a solution is called a singulär solution of the differ­
ential equation.

For example, a particular nonlinear differential equation 
(see 171) has a general solution that is linear in the in­
dependent variable (see 172) with an arbitrary constant 
c. A particular solution may be obtained from (172) by 
taking c =  1 (see 173). On the other hand, a function 
proportional to x2 (see 174) also satisfies the differential 
equation. Because this solution cannot be obtained from 
the general solution by assigning a particular value to c, it 
is a singulär solution of the differential equation (171). In 
this instance the graphs of the functions defined by (172) 
are straight lines, and the graph of the function defined by 
(174) is a parabola that is the envelope of that family of 
straight lines (cf. Figure 18).

Similarly, a nonlinear equation with the cube of the 
derivative proportional to y  (see 175) has a general so­
lution with y2 proportional to (x — c)3 (see 176) and the 
singulär solution y =  0. Here the general solution is rep­
resented by a family of semicubical parabolas, and the 
singulär solution is the line that passes through the cusp 
of each member of the family (cf. Figure 19). Such a line 
is called a cusp locus.

It has been pointed out above that the solution of prob-

Figure 18: Graphs of functions defined by straight lines and 
a parabola that is the envelope of that family of straight 
lines (see text).

lems in physics or engineering is equivalent to that of 
finding Solutions of differential equations satisfying certain 
additional conditions. To illustrate the kind of problem 
arising in this way, the following equation may be consid­
ered: with the product of a constant, co1, and the function 
y  being added to the second derivative of y  to give a 
result of zero (see 177). Its general solution is found to

Figure 19: A family of sem icubical parabolas representing 
a general solution and a Singular solution, which is the 
line that passes through the cusp of each member of the 
family (see text).

Boundary
value
Problems
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be the product of a constant, c„ and a cosine, added to 
the product of another constant, c2, and a sine (see 178). 
The solution corresponding to the conditions of y  and its 
derivative at some point a being set equal to y0 and i>0, 
respectively (see 179), in which a, y0, o0 are prescribed real 
numbers, is obtained by choosing cx and c2 to satisfy the 
linear algebraic equations obtained by setting the general 
solution at a equal to y0 while its derivative is set equal to 
t>o (see 180). The solution corresponding to the conditions 
of y  at two different points a and b being set equal to 
constants y0 and y x, respectively (see 181), is obtained by 
choosing c\ and c2 to satisfy the linear equations obtained 
by setting the general solution at a and b equal to y0 and 
yh respectively (see 182).

Problems of this kind are called boundary value prob­

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

cx cos(coa) +  c2 sin(c^ö) — b 

—cx sin(coö) +  c2 co${coa) = v0

y(a) = y0, y(b) =  y,

cx cos(coa) 4- c2 sin(coß) =  y0 

cx cos(cob) +  c2 sin(cob) = y x

d2y n2n2 
dx2+  a1 y =  0

dy
Tx = f ( x - yy y(ä) =  y0

yi.x) =  y0 + f*f{t, y(t)}dt
Ja

IAx, y,) - f ( x ,  y2) | < K  | y, -  y21 

= A z , z(a) = z0

>' ' 0 n >o"x., Ä  = —co2 4 *0 =/ o _

n =

x  = c ,+ c 2t, v =  c, +  c4i -  j;gt2 

y = a  cosh(x/a)

(195) V  ( -  n \(n +  l)f/ l - x \ r  

r - 0  r\r\ \ 2 j

lems; the problem posed by equations (177) and (179) is 
called a one-point boundary value problem or an initial 
value problem, while that posed by equations (177) and 
(181) is called a two-point boundary value problem.

Another kind of problem can be exemplified by refer­
ence to equation (177). It may be stated as a question: Do 
there exist real values of co such that the equation (177) 
has nonzero Solutions satisfying the boundary conditions 
y(0) =  y(a) =  0? That there are real values of co follows 
immediately from the fact that, if « is an integer, then the 
function y  =  sin (nnx/a) satisfies these boundary condi­
tions and the differential equation considered above, with 
co — nn/a (see 183). Hence, ±nn/a, n =  1, 2, 3 , . . . ,  are 
possible values of co. A problem of this kind is called an 
eigenvalue problem or a Sturm-Liouville problem.

EXISTENCE AND UNIQUENESS OF SOLUTIONS
From the geometrie interpretation of the derivative of a 
function, it is tempting to assume that the initial value 
Problem consisting of a differential equation and the value 
y0 of the function y  at some point a (see 184) has a 
unique solution through each point (a, y0) of the xy-plane. 
It is a simple matter, however, to construct differential 
equations that do not have a solution at all at a specific 
point and others that have more than one solution— 
often an infinite number—at a point. For this reason it is 
necessary to study sufficiënt conditions for the existence 
and uniqueness of Solutions of the initial value problem 
(see 184). The proof of the classic theorem in this area 
depends on the fact that any solution of the initial value 
problem (184) satisfies the integral equation given by for­
mally integrating both sides of the differential equation, 
the constant of integration being y0 (see 185). Conversely, 
any solution of this integral equation is a solution of the 
initial value problem (184).

To state the fundamental result, the following concept is 
required: a function f ( x ,  y) is said to satisfy a Lipschitz 
condition with respect to y  in a region D of the xy-plane 
if there exists a constant K  such that the magnitude of 
the difference between f ( x ,  y x) and f(x ,  y2) is less than 
or equal to K  times the magnitude of the difference be­
tween y x and y2 (see 186), for every pair of points (x, y x), 
(x, y2) belonging to D. The condition is named after a 
19th-century German mathematician, Rudolf Lipschitz. 
The basic theorem States that, if f ( x ,  y) is continuous 

and satisfies a Lipschitz condition with respect to y  in 
some region D of the xy-plane and if (a, y0) is any point 
in this region, then the initial value problem (184) has a 
unique solution.

It tums out that continuity o f / i s  sufficiënt to guarantee 
existence and that it is the Lipschitz condition on ƒ  that 
ensures uniqueness.

By generalizing the Lipschitz condition (see 186) to the 
case in which both ƒ  and y  are «-vectors and D is a region 
of the xy-space (of dimension n +  1), the theorem can 
be established for a vector differential equation (see 184). 
Now any differential equation of order n can be written 
as a first-order equation for an «-vector. For example, the 
initial value problem posed by equations (177) and (179) 
can be written in the form of an initial value problem for 
a first-order equation (see 187), but in this case z, A, z Q 
denote matrices (see 188). The existence theorem for an 
«th-order equation can therefore be deduced from that for 
a first-order equation in which the independent variable 
is an «-vector.

FORMS OF SOLUTIONS
C lo sed -fo rm  S o lu tio n s. In many cases it is possible to 

express the solution of a differential equation by a simple 
formula. For example, if the derivative of « is proportional 
to —«, then the general solution is an arbitrary constant 
«o times a negative exponential (see 189). The pair of 
equations describing motion in a gravitational field has as 
the general solution for x  a linear function and for y  a 
quadratic (see 190), with arbitrary constants c„ c2, c3, and 
c4. Similarly, the solution of the equation for a catenary 
satisfying the initial conditions y = a, dy/dx — 0 at x  — 0 
is a hyperbolic cosine (see 191).
Series S o lu tion s. Often when it is not possible to find a

The
Lipschitz
condition
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closed-form solution, it is a simple matter to find a solu­
tion in the form of an infinite series. This form of solution 

Power is particularly appropriate to the solution of second-order 
»eries linear equations. For example, BesseFs equation has a se­

ries solution in powers of x/2 (see 192), in which the sym­
bol (v 4- \)r denotes the product (v +  1) (v +  2) • • • (v 4- r). 
Similarly, Legendre’s equation has a solution in the form 
of descending powers of x  that is valid only if |x |>  1 
(see 193). The same equation has a power series solution 
valid if |jc| <  1 (see 194), and a series solution in powers 
of (1 — x)/2 that is valid for —1 <  x  <  3 (see 195). It will 
be noted that in the ease in which n is a positive integer,

(196)

(197)

(198)

(199)

(200) 

(201)

(202)

(203)

(204)

(205)

ƒ d(p
. - K

1e V(cos (p — cos a) a

/*ooI e~ztdt
J, V(?=T)

y,+ ,(x) = y0 + f  /{*• yr(t))dt, ya{x) =  y0

%  =  1 + x \v \  y(0) = 0

X,  X  +  J X 5, X  +  ^ X 5 + ^ X 9 +  J ^ X 13,

y" =/(*. y. y'), y(a) =  y0, y'(a) =  y,

, s f  d f u 
y ~ t o + d-yy + d S y

y(a + h) =  y0 + y, +  ^y"(a)h  +  • • • +  -^A n\a)hn

P
y(a +  h) =  y(a) +  h ^  a j ( a  +  bkh, y0 + ckh)

k = 0

y{a + h) = y(a) +  (1 -  c)hf(a, yn)

+ chf(a + £ , y 0 + ̂ )

(206) yr + j =  yr 4- ( 1 — c)kr 4- cmr

(207) % = f( x ,y )

(208) % = A x ) i ( y )

( 209)  y ^ b f - x y + x

(21°) ƒ =  \f(x )d x  + c

(211) j  f y l  = j xcix + c
(212)

(213) x ^ c + u = g(o)

each of the last two series reduces to a polynomial of 
degree n in x.
Integral forms. In a similar way, the solution of a dif­

ferential equation can be expressed in the form of an 
integral that cannot be expressed in terms of elementary 
functions. For example, the solution of equation (124) sat­
isfying the initial conditions 6 = a, d0/dt = 0 when t = 0 
may be expressed by an equation involving an integral of 
a linear combination of a cosine to the — V2 power (see 
196). The integral on the left side of this equation cannot 
be expressed in terms of elementary functions. Similarly, 
BesseFs equation of order 0 has the solution as the inte­
gral of an expression involving exponentials and square 
roots (see 197).
Approximations. In many cases it is not possible to 

derive the solution of a differential equation in any of the 
above forms, and recourse has to be made to approxi­
mate methods.
Iteration method. In dealing with initial value Prob­

lems, one of the simplest ways of obtaining an approxi­
mate solution is to solve the integral equation discussed 
earlier (see 185) by iteration—i.e., to construct a sequence 
of approximations y2(x) , . . . ,  yn(x) by the scheme of 
substituting an approximation for y  into the integral equa­
tion and obtaining as the result a better approximation 
and repeating the process (see 198). It can be proved that, 
if the conditions of the existence-uniqueness theorem are 
satisfied, this sequence will converge to the correct solu­
tion. By taking the nth iterate, an approximate solution of 
the initial value problem is obtained.

For example, for the initial value problem for a certain 
first-order nonlinear differential equation (see 199), a se­
quence of approximations that are partial sums of a power 
series (see 200) is given.

Taylor series method. In theory this method is appli­
cable to an equation of any order. As an example, the 
initial value problem for a second-order differential equa­
tion (see 201) is considered. First y"(a)= f(a , y0, y {) 
is calculated. The given equation is differentiated with 
respect to x  (see 202). This is evaluated at a to yield the 
value of y"(a). By successive differentiation y a(a) can be 
found for n — 3, 4, 5 , . . . ,  and an approximation to the 
value of y(a +  h) can be found from the truncated Taylor 
series (see 203). The process is then repeated at the point 
x  = a + h, and so on.

The Runge-Kutta methods. To indicate the methods 
devised by the German mathematicians Carl David Tolmé 
Runge (1895) and Martin Wilhelm Kutta (1901), the ini­
tial value problem (184) is considered. In these methods 
the Taylor expansion is used indirectly: y(a +  h) is calcu­
lated (see 204) in terms of y(a \ the function ƒ  (x, y \  and 
constants a0, . . . ,  ap, h0, . . . ,  bp, c0, . . . ,  cp, which are cho­
sen in such a way that, when the expression is expanded 
for y(a +  h) in ascending powers of h, the coefficients 
agree with those of the Taylor expansion for y{a H- h).

For example, if p — 1 is taken, a formula involving two 
values of f(x , y) is obtained (see 205). In this formula 
ko = h f (a, y0), and c is any nonzero real number. The 
numerical solution of the initial value problem (184) 
can be generated by repeated applications of this rela­
tionship. If x r = a + rh, yr =  y(a +  rh), kr =  h f (xr, yr), and 
mr =  h f (xr +  hßc, yr +  kr/2c), (c #  0), then yr+l can be 
calculated from yr, kr, mr, and c (see 206). This is known 
as the Runge-Kutta second-order process. More elaborate 
schemes can, of course, be derived by taking a higher 
value of p. (I.N.S.)

FIRST-ORDER EQUATIONS
When first-order equations of the first degree are solved 
for the derivative, they are of a form in which the deriva­
tive y' equals f ix ,  y), an explicit function of x  and y 
(see 207). There are certain distinguishable types of such 
equations that may be easily solved and that are now 
discussed briefly.

Equations with separable variables. If the derivative can 
be expressed as the product of f( x )  and g(y) (see 208), in 
which ƒ  (x) is a function of x  alone and g(y) is a function 
of y  alone, it is said to have its variables separable, For 
example, the nonlinear equation in which the product of

Approxi­
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(214)

(215)

(216)

(217)

(218)

(219)

(220)

(221)

(222)

(223)

(224)

(225)

(226)

(227)

(228)

(229)

(230)

(232)

(233)

(234)

(235)

(236)

(237)

dy 2y 2 +  x2 _ 2 u )  +  1
dx xy ~  y  

x

x ^ + t) =  2 ü i ± l  
dx o

f  üdü __ f  dx
J  o2+ l  J X + k

logio2 +  1) =  2 log x +  log c

i;2 +  1 =  cx2

x 2 + y 2 =  cx4

dy/ du/
t e = P (K y ^ f y  =  y)

P{x, y) + Q(x, y)y' =  0

V(x, y) = c

du/ du/ 
dx + dy y ' = 0

äP _ ä Q
dy dx

2exyy' 4- y 2ex — 1 —0

j p ( y * e * - l )  =  £ ( 2 e y )

y 2ex — x ~  c 

2 xy ' 4- 3y =  0 

2yy 'x 3 4- y 2. 3x2 =  0

Ty(PP)-^(HQ)

P'(x)
fl(X) S(x )

fi(x) =  exp{jg(x)dx} 

y' +  a(x)y =  b(x)

MW =  exp {ja(x)dx}

xy' +  (X2 + l ) y  =  x 
. a(x) =  je +  x - '

>  = exp[/(x  + x - i)Ä ]

- e x p  ~x i + \0g x

(238) d x [xenn)xly \=  x e " '^

(239) y  == X '1 -f cX~le(~1/2)JC2

= xe(,/2>*2

y  and its derivative equals the sum of xy  and x (see 209) 
has its variables separable. The general solution of such an 
equation is obtained by moving the expressions involving 
x to one side of the equation and those involving y  to the 
other, and then integrating both sides (see 210), involving 
c, as arbitrary constant. For example, the equation just 
considered (see 209) has general solution in terms of an in­
tegral of y  divided by y  4- 1 and an integral of x  (see 211).

These integrals can be evaluated, giving the result that 
y — log(y +  1) =  x2/2 4- c.

Homogeneous equations. A differential equation in 
which the derivative dy/dx equals g(y/x), in which g  is 
a function of y /x  alone (see 212), is said to be homo­
geneous. Such an equation is reduced to separable form 
(see 213) by the Substitution y = xv. For example, the 
equation in which dy/dx equals 2y2 +  x2 divided by xy  
(see 214) is homogeneous; the Substitution y = xo reduces 
it to the separable form as a differential equation with 
o as the dependent variable (see 215). It is possible to 
obtain the solution of this differential equation by certain 
integrations (see 216), in which k  is an arbitrary constant. 
Performing the integrations, the general solution is ob­
tained in terms of logarithms (see 217), in which c is an 
arbitrary constant; (2k — log c)— i.e., the sum of o2 and 1 
equals cx2 (see 218). Retuming to the original variables, 
the sum of x2 and y 2 equals cx4 (see 219), which is the 
general solution of equation (214).

Exact equations. If there exists a function y/(x, y) such 
that the partial derivative of y/ with respect to x  equals 
P(x, y), and the partial derivative of y/ with respect to y 
equals Q(x, y) (see 220), the differential equation formed 
by the sum of P(x, y) and the product of Q(x, y) and y' 
being equal to zero (see 221) is said to be exact. The reason 
for this is that the function y(x) defined by y/(x, y) being 
equal to an arbitrary constant c (see 222) has a derivative 
y ' that satisfies the equation obtained by differentiating 
y/(x, y) with respect to x by the chain rule (see 223).
Hence, because of these relations (see 220), the differen­

tial equation (221) follows. It is obvious from equations 
(220) that a necessary condition for the equation (221) to 
be exact is that the partial derivative of P(x, y) with respect 
to y  equals the partial derivative Q(x, y) with respect to 
x  (see 224); it can also be shown that this condition is 
sufficiënt. For example, a nonlinear differential equation 
with exponential coefficients (see 225) is exact because the 
partial derivative with respect to x  of the coëfficiënt of y' 
equals the partial derivative with respect to y  of the rest 
of the equation (see 226). It has the general solution in 
implicit form with an arbitrary constant (see 227). Instead 
of saying that the equation (221) is exact, P(x, y)dx + 
Q(x, y)dy is sometimes termed an exact differential.
Integrating factors. Although a differential equation 

may not be exact in the form in which it is encountered, 
it has been proved that it may be made exact by multi­
plication by a suitable factor. Such a multiplier is called 
an integrating factor. For example, the equation formed 
by the sum of 2xj/ and 3y  being equal to zero (see 228) 
is not exact, but multiplying throughout by x 2y  gives an 
equation (see 229) that is exact and has a general solu­
tion y2x 3 = c.

If both sides of equation (221) are multiplied by ju(x, y) 
and the exactness condition (224) is used, then ju will be an 
integrating factor of the equation if, and only if, it satisfies 
the condition that the partial derivative of fiP with respect 
to y  equals the partial derivative of juQ with respect to x  
(see 230). For example, the general first-order differential 
equation being considered (221) will possess an integrating 
factor ß(x) if, and only if, the difference of the partial 
derivative of P with respect to y  and that of Q with respect 
to x, divided by 0 , equals g(x), a function of x  alone (see 
231), and then ß  may be taken to be any solution of the 
equation given by g(x) being equal to ß'(x) divided by 
ß(x) (see 232); i.e., ß(x) is an exponential (see 233).

Linear equations. If the above procedure is applied to 
the linear first-order equation with the coëfficiënt of y  
being a(x) and the inhomogeneous term being b(x) (see 
234), it is found to have an integrating factor ß(x) equal 
to an exponential with the integral of a(x) in the expo­
nent (see 235).
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(240) • • +  P,(x)y' +  P„i II>>

(241) P„(x)D" + Pn_ l(x)D"-' + - • ■ +  Pt(x)D +  P„(x)

(242) a,y,(x) + a2y2(x) + ■ ■ - + a„y„(x) =  0

(243) y(x) =  c,y,(x) +  - ■ ■ +  c„y„(x) +  Y(x)

y.W • • • yJx)
y\(.x) ■ ■ - yXx)

(244)

y \" - '\x ) . . .  ylr-'Kx)

(245) n  „(D)y = /(x )

(246) n „ (0 = p j" + p„_ • +p , t  + Po, (p„* 0)

(247) ctexix + c g h -x +  • • • +  Cne Xr**

For example, if the sum of x y ' and (x2 +  l)y equals x 
(see 236), then p(x) is equal to the product of x  and an 
exponential with exponent x 2/2 (see 237). The equation 
can be written as the derivative of the product of ju(x) and 
y  being equal to ju(x) (see 238). Integrating and dividing 
by x exp(x2/2) yields the general solution in terms of x _1, 
an exponential, and an arbitrary constant c (see 239).

LINEAR DIFFERENTIAL EQUATIONS
Equations of nth order. A linear differential equation 

of order n is an equation involving y  and its derivatives 
linearly, the coëfficiënt of yj being Pp and the nonho­
mogeneous term being ƒ  (x) (see 240), in which Pn, . . . ,  
P0, f  are given functions of x, and Pn(x) does not vanish 
identically. The linear differential equation obtained from 

Homo- equation (240) by replacing ƒ  (x) by 0 is called the homo­
geneous geneous equation, corresponding to the nonhomogeneous
and equation (240). For example, Bessel’s equation and Le-
nonhomo- gendre’s equation are linear equations of the second order 
geneous and of homogeneous type.
equations If the differential operator d/dx is denoted by D and if 

L is written for the operator formed by the sum of terms 
of the form PjDJ (see 241), then equation (240) may be 
written in the form Ly = f (x) and the corresponding ho­
mogeneous equation in the form Ly =  0.

Functions ^ ( x ) , . . . ,  yn{x) are said to be linearly inde­
pendent Solutions of the homogeneous equation Ly = 0 if 
Lyr(x) =  0, r =  1, 2 , . . . ,  n and if the functions are such 
that there does not exist a set of constants aX9 a2, . . .  9 an, 
not all of which are zero, such that, for all values of x, the 
sum of the terms a7y7(x) is equal to zero (see 242).

The basic result in the theory of linear differential equa­
tions is that, if yl5 y2, . . . ,  yn are n linearly independent 
Solutions of Ly =  0 and if Y(x) is any solution of equation 
(240), then the general solution of (240) is Y(x) added to 
a sum of terms of the form c ^ ix )  (see 243), in which 
c , , . . . ,  are arbitrary constants.

The general solution of a linear differential equation is 
therefore the sum of two parts: cxy x(x) +  • * • +  c,yn(x), 
which is called the complementary function, and T(x), 
which is called a particular integral. To determine whether 
a set of functions is linearly independent, the following cri­
terion must be used: a necessary and sufficiënt condition 
that yi(x), . . . ,  yn(x) are linearly independent is that the 
Wronskian W, defined by the 19th-century Polish mathe­
matician Hoëné Wronski as the determinant of the matrix 
formed by the n linearly independent Solutions and their 
first n — 1 derivatives (see 244), is not identically zero.

Equations with constant coefficients. There is a simple 
theory of linear equations of the type (240) in which 
Pr(x) =  pr, a constant, (r — 0, 1 , . . . ,  ri). Such equations 
can be written in the form of an expression Tln(D)y set 
equal to /(x )  (see 245), in which Tln(t) denotes the polyno­
mial defined as the sum of terms of the form pjtj (see 246).

The form of the complementary function depends on the 
zeros of the polynomial IIW. If IIn(f) has n distinct zeros Xx, 
X2, . . . ,  Xn, then the complementary function of the equa­
tion (245) is in the form of a sum of terms Cj exp(X,x) (see 
247) in which, as before, cx, c2, , cn denote arbitrary 
constants. Some of the zeros may, of course, be complex, 
but if the coefficients pn, . . .  9 p0 are real, then complex 
zeros when they do occur will occur in complex pairs.

For example, if Xx=jux +  icox, then there will be another 
zero, which may be labeled X2, of the form X2= jux — icox; 
the linearly independent Solutions exp(X,x) exp(A>2x) may 
be replaced by exp(//,x) c o s ^ x )  exp(//jx) sin(m,x). Putting 
this another way, it can be said that, if Tln(i) contains the 
simple quadratic factor (t — p x)2 -F cox2, then the comple­
mentary function contains the corresponding terms that 
are products of the exponential exp(/z,x) and a linear 
combination of the sine and cosine of coxx  (see 248).
On the other hand, if Xx is a multiple root, of order m, 

say—i.e., if n„(0 has a factor (t — Xx)m—the complementary 
function contains the terms (c,x +  c2x2 +  • • • 4- cmxm~ *) 
exp(XjX). Similarly, if n„(f) has a factor of the form 
[(/ — p x)2 H- co2]m, there are 2m terms of the analogous 
form involving exp(pxx) cos(m,x) and exp(jixx) sin(coxx) 
(see 249) in the complementary function.
In many practical cases it is possible to obtain a particular 

integral F(x) by inspection. When this cannot be done, the 
Laplace transform is used. Because for F(x) any solution 
(see 245) may be taken, it is only necessary to find the 
solution Y(x) of that equation satisfying the conditions of 
Y(x) and its first n — 1 derivatives at x  =  0 being equal to 
zero (see 250). If a function (p (x) is defined for all positive 
real values of x, its Laplace transform is defined as the 
result of multiplying the function by e~px and integrating 
from x =  0 to infinity (see 251). When £[#?(/?)] is the 
Laplace transform of (p(x\ (p{x) is said to be the inverse 
Laplace transform of £[(p(p)] and (p{x) =  £_1 [$?(/?); x].

To apply the Laplace transform to the solution of equa­
tions of the type (245), a formula is used expressing 
the Laplace transform of the derivative of a function in 
terms of the Laplace transform of the function itself. 
Suppose that the function Y (x )  satisfies the conditions 
(250). Let £[F(/?)] denote the Laplace transform of Y(x). 
For m = 1, 2 , . . . ,  n the Laplace transform of the rath 
derivative of Y(x) is the product of pm and £[F(p)] (see 
252). Taking the Laplace transform of both sides of equa­
tion (245), it is found that £[F(p)] satisfies the simple al-

(248) e»\x(cx cos coxx  +  c2 sin o)xx)

(249) (C\ +  * * ’ +- cmx m~x)e^x cos(m!x)

+  (^m+l + • • • + < "i mx m~ V *  sin(o),x)

(250) Y( 0) =  Y’ (0) =  • • • = oII01

(251) ^(p)=£[?»W ;p] = |"o <p(x)e-“*dx

(252) £[F(w,)(x); p] = pmY(p)

(253) Y(x) =  £-' *

1____
1

(254) p(x)y' +  s(x)y = c.

(255) L *z =  (pz)" — (<qzY +  r

(256) y ^ = y ^ l p ( t)b,M f

(257) S  a,xr+r, a0=£ 0

Use of the
Laplace
transform
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gebraic equation !!„(/?)£[ T(p)] =  £[ƒ(/?)] in which £[ƒ(/?)] 
denotes the Laplace transform of ƒ  (x). For the particular 
integral, this equation may be solved for Y(p) and the 
inverse Laplace transform (see 253) may be taken.

Linear equations of the second order. The general the­
ory of linear differential equations will be illustrated by 
examples of equations of the second order L y= /(x ), in 
which L denotes the operator p(x)D2 4- q(x)D 4- r(x). A 
homogeneous equation Ly =  0 is said to be exact if it can 
be written in the form DNly =  0, in which M is a first- 
order linear differential operator of the form p(x)D 4- s(x). 
The equation Ly — 0 can be integrated once to give a first- 
order linear equation in which My is equal to an arbitrary 
constant cx (see 254), which can in tum be integrated 
by the method described above for the solution of equa­
tion (234); this will, of course, involve a second arbitrary 
constant c2. This equation (254) is called a first inte­
gral of the original second-order equation. The equation 
py" 4- qy' 4- ry =  0 is exact if, and only if, p" — q' + r = 0 
for all values of x, in which case s(x) =  q(x) — p'(x).

If the equation Ly =  0 is not exact but there exists a 
function z(x) such that zLy =  0 is exact, then z is said to 
be an integrating factor of Ly =  0. From the condition for 
a second-order equation to be exact, it is easily deduced 
that z is an integrating factor if it is a solution of the 
equation L*z =  0, in which the operator L* is defined in 
terms of differentiation (see 255) and is called the adjoint 
of L. If L* =  L, the operator L is said to be self-adjoint; 
the condition for this is that q{x) =  p'{x).

The tw o The tw o Standard m ethods o f  solving a second-order 
Standard equation are based on writing the solution in the form  
m ethods of y =  uv, in  w hich u is a prescribed function o f  x  and v is 
solution  the new  dependent variable.

If u is chosen to be any solution of the first-order 
equation 2pu' 4- qu =  0, the resulting equation for v is of 
the form v" 4- P(x)o =  0, and the general solution of this 
equation may be known. This procedure is known as re­
ducing the equation to normal form, or as removing the 
first derivative.

The second method consists in finding a particular solu­
tion of the equation by inspection and taking this solution 
to be u. The resulting second-order equation for v is, in 
effect, a first-order linear equation for w — v'. This can 
easily be solved and v obtained by a further integration. 
This method is particularly useful in the case of a self- 
adjoint equation (py')' +  ry = 0; if y^x) is any solution of 
this equation, then the general solution is cxyx(x) 4- c2 y2(x), 
in which y2(x) is defined in terms of y,(x) and an integral 
(see 256), the lower limit of integration a being chosen to 
ensure that the integral exists.

Another method of solving a linear second-order equa­
tion is to derive a solution in the form of a power series 
(see 257) by substituting a series in the equation. If the 
coëfficiënt of the lowest power of x is equated to zero, a 
quadratic equation is obtained; either of the roots of this 
equation gives a possible value of p. If the coëfficiënt of x 
to the power r + p  is equated to zero, a recurrence relation 
is obtained for the coefficients ar of this series.

(I.N.S./Ed.)

BOUNDARY VALUE PROBLEMS
When differential equations occur in the discussion of 
a physical problem, it usually happens that the solution 
of interest is not the general solution but the particular 
solution that satisfies certain additional conditions. For 
instance, to solve the problem of the catenary does not re­
quire the general solution of the second-order differential 
equation (137) but the particular solution y(x) that satisfies 
the additional geometrie conditions y(0) =  a, y'(0) =  0.

To illustrate the ideas involved, equations of the second 
order will be discussed; they are easily generalized to equa­
tions of the nth order.

Initial value problems. The problem of finding a func­
tion y(x) in the interval a < x < b  satisfying a second- 
order differential equation F(x, y, y ', y") =  0 and the con­
ditions y(a) — y0, y'(a) = y1; in which y0, y, are prescribed 
real numbers, is called the initial value problem for the 
differential equation. The values y0, y, are called the ini­
tial values of the required solution. The adjective “initial”

(258)

(259)

(260) 

(261)

y" 4- a(x)y' 4-ß(x)y — /(x), a < x < b

=  c^C*) +  c2y1(x) + Y(x)

c,y,(a) +  c2y2(ä) = y0~  Y(a)
. c,y,(<2) +  c2y '2(a) =  y , -  Y'(a)

yX i ia )  -  y,y2(a) y2y\{a) -  yny\(ä)
w(yx, y 2,a)  ’ W(yIt yy, a)

d2G dG
Hiê +  dx + =  ° ’ G{a, 0  =  0

(262) öG(a, &  
dx =  0 , G (IZ ) = 0 , dx =  1

Y(x)=s [  G(x,
V, Ja

ö M ) d t

is appropriate because in a dynamical problem (as in 
the problem of determining the escape velocity from the 
Earth, discussed above) the conditions of this type specify 
the initial state and initial rate of change of the system the 
subsequent history of which is described by the differential 
equation itself. Initial value problems are also known as 
one-point boundary value problems.
Linear equations. The linear second-order differential 

equation with x between a and b—in which a(x), the 
coëfficiënt of y ' ß(x), the coëfficiënt of y, and /(x ), the 
inhomogeneous term, are prescribed functions (see 258)— 
may now be considered with the initial values prescribed 
as above.

If y \M  and y2(x) are linearly dependent Solutions of the 
homogeneous form of the equation and T(x) is a particu­
lar solution of the nonhomogeneous equation (258), then 
the solution of the initial value problem for the differential 
equation is the sum of Y(x) and a linear combination, 
with constants cx and c2 of y^x) and y2(x) (see 259).

The constants cx and c2 are chosen to satisfy the simul­
taneous linear equation arising from setting the solution 
and its derivative equal to y0 and y„ respectively (see 260).
If the particular solution T(x) is chosen in such a way
that Y(a) — Y'(a) =  0, the equations for cx and c2 reduce
to a simple pair the solution of which can be found by Cramer’s
Cramer’s rule (see 261), named for the 18th-century Swiss rule
mathematician Gabriel Cramer. This solution involves
W(yx, y2; ä), the Wronskian y x(a)y2'(a) — y2(a)yx{a), which
is nonzero because the Solutions y, and y2 are linearly
independent. The solution of the initial value problem is
given by equations (259) and (261).

Green’s function for a linear initial value problem. There 
is a simple formula for the determination of the par­
ticular integral T(x) of the linear differential equation 
of second order (see 258) satisfying the initial condition 
Y(a) =  Y'(a) =  0. If G(x, £) is a function of the two vari­
ables x  and £ such that G and its partial derivatives with 
respect to x  satisfy the homogeneous equation, conditions 
at x  =  £ and at x  — a, then Y(x) can be expressed as an 
integral of the product G(x, £) ƒ  (£) (see 262). The func­
tion G(x, £) is called Green’s function of the problem 
(named after George Green, a 19th-century English math­
ematician). It can be shown that Green’s function can be 
expressed in terms of y x, y2, and the Wronskian W(yx\ 
y2; £) (see 263) in which yt(x) and y2(x) have the same 
meanings as before.

For example, for the initial value problem in which the 
sum of the second derivative y" and oßy equals ƒ  (x) with 
y and its first derivative equaling y0 and y x, respectively, 
at x  =  0 (see 264), the functions y^x) =  cos(wx) and 
y2(x) =  sin(cux) may be taken to obtain the formula G(x,
£) =  a r 1 sin(o;(x — £)} from equation (263). Therefore, it 
is possible to express the solution as the sum of a linear
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«  y,(i)y 2(x) -  y,(x)yM )(263) Cr(x, « --------- a

(264)
d 2y

+  co2y  = f(x), x > 0

^°)= yo, y'(°) = yt

(265) y0(x) =  y0 cos(cox) +  — sin(twx)

1  [co Jo+  — I ƒ(£) sin{<w(x-£)}<J<J

(2 6 6 ) j / " = t e / -  ^  , + W X’ y-j ü .  »
dx dy * dy' *

(267)
};(«) = y0. y'(a) = y« y"(a) = ^ >’i)
y"(a) =  &(a, y0, y, + y tgy(a, y0, >’,)

- r r ( n  1 > 1» W  / /T v .  i ; / \6 \«*> /l/öy'v-»

(268) y(x) =  y(a) +  (x  ^  — y'(a) +  ^  2f  >>"(a)

. (x — o)3 . ,
+  — 3, -  y"(ä)+  • • •

(269) X,y(a) + ß {y'(a) =  y0̂ >'(*) +  ̂ y '(b )  =  y.

<270>

(271) „(x) . . r . r ^(271) rK x)-y2(x)Ja

> [
v , ( ä f ( ö d t

+ S ö ’ a < X < è

(272) G(x, <J) =

V.(£)y2(*)
w [y„y2; £ ) ’

y,(x)y2(£)
lw:y„ y2; S) ’

a < £ < x

x < £ < b

<273)

(274) =  o, y2(W ^  ^

(275) ■* =  a ux  +  0 12y 
3> =  a21x H -a 22y

(276) (ßn — X)A H- ax2B  ^ 
a2lA + ia 22-X)B  = 0

(277) ^11 ^ ^12

a2i a22 — X
=  0

combination of cos(cox) and sm(cox) and the integral of 
the product of ƒ(£) and Green’s function (see 265).
Nonlinear equations. The solution of the initial value 

Problem for a nonlinear equation is a much more difficult 
Problem except in those rare cases in which it is possible 
to find a general solution of the differential equation. The 
particular values of the arbitrary constants cx and c2 are 
then found by fitting the values of y(a) and y'{d).

For equations of the type y ” =  g(x, y, y ' \  a solution 
can be generated in the following manner. Differentiation 
of both sides of the equation by the chain rule produces 
an expression for the third derivative y'" (see 266), and 
it is possible to obtain higher derivatives by repeated 
differentiation.

Substitution of the initial values, the expressions for 
y"(a), y'"(a), and higher derivatives at x  =  a (see 267) in 
the Taylor expansion about x  = a (see 268) leads to a se­
ries expansion for the solution of the initial value problem.
Two-point boundary value problems. The problem of 

finding a function y(x) in the interval a < x < b  satisfy­
ing a second-order differential equation F(x, y, y ' y") =  0 
and the conditions y(a) =  y0, y(b) = y x in which y0, y x are 
prescribed real numbers is called the two-point boundary 
value problem for the differential equation. This problem 
can be generalized to cover the boundary conditions ex­
pressed by setting linear combinations of y  and y ' at each 
point equal to prescribed constants (see 269); only the 
simple case is treated here.
Linear equations. The two-point boundary value prob­

lem for a second-order linear equation (see 258) is consid­
ered: y,(x) and y2(x) are taken to be linearly independent 
Solutions satisfying the conditions y x(a) =  0, y2(b) =  0, and 
rj(x) is taken as the particular solution of the equation 
(258) satisfying the conditions rj(a) = rj(b) — 0. The solu­
tion of the two-point boundary value problem is then the 
sum of a linear combination of y x(x) and y2(x) and a 
function t](x) (see 270).

Green’s function for a linear two-point boundary value 
problem. It can be shown that the function rj(x) can be 
expressed in terms of y x(x), y2(x), and integrals involving 
ƒ(£) (see 271), which gives the required particular integral. 
The function G(x, £) defined in terms of the functions 
and their Wronskian (see 272) is called Green’s function 
of the two-point boundary value problem. In terms of it 
the solution of the problem may be written as the sum 
of an integral of G(x, £)ƒ(£) and a linear combination 
of y x(x) and y2(x) (see 273). In the use of this formula 
it is necessary to remember that ^(x), y2(x) are not 
completely arbitrary linearly independent Solutions of the 
homogeneous form of (258) but must satisfy the boundary 
conditions (see 274).
Nonlinear equations. When the general solution of a 

second-order nonlinear equation is not known, the solu­
tion of a two-point boundary value problem is obtained by 
solving the initial value problem for y(a) =  y09 y'(a) =  y, 
and (usually by a method of trial and error) finding the 
value of y that leads to a solution for which y(b) = y x.

SYSTEMS OF DIFFERENTIAL EQUATIONS
Two simultaneous differential equations in two variables.

Two simultaneous equations in two variables will now 
be considered. They can be solved if they are linear and 
of first order.
Linear Systems. A pair öf homogeneous linear equa­

tions of the first order with dependent variables x and y  
and independent variable I can be solved for dx/dt and 
dyfdt formally written as dotted letters. In other words, 
the system is reduced to a pair of equations expressing the 
derivative with respect to t each in terms of a linear com­
bination of x and y  (see 275). The functions x(t) = A e Xt, 
y(t) =  BeXt satisfy these equations if the linear algebraic 
equations obtained by substituting these expressions for 
x(0 and y(t) into the original system are satisfied (see 276).

Regarded as equations for A and B, these equations have 
a nontrivial solution only if X is a root of the equation 
that arises from the requirement that the determinant of 
the matrix of a system of homogeneous linear algebraic 
equations be zero (see 277), in which case A and B may 
be expressed in terms of an arbitrary constant c (see 278).

Two-
point
boundary
value
problem

Nontrivial 
solution of 
equations
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the general solution of the pair of equations (275) may 
be written as linear combinations of these two Solutions 
involving the atJ and two arbitrary constants, cx and c2 (see
279) . For example, if the sum of the derivative of x  with 
respect to U ax, and y  equals zero and the derivative of y  
with respect to t equals the sum of 6x and y, then Xx must 
equal — 1, X2 must equal —2, and the av are determined (see
280) so that the general solution is a linear combination 
of e ~l and e ~2t involving arbitrary constants c} and c2 (see
281) . In order to obtain the solution for which x(0) =  x0, 
y(0) == y0, it is necessary to choose the constants c, and c2 
in such a way that the solution satisfies these conditions 
at t =  0 (see 282). These equations are solved for cx and c2 
to give the particular solution desired (see 283).

Use o f the Laplace transform. To obtain the solution of 
the pair of first-order linear differential equations (275), 
the formulas expressing the result of using the Laplace 
transform (often formally written as a bar over the expres­
sion transformed) on a derivative (see 284) are used to ob­
tain simultaneous linear algebraic equations (see 285) for 
the Laplace transforms £[x(/?)], £[>>(ƒ?)] of the unknown 
functions x(t), y(t). For instance, the pair (280) considered 
above can be attacked in this way (see 286) with the solu­
tion giving the Laplace transforms £[x(/?)] and £[y(p)] in 
terms of p, x0, and y0 (see 287). If these equations are ap- 
propriately rewritten (see 288) and the Laplace transforms 
are inverted, the solution (283) is obtained.
Matrix form o f the pair o f equations. The pair of equa­

tions (275) may be written in matrix form (see 289) if 
matrices z, with elements x and y, and A, with elements 
axx, tfi2> #2i> and a22 (see 290), are introduced. This last 
equation can be written in a matrix form similar to the 
form of a single first-order equation (see 291).

Second-order equations. The general second-order lin­
ear differential equation (see 292) can be written as a pair 
of simultaneous equations by defining a new variable y  as 
equal to the first derivative dx/dt (see 293). In terms of 
matrices (see 294) similar to those in the previous example, 
this pair can, in tum, be written in matrix form (see 295).
A system of n simultaneous equations in n variables. 

The system (275) can be generalized to the set of linear 
differential equations in n variables (see 296), which can 
be written in matrix form by writing the derivative of z 
with respect to t as equal to the matrix product Az (see 
297), in which z is an «-component column vector and A 
is an n X n matrix of coefficients (see 298). If z equals a 
constant vector c times an exponential eXt (see 299) and if /  
is the unit n X n matrix, then the matrix product Ac must 
equal XIc (see 300) for z to be a solution of the system.

In order for c to be a non-null vector, it is necessary 
that det (A — XI) = 0; i.e., the vector (299) is a solution of 
equation (297) only if X is an eigenvalue (see a l g e b r a : 
Linear and multilinear algebra) of the matrix A. This is 
illustrated by equation (277) in the case n = 2.

The main result is that the general solution of the system 
of equations (297) is the product of a constant vector 
Zo and an exponential etA (see 301), the exponential with 
matrix exponent being defined by the Maclaurin series 
expansion of the exponential (see 302) (named after the 
17th-century Scottish mathematician Colin Maclaurin).

(I.N.S.)

STABILITY
There are very few differential equations the general solu­
tion of which can be derived, and so mathematicians have 
studied the qualitative properties of Solutions of differ­
ential equations without solving the equations explicitly. 
One qualitative phenomenon of great practical interest is 
the concept of stability of a certain solution of a system of 
differential equations.

Suppose, for the saké of illustration, that a physical sys­
tem is represented by a differential equation in which the 
derivative of an «-vector x  equals a function of x  and 
t, ƒ(x, t), which is also an «-vector (see 303), and that 
x  = u(t) is a special solution of this equation describing 
a special regime of the system. Any physical system will 
be subject to small disturbances so that the regime u(t) 

If the roots Xx, X2 of the quadratic equation (277) are will not maintain itself, and a disturbed motion x  =  w(t)
distinct, there are two linearly independent Solutions, and results. As time goes on, either w(t) —► u(t), in which
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(285)
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(288)

(289)

(290)

(291)

(292)
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(297)
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case stability occurs, or w(t) deviates from u(t) and insta- 
bility results.

From w(t) = u(t) +  z(t), a 19th-20th-century Soviet math- 
^yapunov’s ematician, Aleksandr Lyapunov, obtained an equation in 
ïquation which z and g  are «-vectors, the derivative of z with respect 

to t equals g(z, i) (see 304), and g(0, t) =  0 for t >  0. To 
the regime u(t) of the first equation (see 303) there corre­
sponds the regime z — 0 of the second equation (see 304). 
The origin z =  0 is now considered as the basic motion 
and a solution z(i) of (304) is thought of as a disturbed 
motion. The terms stability of the undisturbed motion or 
simply the stability of the origin are used in this case.

The property giß, t) =  0 for a suitable range of t char­
acterizes the origin as a critical point of (304). It is as­
sumed that this critical point is isolated and also that g is 
continuous and satisfies conditions for the uniqueness of 
Solutions of Lyapunov’s equation (304) in a certain region 
£2 specified by ||x|| <  A, t>  0, in which ||x|| denotes the 
length of the vector x  and A denotes a positive constant. 
Stability is characterized by Lyapunov as follows: if for 
any prescribed e, 0 <  e < A, there exists ö > 0 such that ev­
ery trajectory originating within the sphere ||x|| =  S always 
remains within the sphere ||x|| =  e, the origin is stable (cf. 
Figure 20, in which these spheres are denoted by S(ö) and 
S(e), respectively). If every trajectory originating within 
S(S) tends to 0 the origin is said to be asymptotically 
stable. If, however, no matter what S is chosen, some 
trajectory originating from a point within S(S) eventually 
reaches S(e), the origin is unstable.
Lyapunov attacked the stability problem by applying two

Figure 20: Three types of trajectories, stable as represented 
by r v asymptotically stable as represented by r 2, and 
unstable, drawn in relation to an origin and two spheres 
denoted by S(S) and S(e).

distinct methods. The first, applicable only to some ana- 
lytical Systems, consists essentially in finding explicit series 
Solutions convergent near the origin and considering the 
behaviour of this series as t The second method he 
used does not require the construction of explicit Solu­
tions, and for this reason that method has a greater range 
of validity than the first; it rests on the construction of a 
scalar function V(x, t).

For example, Lyapunov’s stability States that if there can 
be found a positive definite function V(x, t) the time 
derivative of which taken along all the trajectories in Q 
is negative or zero, then the origin is stable. Of four such 
theorems of Lyapunov, two refer to stability and two to 
instability; the latter^may be replaced by a more compre­
hensive theorem of Cetaev.

Partial differential equations

In most physical problems any dependent variable is likely 
to be a function of more than one independent variable. 
The example of a vibrating string has already been given. 
Another example is in the study of thermal effects in a 
solid body in which the temperature u may vary from 
point to point in the solid as well as from time to time. 
As a consequence, the function u{x, y, z, t) is written to 
denote that u depends on (x, y, z), the coordinates of a 
typical point, and on the time t.

If for such a function, the difference quotiënt, the differ­
ence between u(a +  h, b, c, r) and u{a, b, c, t), divided 
by h (see 305), tends to a finite number as h tends to 
zero, that number is denoted by ux(a, b, c, t), or by 
du(a, b, c, z)/dx, and is called the partial derivative with 
respect to x of the function u(x, y, z, t) at the point 
(a, b, c, t). It measures the rate of change at that point 
of the function u with respect to x, the other variables 
remaining fixed. As the point (a, b, c, z) varies, a new 
function ux(x, y, z, t) or du/dx is generated that expresses 
the rate of growth with x of the function u. The process 
can be repeated: the partial derivative of du/dx with respect 
to x is denoted by d2u/dx2. Similarly the consideration 
of the Variation of u with respect to the other variables 
leads to the definition of the other partial derivatives, the 
partial derivatives with respect to y, z, and t (see 306); and 
the partial derivatives with respect to x  of these yield in 
turn the mixed derivatives of the second order in which 
u is differentiated twice, once with respect to each of two 
different variables (see 307).

When the laws of physics are applied to a Situation in­
volving a function of this kind, a relation involving the 
function u and its partial derivatives is often obtained. 
Such a relation is called a partial differential equation. For 
example, if u(x, y, z, t) were the temperature at time t at 
the point (x, y, z) in a homogeneous isotropic solid, the 
Variation of u is specified by the heat conduction equation, 
in which the sum of the second partial derivatives with 
respect to x, y, and z is proportional to the first partial 
derivative with respect to t (see 308). The expression on 
the left side of this equation arises so frequently that it is 
given a special name and a special symbol; it is called the 
Laplacian of u and is now denoted by A3u.

As in the theory of ordinary differential equations, the 
order of a partial differential equation is defined to be 
the order of the derivative of highest order occurring in 
the equation. For example, the heat equation (see 308) 
is a second-order equation in four variables, an equation 
stating that the sum of the cube of the partial derivative 
of u with respect to x and the partial derivative of u with 
respect to y equals zero (see 309) is a first-order equation 
in two variables while an equation involving first partial 
derivatives with respect to x, y, and t with variable coeffi­
cients (see 310) is a first-order equation in three variables.

The study of partial differential equations began with 
the study of continuüm mechanics and physics. Although 
there were some earlier investigations, the first proper 
studies of these types of equations began in the 18th 
Century with the studies of Leonhard Euler and Jean Le 
Rond d’Alembert on wave motion, Pierre-Simon Laplace 
on potential theory, Jean-Baptiste-Joseph Fourier on the 
conduction of heat, and Carl Friedrich Gauss on potential
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theory and electromagnetic theory. The theory of partial 
differential equations has always gone hand-in-hand with 
developments in mathematical physics and has drawn 
much of its strength from the association, as is seen even 
in the more theoretical works of pure mathematicians of 
distinction such as Augustin-Louis Cauchy, Bernhard Rie­
mann, and Sofya Kovalevskaya. The growth of abstract 
analysis has had important repercussions on the theory 
of partial differential equations, and this influence has in 
tum suggested fruitful problems to workers in both ab­
stract and numerical analysis.

Probably the simplest partial differential equation involv­
ing a function w(£ rj) of two independent variables is the 
one that may be verbalized as follows: the first partial 
derivative with respect to one of the variables equals zero 
(see 311), which may readily be seen to have the general 
solution of an arbitrary function f(y )  of the other variable 
only (see 312). A comparison with the case of ordinary 
differential equations in which the equation u'(x) =  0 has 
solution u(x) =  c illustrates the point that the role played 
by arbitrary constants in the theory of ordinary differen­
tial equations is taken over by arbitrary functions in the 
theory of partial differential equations.

Similarly, if the second mixed partial derivative of u 
with respect to £ and r\ equals zero (see 313), then the 
general solution is the sum of ƒ  ({) and g (rj), in which the 
functions ƒ  and g are arbitrary and are each functions of 
only one variable (see 314).

This Statement can be extended to a general partial differ­
ential equation of order n for a function of k  independent 
variables. Subject to a variety of restrictions that must be 
imposed, the general solution of such an equation depends 
on n arbitrary functions of k  — 1 independent variables.

PARTIAL DIFFERENTIAL EQUATIONS OF SPECIAL INTEREST
Some partial differential equations have arisen so fre­
quently in the study of physics that they have been studied 
intensively. Collectively, they are known as the equations 
of mathematical physics, and have throughout the de­
velopment of the theory of partial differential equations 
provided the motivation for many studies of theoretical, 
as well as practical, interest.

Poisson’s equation. A simple linear partial differential 
equation of the second order is named after the 19th- 
century French physicist Baron Siméon-Denis Poisson. 
It arises in the mathematical treatment of electrostatics. 
Gauss’s law of electrostatics States that the flux of the elec­
tric vector (Ex, Ey, Ez) out of a surface is equal to An times 
the charge contained within that surface; this leads to the 
relation that the sum of dEJdx, dEy/dy, and dEJdz is pro­
portional to o  (x, y ,  z) (see 315), in which g , the density of 
electric charge, is assumed to be known. It is also known 
physically that the electrostatic field is characterized by 
the fact that the electric vector can be derived from a po­
tential function u; i.e., that there exists a function u such 
that each component of the electric vector equals minus 
the partial derivative of u with respect to that variable (see 
316). The insertion of these expressions into the previous 
equation leads to the relation that the sum of A3u arid Ano 
(x, y, z) equals zero (see 317), in which A3 is the Laplacian 
operator introduced above. Poisson’s equation arises also 
in the theory of the gravitational potential.

Laplace’s equation. In the absence of electric charges 
the function g  of equation (317) reduces to the simpler 
form in which the Laplacian of u equals zero (see 318). 
This is called Laplace’s equation. It arises also in the 
analysis of the irrotational motion of a perfect fluid and 
in the steady-state conduction of heat (see below The dif- 
fusion equation).

In the cylindrical coordinates (p, q>, z) Laplace’s equation 
assumes a form that can be derived by the chain rule 
(see 319) in which it is more suitable for the discussion 
of problems involving regions bounded by cylinders. In 
a similar manner, in spherical polar coordinates (r, 6, q>), 
which are used in the analysis of problems conceming 
regions that are bounded by spheres or cones, Laplace’s 
equation is transformed to an expression involving partial 
derivatives with respect to these variables (see 320).

The wave equation. Sound waves in space. If, because 
of the passage of a sound wave, the gas at a point (x, y, z) 
at time t has velocity (u, o, w) and pressure p  and density 
p, then for small oscillations p =  p0( 1 +  s), p  =  p0 +  c2p0s, 
in which 5  is the condensation of the gas and c2 =  (dp/ 
dp)o, and p0, p0 are the equilibrium values of p and p. The 
equations of (small) motions are that the partial deriva­
tive of each component of the velocity with respect to 
time equals the product of c2 and the appropriate partial 
derivative of s (see 321); and the equation of continuity 
is to the same approximation that the sum of du/dx, dv/ 
dy, dw/dz, and ds/dt equals zero (see 322). For irrotational 
motion there exists a function y/ with the property that 
each component of the velocity equals minus the appro­
priate partial derivative of y/ (see 323).

The above equations (see 321 and 323) are therefore 
equivalent to the equation that the partial derivative of 
êip/êt — c2s with respect to each of x, y, and z  is zero (see 
324). The equation of continuity (322) is equivalent to the 
restriction that the partial derivative of s with respect to 
t equals the Laplacian of y/ (see 325) so that the function 
yz satisfies the relation that the second partial derivative 
of y/ with respect to t is proportional to the Laplacian of 
y/ (see 326). This equation is called the three-dimensional 
wave equation.

It can also be shown that in the absences of charges 
or currents the scalar potential and each component of 
the vector potential of an electromagnetic field satisfy the 
three-dimensional wave equation with c the velocity of 
light.

Transverse vibrations o f a membrane. If a thin elastic 
membrane of uniform areal density o is stretched to a 
uniform tension T  and if, in the equilibrium position, 
the membrane coincides with the xy-plane, then the small 
transverse Vibration u(x, y, t) of the point (x, y) of the 
membrane satisfies an equation in which the two-dimen- 
sional Laplacian of u (see 327) is proportional to the sec­
ond partial derivative with respect to t (see 328), and the 
wave velocity c is defined by the equation c2 = T/o. Equa­
tion (328) is called the two-dimensional wave equation.

Transverse vibrations o f a string. If a string of uniform 
linear density o is stretched to a uniform tension T, and 
if, in the equilibrium position, the string coincides with
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the x-axis, then when the string is disturbed slightly from 
its equilibrium position, the transverse displacement u(x, 
t) satisfies an equation in which the second partial deriva­
tive of u with respect to x  is proportional to the second 
partial derivative with respect to t (see 329), with constant 
of proportionality c2= T/a. This equation is known as the 
one-dimensional wave equation.

The diffusion equation. Another interesting partial dif­
ferential equation arises in the analysis of the diffusion 
process in physical chemistry. This is a process leading to 
the equalization of concentrations within a single phase, 
and it is govemed by laws relating the rate of flow of 
the diffusing substance with the concentration gradiënt 
causing the flow. If u is the concentration of the diffusing 
substance, then the diffusion current vector (cx, cy, cz) is

defined by the equations in which each component of the 
diffusion current vector equals a quantity — k  times the 
appropriate first partial derivative of u (see 330). This is Fick’s law 
known as Fick’s law, named after a 19th-century German 
physiologist, Adolf Fick, in which k  is the diffusion coëf­
ficiënt for the substance under consideration.

The continuity for the diffusion substance takes a form 
(see 331) that is similar to the usual continuity equation 
so that the concentration u(x, y, z, t) satisfies the diffusion 
equation (see 332) obtained by substituting Fick’s law into 
the equation of continuity. In the most general case, the 
quantity k is a function of x, y, z  and of the concentration 
u, but if K  does happen to be a constant, the diffusion 
equation (332) reduces to the form of the heat conduction 
equation (308).

The diffusion equation (332) is satisfied also by the 
temperature u in a solid conducting heat; for that reason 
this equation is sometimes known as the heat conduction 
equation. In the steady-state case in which k is constant, it 
follows from equation (308) with du/dt =  0 that u satisfies 
Laplace’s equation (318).
The form (308) of the diffusion equation is also satisfied 

by the vorticity in a viscous fluid started into motion from 
rest and by the electric field vector in the propagation of 
long waves in a good conductor.

If u depends only on one space coordinate x and the time 
t, the heat conduction equation (308) reduces to a form 
in which the second partial derivative of u with respect to 
x is proportional to the first partial derivative of u with 
respect to t (see 333); this is called the one-dimensional 
diffusion equation.

The Fokker-Planck equation. An equation very simi­
lar to the diffusion equation (333) is the Fokker-Planck 
equation (named for Adriaan Fokker and Max Planck), 
linearly relating a quantity P  and its first and second 
derivatives with respect to x  with its first derivative with 
respect to t (see 334), which reduces in the case that the 
coëfficiënt D of the second derivative is equal to zero 
to a first-order equation with a variable coëfficiënt of 
dP/dx (see 335). The physical interpretation is that P is the 
probability that a random variable has the value x at time 
t. For instance, P might be the probability distribution of 
the deflection x of an electrical noise trace at time t.

Birth-and-death equations. Equations similar to the 
Fokker-Planck equation arise in the theory of birth and 
death processes in bacterial populations. If it is assumed 
that the probability of the birth or death of a bacterium 
is proportional to the number present, and if Pn(t) is the 
probability of there being n bacteria in the population at 
time t, the probability generating function u(z, t) defined 
by a power series in z with the nth term having coëfficiënt 
P„(t) (see 336) satisfies a partial differential equation in 
which d u /d t  equals a quadratic in z, with constants X and 
ju, times d u /d z  (see 337).

Similar equations arise in birth-and-death problems in 
which different physical assumptions are made and in 
discussions of the probability distribution of telephone 
conversations carried on over a certain number of tele­
phone lines.

Schrödinger’s equation. In wave mechanics the wave 
function y/ of a single partiele such as an electron has the 
physical interpretation that | y/ (x, y , z )  12d x  is the proba­
bility that the electron will be found in a small element of 
volume dx  the centre of which is at the point with coordi­
nates (x, y , z). In the steady-state case the Variation of y/ 
throughout a field the potential energy of which is V(x, y , z) 
is described by Schrödinger’s equation involving m, the 
mass of the partiele, h, Planck’s constant, and E, the total 
energy of the partiele and linearly relating the Laplacian 
of y/ and the quantity (E — V )y /  (see 338).
Higher-order equations in physics. The above equations 

are—with the exception of one or two first-order equa­
tions—all of the second order. It is therefore important to 
notice that not all physical problems can be formulated in 
terms of partial differential equations of the second order.

For instance, a state of plane strain in a two-dimensional 
solid free from body forces can be specified by three stress 
components axx, oxy, and ayy that satisfy equilibrium con­
ditions that can be stated as first-order linear partial differ-
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ential equations (see 339). If axx, axy, and azz are equal to 
the appropriate second partial derivatives of any arbitrary 
function y/, then they satisfy the equilibrium conditions 
(see 340) and yj is called an Airy stress function (after the 
19th-century British astronomer George Biddell Airy).
If the body is elastic, the components of stress sat­

isfy compatibility equations involving the second partial 
derivatives of oxx, axy, and ayy (see 341), from which it 
follows that y/(x, y) satisfies a fourth-order linear equa­
tion that can be written A2A2y/ =  0 and is called the two- 
dimensional biharmonic equation (see 342). (The reason 
for this is that Laplace’s equation is sometimes referred to 
as the harmonie equation.)
If, instead of being elastic, the body is perfectly plastic, 

then the stress components satisfy the quadratic condition; 
this quadratic condition is known as the Hercky-Mises 
condition (see 343). Hence, the Airy stress function satis­
fies a fourth-order nonlinear partial differential equation 
(see 344). (I.N.S./Ed.)

CLASSIFICATION OF PARTIAL DIFFERENTIAL EQUATIONS
In Classification, a partial differential equation governing a 
dependent variable u is said to be linear if u and its partial 
derivatives occur only to the first power. For example, 
if second-order equations in two independent variables x  
and y  are considered, then a linear equation involves a 
sum of u and its first and second derivatives, with coeffi­
cients a, b, c, f  g, h, and k  that are functions of x  and y 
only (see 345).

The solution of a nonlinear equation is considerably 
more difficult to obtain than is the solution of a linear

equation; general methods of solution have been devised, 
however, for two special types of nonlinearity. A nonlin­
ear equation in which the partial derivatives of u occur 
linearly—but in which u itself does not do so (see 346)— 
is said to be quasi-linear, whereas, on the other hand, an 
equation that is linear in only the highest order derivatives 
(see 347) is said to be semilinear.

First-order equations. There is a particular kind of non­
linear equation of the first order in which the product a 
and du/dx is added to the product of b and du/dy to yield 
c (see 348), in which a, b, and c are functions not only 
of X and y  but of u also. This type of equation has been 
investigated by the 18th-century French mathematician 
Joseph-Louis Lagrange.

The general solution of this equation is F(£, rj) = 0, in 
which F  is an arbitrary function of two variables and £ (x, 
y, u) — C{ and rj (x, y, u) = C2 form a solution of the 
simultaneous ordinary differential equations expressed by 
equating the ratios of dx to a, dy to b, and du to c (see 
349). For example, because a System of equations of this 
form with x2 for a, y 2 for b, and (x +  y)u for c (see 350) 
has solution xy/u  =  cl5 (x — y)/u  =  c2, it follows that the 
general solution of the equation with these terms for a, 
b, and c (see 351) is F{xy/u, (x — y)/u) =  0, in which the 
function F  is arbitrary.

The problem of solving a general nonlinear equation of 
the first order ƒ  (x, y, u, ux, uy) =  0 in which the function Classes of 
ƒ  is not linear in ux and uy is more difficult. It tums out integrals in 
that there are three classes of integrals of an equation first-order 
of this type: equations

1. The first class involves two-parameter Systems of sur­
faces F(x, y, u, a, b) =  0; such an integral is called a 
complete integral.
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2. If any one-parameter subsystem F(x, y, u, a, q> (a)) = 0 
is taken and its envelope is formed (by eliminating a 
from the equations F  = 0 , Fa = 0), a general integral 
is obtained.

3. If the envelope of the complete integral in (1) (ob­
tained by eliminating a, b from the equations F  =  0, 
Fa =  0, Fb =  0) exists, a singulär integral of the equa­
tion is obtained.

For example, there is the equation in which the sum of 1, 
un2, and Uy2, which, when multiplied by u2 (see 352), has 
the complete integral (x — aj2 +  (y — bj1 +  u2 =  1. If b =  a 
and if the envelope of the resulting subsystem of spheres 
is written, then the general integral (x — y)2 + 2u2 = 2 is 
obtained; moreover, because the envelope of the complete 
integral consists of the planes w =  ±  1, then it follows 
that u =  1 and u — —\ are both singulär integrals of the 
equation.

Solutions of nonlinear first-order equations are usually 
obtained by a method known as Charpit’s method, which 
is too complicated to be described here. The Solutions of 
some special types are, however, easily derived.

If the equation is of the type f ( u x, uy) = 0— i.e., if it 
involves only the derivatives ux, uy—the complete integral 
is u =  ax +  Q (a)y 4- b, in which a and b are arbitrary 
constants and q — Q (a) is the solution of the algebraic 
equation f(a , q) = 0.

If the equation is of the type f(u , ux, uy) = 0, ux and 
uv are found by solving the equations ƒ (u, ux, uy) = 0, 
ux =  auy and then determining u(x, y) from the equation 
du = uxdx  +  uydy.

A separable equation ƒ  (x, ux) =  g (y, uy) is solved by de­
termining ux and uxy from the equations ƒ  (x, ux) =  a and 
g (y, Uy) = a, respectively, and finding u as in the last case.

And, finally, there are Clairaut equations, u =  
xux -f- yuy 4- ƒ  (ux, uy), which have complete integrals 
u =  ax 4  by 4- ƒ  (a, b).
Linear equations with constant coefficients. Linear par­

tial differentials with constant coefficients can be solved 
simply. Such an equation can be written in the form of 
an equality between a linear combination of derivatives 
F(D, D')z and f i x ,  y), a function of x  and y  (see 353). 
Any solution of the equation is called a particular inte­
gral and the most general solution of the corresponding 
homogeneous equation F{D, D')z =  0 is called the com­
plementary function of the equation; if z, is a particular 
integral and u is the complementary function, the gener­
al solution is u + z {. It follows from the linearity of the 
operator F  that, if ux, u2, . . . ,  un are Solutions of

n
Fz = 0, then in which the c’s are arbitrary
constants, is also a solution.

The operators F(D, D') are classified into two main types: 
F(D, D') is reducible if it can be written as the product of 
linear factors of the form D 4- aDf 4- b with a, b constants; 
if it cannot be written in such a form, then F{D, D') is 
said to be irreducible.
The form of the complementary function in the re­

ducible case follows from the fact that, if (D + aD' +  b)n 
is a factor of (D, D') and if the functions (px, q>2, . . . ,  cpn 
are arbitrary, then a sum involving these functions and 
an exponential (see 354) is a solution of F(D, D') = 0. 
When F  is irreducible it is not always possible to find a 
solution with the full number of arbitrary functions, but 
it is possible to construct Solutions that contain as many 
arbitrary constants as are required. The method of deriv­
ing such Solutions depends on the result of differentiating 
an exponential (see equation 355) so that eax+by is a 
solution of F(D, D') =  0, provided that a and b are con­
nected through the equation F(a, b) =  0. In this manner 
it is possible to construct a solution of the homogeneous 
equation that contains as many arbitrary constants as may 
be required.

For example, the one-dimensional diffusion equation (see 
333) has a solution exp (ax 4- bt) only if b = a2K, and this 
relation is satisfied if a = ±xn and b =  —Kn2 are taken. In 
this way Solutions of the diffusion equation can be con­
structed as the sum of terms each of which is the product 
of a cosine and an exponential and involving constants cn 
and £„ (see 356).

Semilinear equations of the second order with variable 
coefficients. Next in order of complexity to an equation 
with constant coefficients is a semilinear second-order 
equation (see 347). This equation is reduced to canonical 
form by changing the independent variables from x, y 
to £, rj. The choice of £ and r] is dictated by the nature 
of the roots ^(x, y), X2(x, y) of the quadratic equation 
dk2 +  2bX 4- c =  0. There are three cases to be considered, 
depending on the sign of the discriminant A defined by 
the equation A = b2 — ac:

(i) A >  0: If for every (x, y) in a region Q. of the xy- 
plane, A >  0, the roots Xx, X2 are real and distinct. If £ The three 
and rj are now chosen to be such that £ (x, y) =  c, and types of 
tj (x, y) — c2 are, respectively, the integral curves of the semilinear 
ordinary differential equations y '  + Xx(x, y) = 0 and y ' 4  second- 
X2(x, y) =  0, the equation is transformed to the canonical order 
form in which the second mixed partial derivative equals equations 
some function of £, rj, u and the first partial deriva­
tives of u (see 357). In this case the equation is said to 
be hyperbolic in the region O. The curves £ (x, y) = cx,
Y] (x, y) =  c2 are called the characteristic curves of the equa­
tion, or, more simply, the characteristics of the equation.
An equation that is hyperbolic in a region Q, therefore, 
has two families of characteristics in that region.

For example, an equation in which the coëfficiënt of 
du/dx is 1/x and the coëfficiënt of d2u/dy2 is x2 (see 358) is 
hyperbolic at all points in the xy-plane, has the two fam­
ilies of characteristics x2/2 +  y = constant and canonical 
form with the second mixed partial equal to zero (see 359).
On the basis of past equations, it becomes apparent that 
this equation has the general solution u — f  (£) + g(rj), 
and thus the original equation has the general solution
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u — f  (x2/2 +  y) +  g  (x2/2 — y), in which the functions ƒ  and 
g are arbitrary.
(ii) A =  0: The function £ is defined in precisely the same 

way as in case (i), and r\ is taken to be any function of 
x  and y  that is independent of £  The canonical form of 
the equation in this case has the second partial derivative 
with respect to rj equal to a function of £ rj, u and the 
first partial derivatives of u (see 360). An equation of this 
type is said to be parabolic.

For example, an equation in which twice the second 
mixed partial derivatives is added to the other two second 
partial derivatives to give a result of zero (see 361) is 
parabolic. I f  £ =  x — y  and rj =  x  +  y, it is found that it 
reduces to the canonical form in which the second partial 
derivative with respect to tj equals zero (see 362), with 
solution u =  rj f  (£) 4- g (£), in which ƒ  and g are arbitrary 
functions. The solution of the original equation is there­
fore obtained by substituting the appropriate quantities for 
rj and £ in this expression (see 363).
(iii) A <  0: In this case the roots and X2 are complex 

conjugates so that if £ and rj are chosen as in case (i) 
they will be complex-valued functions of the real variables 
x and y. In terms of this pair of functions £ rj another 
pair a, ß  are defined as a linear combination of £ and rj 
involving complex numbers (see 364). When transformed 
to the new independent variables, the equation takes the 
canonical form in which the second partial derivative with 
respect to a, when added to the second partial derivative 
with respect to ß, equals some function of a, ß, u, and the 
first partial derivatives of u (see 365). Such an equation is 
said to be of elliptic type.
For example, an equation in which the second partial 

derivative with respect to x, when added to the product 
of x2 and the second partial derivative with respect to y, 
gives zero (see 366) is elliptic throughout the whole xy- 
plane. If the method in (i) is used, then it is found that 
ä, =  x2/2 4- iy and rj =  x2/2 — iy may be taken, and hence 
a = x2/2, ß — y. Transforming to these new variables, the 
equation has the canonical form with the function being 
the product of — l/(2a) and the first partial derivative with 
respect to a (see 367).

INITIAL VALUE AND BOUNDARY VALUE PROBLEMS
In applications of partial differential equations, the con­
cern is not so much with determining the general solution 
of an equation as with finding the solution that satisfies 
some other prescribed conditions. Problems involving the 
solution of a partial differential equation and the fulfill- 
ment of additional conditions have been classified into 
the following types. Only second-order equations in two 
independent variables will be considered.

Initial value problems. The classic case of an initial 
value problem arises in the discussion of the transverse 
oscillations of a stretched string. The transverse displace­
ment u(x, t) satisfies the partial differential equation (329) 
for 0 <  x <  a, t >  0, in which a denotes the length of 
the string. Because the string is assumed to be fixed at 
its ends, u{0, t) and u(a, t) must both equal zero for all 
positive values of t (see 368), and if the problem is that 
of determining the subsequent shape of the string when 
its initial shape and velocity are prescribed, the function u 
must satisfy equations in which u(x, 0) and ut{x, 0) equal 
prescribed functions ƒ  (x) and g(x) (see 369).
These particular equations—that is, (329), (368), and 

(369)—describe a problem that is analogous to an initial 
value problem in the theory of differential equations. Ar- 
guing from this fact and also from physical intuition, one 
would expect to realize the existence of a unique solution 
u(x, t). Because u satisfies the boundary conditions (368) 
as well as the initial conditions (369), the present problem 
is said to be a mixed initial and boundary value problem.

A different example is provided by Solutions of the heat 
conduction equation (see 333). Here, on physical grounds, 
it would be expected that a unique function u(x, t) would 
be determined by the boundary conditions (see 368) and 
the single initial condition u(x) =  ƒ  (x), 0 <  x <  a.

Cauchy problems. A generalization of the initial value 
Problems considered above is Cauchy’s problem. This is 
best described for a hyperbolic equation in canonical form

with independent variables x  and y  (see 370). The Cauchy 
problem for this equation consists of finding a solution u 
with the property that prescribed values u =  u(s), ux = p(s), 
uy =  q(s) are assumed along a given curve with parametric 
equations x  =  x(s), y  =  j/fs). Because u, p, q must satisfy 
the compatibility equation found by the chain rule (see 
371),/? and q cannot be assigned independently. The val­
ues of u and its normal derivative du/dn on the curve are 
in fact sufficiënt for the specification of u, p, and q. These 
quantities are referred to as the Cauchy data.

Dirichlet problems. The first boundary value problem, 
also called the Dirichlet problem, consists of finding a 
solution u(x, y) of an elliptic equation in a region ß  
of the xy-plane that takes on prescribed values on the 
boundary of ß .

Neumann problems. The second boundary value prob­
lem for an elliptic partial differential equation in a region 
ß  consists in finding a solution that possesses a prescribed 
normal derivative du/dn = ƒ  on the boundary B of ß .

<37„ £ - * > £ + # > £

(372) [ fds = 0
•>B

(373)

(374)

dU . r
T n + a u = f

du . du , dv , 
t e + a " d ï + a " d ï = b '

dV dW dV  ,

+ Ü2'dy +a22dy = bldx

(375) (an — X)(a22-  X) -  a2lai2= 0

f D>u + (Xi -  = b, + (Xt -  au)b2
(3/6)

D2u +  (X2— au) D2v =  b{ + (X2— an)b2

(377) Dj= /  +  Xj-fJ dx Jdy > 7 = 1 , 2

(378)
dy
T x = x >ix’ y)' 7 =  1,2

(379) U = \ v \  A
_  r^n ßi2

L v J |_#21 a22

(380) Ux+ A U y± B

(381) det(^4 — XI) = 0

B -[£]

(382) ^  CjkDjUk+ ^  cJkbk— 0 , j  — 1, 2, . . . , ;
k = 1 k - 1

(383) Ux= AUy

(384) u(x, y, =  X(x)Y(y). .  . T(t)

(385) c2X"(x)/X(x) =  T"(t)/T(t)

(386) X"(x) + XX(x) = 0, T"(t) +  c2XT(t) =  0
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It is often called a Neumann problem. It turns out the 
Neumann problem cannot be solved for Laplace’s equa­
tion uxx + uyy = 0 unless the prescribed function ƒ  satisfies 
the condition that the integral of ƒ  around the boundary 
equals zero (see 372).

Robin problems. The third boundary value problem, or 
Robin problem (Gustave Robin, 1855-97), for an elliptic 
partial differential equation in a region Q consists of find­
ing a solution u of the equation satisfying the condition 
that the sum of au and the normal derivative of u equal 
ƒ  (see 373) at all points of the boundary of £2, a and ƒ  
being prescribed.

SYSTEMS OF PARTIAL DIFFERENTIAL EQUATIONS
In many applications it is necessary to consider a pair of 
first-order equations, each involving one partial derivative 
with respect to x and two partial derivatives with respect to 
y (see 374) with coefficients of the partial derivatives with 
respect to y  being an, al2, a2l, a22, which are functions of x 
and y  and bu b2 are functions of x, y, u. The first stage in 
solving equations of this type is to transform the system 
into one in which each equation involves differentiations 
in one direction only.

If a certain quadratic equation in X formed from au, a22, 
al2j and a2• (see 375) has two real distinct roots Ä,,(x, y), 
X2(x, y), the system can be transformed to a pair of equa­
tions, each involving only one differentiation operator Dj 
(see 376), in which Dj is the operator of differentiation 
consisting of differentiation with respect to x  added to the 
product of Xj and differentiation with respect to y  (see 
377) in the direction defined by an ordinary differential 
equation in which the derivative of y  equals Xj (see 378). 
It should be emphasized that this reduction is possible if, 
and only if, the equation (375) has two distinct real roots. 

Hyperbolic When this is the case, the system is said to be of hyperbolic
type and type. On the other hand, if the roots of (375) are complex,
elliptic the system is of elliptic type. The two families of curves in
type the xy-plane defined by the ordinary differential equations

(378) are called the characteristics of the system.
If the column vector U. with elements u and v, the 

column vector B, with elements bx and b2, and the square 
matrix A, with elements an, a l2, a2l, and a22 (see 379), 
are introduced, the system may be written as a matrix 
equation relating the partial derivatives Ux and Uy (see 
380) and the equation in X (see 375) as an equation 
stating that the determinant of A — XI is zero (see 381). 
It is now an easy matter to generalize the system being 
considered (see 380) by taking U, B to be column vectors 
with m components and A is a matrix with m rows and 
m columns. The determinant equation (381) now has m 
roots. If these roots are real and distinct the system can 
be transformed to m  equations, each involving only one 
differentiation operator D} (see 382). The only change in 
the interpretation is that the equations defining Dj (377 
and 378) now hold for j  =  1, 2 ,. . . ,  m. Again the system 
(380) is hyperbolic.

A quasi-linear second-order partial differential equation 
can be replaced by a system of the type in which the 
partial derivative of U with respect to x  equals the matrix 
product of A and the partial derivative of U with respect 
to y  (see 383), in which U has eight components and A is 
an 8 X 8 matrix.

TECHNIQUES OF SOLUTION 
OF PARTIAL DIFFERENTIAL EQUATIONS

Separation of variables. One of the oldest techniques 
for the solution of a linear partial differential equation for 
a function u of the independent variables x, y, . . . ,  t is to 
assume a solution that is a product of X(x), Y(y) , . .  ., T(t) 
of functions of one variable (see 384) and by substituting 
in the original equation to obtain ordinary differential 
equations for the functions X, Y, . .  ., T.

For example, if u satisfies the one-dimensional wave 
equation (see 329), the equation has Solutions of the type 
u(x, t) =  X{x)T{t) if X  and T  can be chosen such that the 
ratio of X"(x) to X(x) is proportional to the ratio of T"(t) 
to T(t) (see 385). Because the left side of this equation is 
a function of x  alone and the right side is a function of 
t alone, the two can be equal for all values of x  and t

if, and only if, each is equal to a constant — Xc2, say; i.e., 
it is necessary that X  and T  satisfy second-order linear 
differential equations with constant coefficients (see 386).

The value of X is determined by the boundary condi­
tions. For example, if the boundary conditions are that 
u(0, t) = u (a, t) =  0 for all values of t >  0, they are 
satisfied if X(0) = X(a) =  0. This is possible only if X — 
n2n2/a2, n =  1, 2 ,. . . ,  when X(x) =  sin (nnx/a). If in 
addition ut(x, 0) =  0, then T'(0) =  0 also; i.e., T(i) =  
cos(nnct/a)\ thus a solution of the equation (329) in the 
form of a function un(x, t) equaling the product of a cosine 
and a sine, involving t and x  respectively (see 387), is 
obtained. This technique is called Separation of variables.

Quite complicated Solutions can be constructed by com- 
bining this method with the principle of linear super- 
position. For example, an infinite linear combination of 
the un(x, t), with coefficients cn (see 388) with un given 
above (see 387), will be a solution of the wave equation 
(see 329) for 0 < x < a, t > 0, satisfying the boundary 
conditions u(0, t) =  u(a, t) = 0 and the initial conditions
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(390)

(391)

(392)

(393)

(394)

(395)

(396)

(397)

(398)

(399)

(400)

(401)
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t[u(x, p)] =  J u(x, t)e~ptdt 

£[ƒ(/>)]= [  M e -» d t
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u(x, 0) =  f(x ) , ut{x, 0) =  0 if an infinite sequence of con­
stants cx, c2, . . .  can be found such that ƒ  (x) can be written 
as an infinite series with terms cn sin (nnx/a) (see 389). 
This leads to a consideration of the theory of Fourier series 
(see below Fourier analysis). It should also be observed 
that the values Xn =  n2n2/a2, n =  1, 2 , ,  are called the 
eigenvalues of the stated problem.
Integral transform Solutions. Closely related to the 

method of Separation of variables is the method of inte­
gral transforms. To illustrate the method, the solution of 
Laplace’s equation in two dimensions (see 390) is consid­
ered in the semi-infinite strip x > 0, 0 < y  < a, when u 
satisfies the boundary conditions u(0, y) =  0, u(x, y) —» 0 
a s x —̂► oo, 0 < y < a and u (x, 0) =  0, u(x, a ) = f (x).

The method of Separation of variables then gives a solu­
tion of the form sin (£x) sinh (£y), in which { is any con­
stant. By the Superposition principle such a solution, when 
multiplied by F(£ )/sinh (&) and integrated from zero to 
infinity (see 391), will be the required solution if a function 
F  can be found with the property that for all x >  0, /(x ) 
equals the integral from zero to infinity of F(£) sin (£x) (see 
392). This leads to a consideration of the theory of Fourier 
integrals. The Fourier sine transform of ƒ  (x) is F(£).

Probably the best-known example of an integral trans­
form is the Laplace transform, which was considered 
earlier. To illustrate its use, the solution of the one- 
dimensional diffusion equation (see 333) is considered 
in the range x > 0, t > 0, and satisfying the conditions 
u(x, 0) =  0, u(0, t)= f(t), u(x, t) —* 0 as x —* °°. If the 
Laplace transforms 2[u(x, p)] of u(x, t) and £[ƒ(/?)] of 
f( t)  (see 393) are introduced, then it is easily shown that 
t[u(x, p)] — £[/(p)]exp[—Xy/(p/k) ]; thus the required so­
lution is the function the Laplace transform of which 
is £[/(/?)]exp[—Xy/(p/k) ]. The solution can be found by 
means of the inversion theorem, which gives a method 
of finding a function the Laplace transform of which 
is prescribed.
Variational methods. Approximate Solutions of partial 

differential equations can often be obtained by using the 
fact that the function u that makes a certain integral an 
extremum satisfies a partial differential equation.

To illustrate the procedure, the function u(x, y, z) is con­
sidered that makes the volume integral I(u) of a function 
F(x, y, z, u, ux, uy, uz) of the coordinates, u, and its first 
partial derivatives (see 394), an extremum with respect 
to twice-differentiable functions that assume prescribed 
values at all points of the boundary S  of V. This must 
satisfy the Euler-Lagrange equation (see 395). Hence, the 
solution of the Dirichlet problem for the Euler-Lagrange 
equation (395) is the function u that takes prescribed 
values on S  and makes I(ü) an extremum. The value of 
this Observation lies in the fact that in certain cases direct 
methods may produce a solution of the extremal problem.

For example, from among the functions that have con­
tinuous second derivatives in V and on S  and take on 
the prescribed values ƒ  on S, that function which makes 
the integral of the squares of the first derivatives (see 396) 
an extremum is the solution of the Dirichlet problem for 
Laplace’s equation (see 397). This is known as Dirich­
let’s principle.

Perturbation methods. Perturbation theory was created 
by a British physicist, Lord Rayleigh (John William Strutt), 
in the 19th Century. He gave a formula for computing the 
natural frequencies and modes of a vibrating system the 
physical characteristics of which differ slightly from those 
of a simpler system the behaviour of which is completely 
known. In terms of the method of Separation of variables, 
a differential equation of the form [L(e) +  X\X =  0 has to 
be solved, subject to certain boundary conditions, L(e) 
being a differential operator containing a small numerical 
parameter e, when the eigenvalues and eigenfunctions of 
[L(0) +  X]X =  0 with the same boundary conditions, are 
known.

For example, the method of Separation of variables ap­
plied to the one-dimensional wave equation with an ad­
ditional term of the product of e and the fourth partial 
derivative of u with respect to x (see 398) leads to the per- 
turbed form of the first of the separated equations (386), a 
fourth-order linear ordinary differential equation (see 399).

The perturbation method consists essentially in expand- 
ing L(fi) in powers of e with coefficients L1, L2, . . . ,  which 
are differential operators (see 400) and assuming that X n 
and Xn can also be expanded in powers of e, in which 
X y  (x) is the eigenfunction corresponding to the eigen- 
value \ {y of the unperturbed problem (see 401).

Approximate Solutions. One of the most frequently 
used methods of obtaining approximate Solutions of par­
tial differential equations is the method of finite differ­
ences, which consists essentially in replacing each partial 
derivative by a difference quotiënt. To be specific, the 
case of a function u(x, t) of two independent variables x  
and t is considered. If the value of u were known at each 
point (rh, sk) in which r and s are integers and h and k  
are small positive quantities, an approximation could be 
made to the partial derivative du/dx at the point (rh, sk) 
by the difference quotiënt formed by taking the difference 
between ur+Us and ur s and dividing by h (see 402) in 
which ur s =  u(rh, sk), and the second derivative d2u/dx2 
by applying the process again to the difference quotiënt 
just obtained (see 403). By applying the same process (see 
404), it is possible to find suitable approximations for 
du/dt and d2u/dt2.

One possible finite-difference approximation to the one- 
dimensional diffusion equation (see 333) is therefore found 
by replacing the derivatives by the appropriate difference 
quotients (see 405), and the equation can be solved for 
Mr> J+1, with p =  k/h2. This gives a formula by means of 
which the unknown urs+x might be determined at the 
(r, 5 + 1 )  mesh point in terms of the known functions 
along the sih row. In this way the unknown values of u 
can be calculated along the first row, t = k, in terms of 
the known boundary values along t =  0. The values along

(402) M r + l . j -  Mr . s

h

(403) Ur+i,s — 2urs+ ur_ Ls 
h2
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' Uft s+ i ~ U rs
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ur,s+i - 2 u r, , +  «r i -i  
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ur,s+i -  ur s ur+Us- 2 u rs + ur- Us 
k  h2

Uns+l= u r>s + Kß(ur_x s -  2ur s+  ur+,,,)

ux =  A(u)uy u(0, y) = h(y)

r dr+s(p
i ÄX’ y)3 ^  d xd y

=  (~ l)r+s f  g(x, y)0(x, y) dx dy
•'«D

Uxx+ uyy= f(x, y) in Q. 
u = g(x, y) on d£l

(409)
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(410) I (p(uxx-\- uyy) d x d y  = — j (q>xux+(pyuy) dx dy
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the second row, t =  2k, can be obtained in terms of the 
calculated values along the first row, and the Operation 
may be repeated as many times as necessary to obtain 
the values along successive rows in terms of previously 
calculated values.

If u is the exact solution of the one-dimensional diffu- 
sion equation (see 333) and U the exact solution of the 
difference equation (see 405), then if U —> u as both h 
and k  tend to zero, the finite difference equations are said 
to be convergent. At first sight it appears as though the 
mesh lengths h and k  can be chosen arbitrarily, but this is 
not always so; for example, for the particular case of the 
difference equation (see 405) convergence occurs only if p 
< V2 . In the case of hyperbolic equations, it is possible to 
combine the use of characteristics with that of finite dif­
ferences to obtain numerical Solutions with a high degree 
of accuracy.

In order to obtain approximate Solutions of boundary 
value problems for elliptic equations, students of the sub­
ject have found that it is sometimes possible to reformulate 
the problem as an integral equation and then to obtain 
approximate Solutions of it.

EXISTENCE AND UNIQUENESS OF SOLUTIONS 
TO PARTIAL DIFFERENTIAL EQUATIONS
The basic existence and uniqueness theorem of the 

The theory of partial differential equations is the Cauchy-
Cauchy- Kovalevskaya theorem, which in its simplest form relates 
Kovalev- to a system in two independent variables x, y  in which
skaya ux equals the product of A(u) and uy, u(0, y) being equal
theorem to h(y) (see 406), u and h being column vectors with m 

components, the vector h being prescribed, and A is an 
m X m  matrix.
To state the result it is necessary to use the fact that a 

function is said to be analytic at a point if it has a Taylor 
expansion at that point.

The Cauchy-Kovalevskaya theorem then States that about 
any point at which the components of the given matrix A 
and of the given vector h are analytic, a neighbourhood 
can be found in which there exists a unique vector u. with 
analytic coefficients, that is a solution of the initial value 
problem (see 406).

Although it has the appearance of great generality, this 
theorem has the severe limitation that it is restricted to 
problems involving only analytic functions. What it does 
show is that within the class of analytic Solutions of equa­
tions with analytic coefficients, the number of arbitrary 
functions required for a general solution is equal to the 
order of the equation. When k  independent variables are 
involved, a generalization of the theorem shows that each 
such arbitrary function is a function of k  — 1 variables.

GENERALIZED THEORY
OF PARTIAL DIFFERENTIAL EQUATIONS
The generalized theory of partial differential equations 
depends on generalizing the concept of a derivative. In 
order to do this it is necessary to introducé the idea of a 
test function.

Again the treatment is restricted to two dimensions. The 
function (p (x, y) is said to be a test function if it van- 
ishes outside a bounded region <I> of the x>>-plane and if 
it is infinitely differentiable in that region. If ƒ  is locally 
integrable in a region Q and if there exists a locally in­
tegrable function g  such that for all test functions (p, the 
integral of f (x ,  y)dr+s(p/dxrd y s over O equals the integral 
of (—l)r+sg (x, y) <p(x, y) over O (see 407), g is called a 
generalized derivative of ƒ  and g =  Dr sf  is written.

Now the Dirichlet problem for Laplace’s equation in two 
dimensions may be considered (see 408); in this instance, 
dQ. denotes the boundary of Q. A generalized solution of 
the Dirichlet problem is defined by introducing a bilinear 
function B((p, u), and B((p, ü) is defined for all test func­
tions (p (see 409).

A function u is said to be a generalized solution of the 
stated Dirichlet problem if, and only if, u = g  on dQ and 
if for every test function (p, B(q>, ü) equals the integral 
of (pf over Q, (see 409). On the other hand, a classical 
solution is a twice-differentiable function that assumes the 
correct boundary values; therefore, from Green’s theorem

(see 410), it follows that, if a classical solution to the 
stated Dirichlet problem exists, then it is also a general­
ized solution.

The theory of generalized Solutions of partial differential 
equations forms what is known as the abstract theory of 
partial differential equations. (I.N.S.)

Dynamical Systems on manifolds
NONLINEAR DIFFERENTIAL EQUATIONS 
AND DYNAMICAL SYSTEMS
The differential equations described so far in this section 
are mainly linear—that is, the Superposition of two Solu­
tions is again a solution. However, nonlinear differential 
equations are also extremely important, but until recently 
their theory existed only in rudimentary form because 
their analysis is extremely difficult and requires an entirely 
new approach. Apart from a few classical tricks of limited 
interest, nonlinear differential equations can seldom be 
solved by an explicit formula. Instead, they are studied 
by approximate methods of numerical analysis, by local 
analytic methods that apply only in small regions, and by 
qualitative methods of geometry and topology.

The qualitative theory of differential equations was 
founded by Henri Poincaré around 1900 and has grown Henri 
into an extensive and vigorous field. With the rise of Poincaré 
interest in nonlinear Systems and new phenomena such 
as “chaos”—the occurrence of random behaviour in de- 
terministic Systems—it has become vital to many areas of 
application and has developed into an extensive subject 
known as dynamical Systems theory.

The natural geometrie setting for this theory is that of 
a manifold, the multidimensional analogue of a curved 
surface. A dynamical system is a system of first-order or­
dinary differential equations defined on a manifold. The 
manifold is called the state space or phase space of the Sys­
tem. It is necessary to use manifolds rather than ordinary 
Euclidean space because in many applications the natural 
phase space is “curved.” For example, the state space de­
termining the possible positions of a pendulum is a circle.

Dynamical Systems theory is the study, especially from 
a geometrie or topological point of view, of the quali­
tative properties of Solutions of differential equations on 
manifolds or their discrete-time analogues. Nowadays the 
term also covers quantitative studies carried out by nu­
merical methods, provided these are based upon a geo­
metrie understanding of the nature of the flow. Because 
the equations for most dynamical Systems are nonlinear, 
the computer plays an important role in the mathematics, 
both as an experimental tool to suggest rigorous theorems 
and as an aid to practical applications.

A central concept is that of structural stability, which 
arose from attempts to describe the “typical” behaviour of 
a dynamical system—behaviour that persists when the Sys­
tem itself is perturbed. It must be distinguished from the 
stability of an individual solution—behaviour that persists 
when the initial conditions of a fixed system are perturbed.
Structural stability is a formal way to capture the idea of 
behaviour that is not destroyed by small changes to the 
system. It was originally hoped that it would be a generic 
property—that is, be possessed by almost all dynamical 
Systems. While that hope turned out to be misplaced, the 
concept remains important.

Another important idea is that of an attractor. An at- 
tractor is a region of state space that captures the long­
term behaviour of the system. It is now known that struc- 
turally stable Systems can possess attractors on which the 
Systems behave in an apparentiy random manner. The 
equations that define a dynamical System are fully deter- 
ministic; that is, given initial conditions lead to uniquely 
specified behaviour. The sense in which a deterministic 
model can produce random effects is a major discovery 
of the last few decades, giving rise to a central branch 
of dynamical Systems theory known as chaotic dynamics.
The word chaos—more accurately, deterministic chaos— 
refers to any instance of such behaviour. The associated 
attractors are said to be stränge or chaotic. Dynamical 
Systems theory provides a major source of understanding 
for the phenomenon of chaos.
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A dynamical system is a way of describing the passage 
in time of all points of a given space 6. 6  can be thought 
of, for example, as the space of States of some physical 
system. Then if x is in 6 , one unit in time later x  will 
have moved to a point denoted by x x. At time zero x is 
at x or x0. Two units after time zero x will have moved 
to x2. One unit before time zero x was at x_j. If this 
procedure is extrapolated to fill up the real numbers R, 
the trajectory x t is obtained, for all time t, a real number. 
Thus, for each x, x t is a curve in 6  and represents the life 
history of x  as t goes from —00 to If x t is also assumed
to be differentiable in (t, x), then x —> x t can be regarded 
as a transformation, or diffeomorphism, from 6  onto 6  
for each t. In this case (6, x t) defines a dynamical System.

In applications of dynamical Systems to fields outside of 
mathematics, the first goal is to explicate the manifold of 
States 6 . A state of a system is information characterizing 
the Situation at a given moment. The first step in this ex- 
plication process is to define the state in the most obvious 
unrestricted way. This will give a space that is possibly 
too large, and natural constraints on physical laws will 
cut down the unrestricted States to a subset of attainable 
or physical States. A physical state is one that has an 
actual possibility of occurring. These physical States form 
the final manifold of States. A number of examples in 
the following section will explain the process given in the 
previous sentences.

EXAMPLES OF STATE SPACES
Example from economies. In the pure exchange econ­

omy of theoretical economies, a model is used with n  
different Commodities, each measured in quantity by a 
positive real number (fixing a unit of measurement). Thus 
commodity space P will be the set of points of real Carte­
sian space 91" with each coordinate positive. A point of P 
represents a bündle of Commodities possessed, for exam­
ple, by a certain consumer in the economy.

It is assumed that there are a finite number of consumers, 
say m, with the possessions of the Zth consumer denoted 
by x t in P. An unrestricted state of the economy is a point 
x — (Xj,. .  . ,  x m) in which each x, is in P. The space of 
all these States is denoted by Pm, the Cartesian product of 
P with itself m times. Thus, an unrestricted state of the 
economy simply gives the possessions of the consumers of 
that economy.

Now, it is supposed that the total resources in this eco­
nomic model are fixed, say, at a point w in P. Thus, the 
space of attainable States is a subset W  of P m described by 
the following condition: (xb . . . ,  xm) is in W  if the sum 
of the x t is w.
Examples from classical mechanics. Partiele in Eu­

clidean space E 3. Ordinary three-dimensional Euclidean 
space is denoted by E 3. A partiele in E 3 has its state char­
acterized by its position x, a point in E 3, and its velocity 
v, a vector (or point) in E 3. Thus, v  gives the direction 
in which the partiele is moving together with its speed, 
the length of v. The vector v can be thought of as being 
based at x. The States of this system are then all pairs 
(x, v), x, v  each in E 3. This space is denoted by E 3 X E3, 
the Cartesian product of E 3 with E 3.

Partiele on a sphere. D3 is a unit ball in E 3, so that D3 
consists of all points whose distance from the origin is less 
than or equal to one. The 2-sphere S 2 is its boundary, or 
points of unit distance, from the origin of E 3. The space 
of States for the physical system of a partiele on S 2 will 
then be a certain subset of E 3 X E 3 of the first example.

There are two constraints: the first is that x must be in S2\ 
the second is that v  must be perpendicular to x. The first 
constraint follows by definition, and the second constraint 
follows because, if the velocity were not perpendicular to 
x, then x would have to leave the 2-sphere. The set of 
points (x, v) that satisfies these two constraints is the state 
space 6  for this problem. 6  can also be thought of in the 
following way. If TX(S2) is the tangent space to S 2 at x, so 
TX(S2) is the set of all vectors v in E 3 based at x with v 
tangent to the surface S 2 (or perpendicular to x), then 6  is 
the union of all these TX(S2) as x varies over S 2. In other 
words, 6  is the tangent bündle of S 2, T(S2) or the set of 
all (x, v) in S 2 X E 2 in which v  is in TX(S2).

Plane rigid body. A point x0 and a directed line n0 
are fixed in B  through x0. Then the position of B  in the 
plane E 2 is characterized by the position of x0 in E 2 and 
the angle between nQ and a fixed directed reference line n 
in E 2. (For simplicity it is assumed that B  has only one 
possibility for its orientation in E 2.) Therefore, the space 
of positions or configurations of B  is a three-dimensional 
space or manifold, the Cartesian product of E 2 and the 
circle S \  E 2X S l. In this instance, the fact that there is 
a correspondence between angles and points on the cir­
cle is used. M  =  E 2 X S l is sometimes called the space 
of generalized coordinates for the configuration of B. If 
(x, 6) is in E 2X S \  then (x, 0) stands for the configura­
tion of B, in which x0 is located at x  and 6 is the angle 
between n0 and n.

The possible velocities for B  at (x, 6) are vectors (vl5 
v2) in is2 X 9t (or E 3), in which V! is the ordinary veloc­
ity of x  in E 2 and v2 is angular velocity. Therefore, for 
this mechanical system, the state space 6  is the product 
(E2 X S l) X (E2 X  9t) of configuration and velocity space.

A circuit with three electrical components. A series con­
nection between a resistor, an inductance, and a capacitor, 
wired to form a closed loop, may now be considered. To 
form the space of States, each of these three components 
is oriented. A state of the circuit consists of the current 
through each component and the voltage across each 
component. If ip, vp stand for the current and voltage, re­
spectively, in the resistor, then ix, vx stand for current and 
voltage in the inductance and iy, vy for current and volt­
age in the capacitor. For historical reasons the capacitor 
is conventionally oriented in the opposite direction from 
the other two components. The Kirchhoff laws (from the 
19th-century physicist Gustav Robert Kirchhoff) imply 
the following relations on the currents and voltages. The 
Kirchhoff current law (KCL) asserts that ix =  ip = —iy or 
that the current that flows into a junction between two 
components is equal to the current that is flowing out. The 
Kirchhoff voltage law (KVL) asserts that vx +  vp = —vy, or 
that the voltages around a loop of components sum to 
zero.

The set of States in 9t6 satisfying these Kirchhoff laws 
forms a three-dimensional linear subspace K  of 9t6. Any 
physical state has to lie in AT. To obtain the precise set of 
physical States, another step is needed, in order to bring 
in the implications of the resistors on (ip, v/).

The most common type of resistor is linear in that it 
obeys Ohm’s law (named for the German physicist Georg 
Simon Ohm); i.e., vp = Rpip, in which Rp is some posi­
tive constant. For a physical state, Ohm’s law must be 
satisfied as well as Kirchhoff’s laws. This cuts down the 
space of physical States to a two-dimensional linear sub­
space 6  for 9t6.

More generally, any resistor, linear or nonlinear, is de­
fined by its characteristic Ap, which is a curve in the two- 
dimensional (ip, v^)-plane. Then a generalized version of 
Ohm’s law stipulates that, for a physical state in 9t6, the 
components (ip, v̂ ) lie in Ap. It can be proved in the 
general case that these constraints force the physical States 
to lie in a two-dimensional manifold X of 9t6.

Suppose, for example, that the resistor is current con­
trolled so that the characteristic Ap is the graph in 9t2 
of some smooth real function ƒ  Thus, vp= f  (ip). In this 
case it is convenient to take as a representation of X the 
Cartesian (ix, v,)-plane 9t2 identifying 9t2 and X under the 
diffeomorphism 9t2 —» X C 9t6, which sends (iXi vy) into a 
state in 9t6 that is completely determined by ix and vY (see 
411). Then the space of States for this circuit is equivalent 
to 9t2 or (ix, v^-space.

Simple electrical circuits. This example just given can 
be generalized to what could be called simple electrical 
circuits. A simple electrical circuit consists of components 
and nodes. The components are circuit elements that are 
either resistors, inductances, or capacitors, each with two 
terminals. In the circuit, groups of terminals meet at the 
different nodes. It is assumed that the components have a 
given orientation so that the current flowing in one direc­
tion is given by a positive real number, and the current 
flowing is given by a negative number if it flows in the 
opposite direction.

The
Kirchhoff 
laws and 
Ohm’s 
law
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The unrestricted States of the current have as components 
the currents through each component and the voltages 
across each component. So if there are N  components, the 
space of unrestricted States 6  is 27V-dimensional Carte­
sian space 9i2N.

Physical The laws o f physics impose constraints on these States.
constraints First of all, Kirchhoff laws assert that a physical state 

must be in a linear subspace K  of 9t2Ar with dimension K  
equal N. In formal terms Kirchhoff’s current law says that 
for each node, the sum of the currents entering the node 
equals the sum of the currents issuing from the node. 
Kirchhoff’s voltage law then requires that the voltages 
across each component of a closed cycle add to zero. It 
follows that the set of States in 9TV satisfying Kirchhoff’s 
current law and Kirchhoff’s voltage law forms a linear 
subspace of dimension N.
The final physical constraint is given by a generaliza­

tion of Ohm’s law. A resistor component p is allowed to 
have as characteristic any nonsingular curve—i.e., one- 
dimensional submanifold—A p in the (ip, v^-plane. This 
means that a physical state in K  must have ip, vp com­
ponents satisfying the condition that (ip, vp) is in Ap. If 
the /rth resistor is linear, then AP is a line through the 
origin with positive slope. Thus the physical States finally 
satisfy these further conditions, one for each resistor. The 
final subspace X of 6  defined by these conditions and 
Kirchhoff conditions will be a submanifold in the general 
case whose dimension is equal to the number of inductor 
components plus the number of capacitor components.

MANIFOLDS
In each case of the examples, the state space is a manifold. 
A manifold can often be thought of as a domain (or open 
set) in Euclidean space of some dimension. More gener­
ally, a manifold is defined by glueing together such open 
sets; thus, for example, while the 2-sphere is a two-dimen­
sional manifold, it is not equivalent to an open set of the 
plane. It can be obtained though as the union of two, two- 
dimensional disks that overlap in a ring. Every k-dimen­
sional manifold can be represented by a k-dimensional 
surface in Euclidean space of some higher dimension. It 
is most reasonable to take a manifold— i.e., differentiable 
manifold as the basic space of a dynamical system.

If U is an open set in Euclidean space E  and x is in U, 
then a tangent vector of U at x  is simply a vector in E, 
which can be thought of as being based at x. The tangent 
bündle T(U) is the product U X E , and a point (x, v) in 
U X E  consists of base point x, vector v.
More generally if x  is a point in a manifold M, in which 

M  is represented as a /c-dimensional surface in some Eu- 
clidean space E, then a tangent vector of M  at x  is simply 
a vector in E  based at x  and tangent to M. The space of 
all tangent vectors to M  at x  is the tangent space TX(M) 
of M  at x. Then T(M), the tangent bündle of M, is the 
(disjoint) union of all these T X(M) as x  varies over M  and 
is a manifold itself in a natural way.

In all the examples of mechanical Systems, the initial 
step was to take the manifold M  of positions or configu- 
rations. Then the space of States was the tangent bündle 
T(M) of M. A  state in all o f these examples consists of a 
configuration together with a (generalized) velocity based 
at that configuration. This persists in much more general 
examples of mechanical Systems.

DYNAMICAL SYSTEMS AS VECTOR FIELDS ON MANIFOLDS
On manifolds (e.g., open sets of Euclidean space) differen­
tiation makes sense, and a differentiable map (i.e., trans­

formation) from a manifold to itself with a differentiable 
inverse is called a diffeomorphism. In these terms the 
definition of a dynamical system can be restated as assign­
ing to each time t (a real number), a diffeomorphism q>t\ 
M —> M  with (pQ the identity, (pt+s = q>to q>s, and so that (pt(x) 
is differentiable in (/, x). Thus for each x  in the manifold, 
the trajectory (pt(x) =  x, is a curve through x. The deriva­
tive of this curve t —> (p,(x) atT — 0 can be taken, letting 
X(x) be the derivative of (pt(x) (see 412) to obtain the 
velocity or the tangent vector of the curve at x. Thus X(x) 
is in the tangent space TX(M). The association x —> X(x) 
is a vector field on M  (or tangent vector field on M). 
More generally, a vector field on M  is any differentiable 
map X:M  —> T(M) with X(x) in TX(M). For example, if M  
is an open set in Euclidean space E, then T(M) =  M X  E  
and a vector field Y .M -+ M X E  must be of the form 
Y(x) = (x, X(x)) for some map X:M  —> E. In this case, by 
a slight abuse of language, X  is called a vector field, so 
that a vector field can be thought of as assigning to each 
point x, in M, a vector in E  based at x.

The notion of vector field on a manifold is of basic im­
portance because among other things a dynamical system 
is characterized by its associated vector field. A converse 
to this statement is roughly true, and the converse could 
be regarded as the fundamental theorem of ordinary dif­
ferential equations. More precisely, if x  —> X(x) is a vector 
field on a manifold M, the ordinary differential equation 
can be considered for q>t(x), given by the derivative of (pt(x) 
being equal to X(x) (see 413).

This equation has a solution, at least for all t satisfying 
t~(x) < t < t+(x) in which t~, t+ are real functions on M  
defining some (perhaps maximal) open set Q in R  X M  
containing O X M . This solution (pt(x), defined for (t, x) in 
Q, then has the properties of a dynamical system except 
that it may not be defined for all t going to ±°°. This 
system of trajectories is still called a dynamical system 
(or flow), and in this sense vector fields on manifolds are 
equivalent to dynamical Systems.

EXAMPLES OF DYNAMICAL SYSTEMS
Partiele in E3 in a force field. Consider the example of 

a partiele in three-dimensional Euclidean space. It is sup­
posed now that there is a certain vector field, a force field 
defined on E 3, say x —> F(x), E 3 —> E 3. Thus, if the partiele 
is at x in E 3, the force exerted on it is F(x), and Newton’s 
law reads ma = F(x). Here m is a constant positive real 
number, the mass of the partiele, and a =  x"(t) (or the 
second derivative of x  with respect to t) is the acceleration 
with t —> x(t) a curve in E 3 that represents the passage of 
the partiele in time. For an actual or physical path, New­
ton’s equation is satisfied, or mx"(t) = F(x(t)) for all t.

Newton’s equation is seen to be equivalent to the pair of 
equations (see 414) relating the derivatives of position and 
velocity to the velocity and the force, respectively. In this 
last form, the map (x, v) —► (v, F(x)/m) is a vector field on 
the state space for this mechanical system T(E3). This is 
the form of a vector field on the state space determining 
the passage in time of the space. The initial conditions are 
(x, v), the position and velocity of the partiele.
The force field x  —> F(x) is called conservative if it is of 

the form F(x) =  — grad V(x) in which V  is some real func­
tion on E 3. Grad V(x) is defined as the vector in which 
the Zth component is dv/dx,, for i=  1, 2, 3 (see 415), in 
terms of Cartesian coordinates. V is called the potential 
for the system. The classical example of a force field is 
that of gravitational force. If the source of this force is the 
point located at the centre of E 3, then (see 416) the force 
is inversely proportional to the square of the distance, 
involving the Euclidean norm on E 3 (see 417) in Carte­
sian coordinates. In this case, F(x) is a conservative force 
field because a potential can be chosen (see 418) that is 
inversely proportional to the distance. This gives what is 
sometimes called the Kepler problem because the solution 
curves lead to the elliptical orbits of the Earth about the 
Sun first announced in the 17th Century by the German 
astronomer Johannes Kepler. Strictly speaking, in the 
Kepler problem configuration space is E 3 — 0, because the 
vector field describing the dynamics is not defined at 0.
Van der Pol equation. The particular example of an
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electrical circuit given earlier is now considered. Physical 
laws of the inductor and capacitor give the differential 
equations for motion directly in terms of the representa­
tion of the state space found there. More precisely (see 
419) the derivative of 4 is proportional to vx and the 
derivative of vy is proportional to iy (see 419), in which 
L, the inductance, and C, the conductance, are constants 
of proportionality. For simplicity, L  and C are taken as 
constants equal to unity. Here vx = vy—f (4) and iY — —iy 
by KirchhofF’s laws and the resistor characteristic. The 
differential equations then become appropriately changed 
(see 420). The corresponding vector field on 9F at the 
point (4, vr) is (v7 -/>.).
In the case in which ƒ  is linear, of the form vp = Rpip, 

Rp >  0, then it can be deduced that aÜ solution curves of 
this dynamical system tend toward the origin. The origin 
is a steady state and an attractor. This means that a solu­
tion at the origin stays at the origin for all time or that the 
vector field is zero at the origin (steady state). That the 
origin is an attractor means that nearby Solutions tend to 
the origin as t —» °°. Steady-state attractors play a central 
role in applications of dynamical Systems.

On the other hand, if a highly nonlinear characteristic is 
considered, say the derivative ƒ'(0) <  Ó, then the unique 
zero (0, /(O)) of the vector field can be shown to be a 
source. This means that orbits tend to (0, /(0)) as t —► 
—oo. If the characteristic (4, ƒ  (4)) stays well inside the first 
and third quadrants for large 141 (a natural assumption 
even for nonlinear resistors), then as t —* oo all orbits tend 
toward some bounded region in 9F. This follows from a 
general energy theorem. From these facts, the Poincaré- 
Bendixson theorem (with I.O. Bendixson) implies the ex­
istence of a periodic orbit, and one will be an attractor 
in the general case. A periodic orbit, period w > 0 is an 
orbit where (pt+w(x) =  (pt{x) for all t. This amounts to an 
oscillatory behaviour of the physical variables. That it is 
an attractor means that all nearby Solutions tend toward 
it and thus will also oscillate, at least to a high degree of 
approximation. Periodic attractors are of basic importance 
in applications of dynamical Systems.

The characteristic defined (see 421) by ƒ  (4) being equal 
to //(43 — 4) satisfies the conditions of the previous Para­
graph. Here there is a unique periodic attractor; the dif­
ferential equation is called van der Pol’s equation. 
Volterra-Lotka equations. The equations describing 

how the populations of rabbits and foxes vary in time 
are called the Volterra-Lotka equations and are (see 422) 
a pair of coupled first-order equations with positive con­
stants a, ß, X, ju. For example, dr/dt — ar govems how the 
number of rabbits increases eating grass, without taking 
into account the foxes that eat them. The Volterra-Lotka 
equation can be interpreted as giving a vector field on 
the positive quadrant in 6 2; its solution curves are in fact 
periodic so that the populations are expected to change in 
cycles under these conditions. (S.Sm./Ed.)

HAMILTONIAN MECHANICS
Hamiltonian mechanics as developed on manifolds has 
the virtue of including quite general mechanical Systems 
and shows basic principles most simply. To define gra- 
dients, the inner product on Euclidean space E  was of 
central importance. Hamiltonians are developed similarly 
with the bilinear form B, or inner product, replaced by a 
symplectic bilinear form £2 on E. B(x, £[x]) is a sum of 
terms x,(£x,) (see 423) for Cartesian coordinates (xb . . . ,  
x n) = x  on E. E  is taken to have even dimension 2 n and 
a bilinear form £2 on E  is defined (see 424). Not only 
is it seen that £2 is bilinear, but it is also clearly anti­
symmetric, £2(x, £[x]) =  —£2(x, £[x]). It can also be seen 
that £2 is nondegenerate or that the map (p n =  E  —* E* 
is an isomorphism with <p o(x)(£[x]) — £2(x, £[x]). In fact, 
any nondegenerate, antisymmetric bilinear form £2 can be 
used in the following, and such an £2 is called a symplectic 
structure on E. £2 can be used to define Hamiltonian 
dynamical Systems.
Open sets of E2n. If U is an open set of E  in which 

E  has a symplectic structure (and so has even dimension) 
and H:U —> 91 is any differentiable function, called a 
Hamiltonian in this context, then the derivative DH:U

(414)
x ~ v ’  v = m F  0 ,1

(415) ( a v  a v  di/\
\d x ,’ ÖX2' dx3)

(416)

(417) (||x||) =  (2xJ),/J

(418) &

II 1

(419) T  dVy

(420)
=  vy~f ( A)

dvY
dt = ~ ik

(421) ß > 0

(422) f ( = a r - X r f  f =  - ß f+  ßr f

E* is a 1-form on U, and XH = q> q 1DH  is a vector field 
(or ordinary differential equation) on U. Thus X H is a map 
from U to E , and £2(X„ (x), Y) equals DH(x)(Y) for all x 
in U and Y  in E. Note that X H is defined as grad H  except 
that B  has been replaced by £2.

In terms of the Cartesian coordinates on E  in which 
£2(x, £[x]) has a specific form (see 425), X H has for its first 
n coordinates dH/dxn+i and for its second n coordinates

(423) B(x, £[x]) =  2  £(*,)
i = 1

(424) £2 (X, £[x]) = £  *, £(*,+„ ) - ] > > ,  + » £(*,)
i = 1 i = i

n n
£2(x, £[x]) =  ^  X, £(x, + „) -  ^  x„+J £(x,)

(425)

(426)

(427) (y„ y2, y}), y, =  mv,

(428) H(x, y) =  ^  2 > ’?+  v <x)

dx.

/= 1 / = ï

' X  = ( dH dH - ü M
dxn+l’ ' ‘ ‘ f' dx2n' dXy ’ * * ‘ ’ dx„

dx, _  QH 
dt dy,

II __ dH_ 
dxt ' i — 1,. . . ,  n

=  vi >
mdVj _  dV  

dt ~!hc,<429> dt

(43°) 2 m ' Z v‘

(431) X H(x) =  <p\lx DH(x)

(432) (DH (x)) (XH (x)) =  £1,(Xh (x), X„ (x))
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—dH/dXi (see 425). If yi = x n + i, i =  1 , . . . ,  n the ordinary 
differential equations represented by X H are the classical 
Hamilton’s equations in which the derivative of x t equals 
dH/dyt and the derivative of yt equals —dH/dXi (see 426).

Partiele in E3. A special case of the foregoing is the ear­
lier mechanical system of a partiele of mass m moving in 
3-space under a conservative force field F(x) =  —grad V(x) 
with V:E3 —* 9t, (potential) function. Then on the state 
space E 3 X E 3 coordinates are chosen (x„ x2, x3) for the 
configuration and y, is proportional to v; (see 427) for the 
second factor (or momentum coordinates). If f l  is taken 
as above and H:E3 X E 3 —;► 9t defined in terms of a sum 
of the y 2 and V(x) (see 428), then Hamilton’s equations 
coincide with Newton’s equations (see 429). The term in­
volving the y 2 (see 430) is called the kinetic energy, and V 
is the potential energy of this mechanical system; the sum 
K-h V is  the total energy or simply energy.

Manifolds. The concept of symplectic structure can be 
generalized easily to manifolds. If W  is an even-dimen- 
sional manifold and x  is a point of W, then a symplectic 
structure D at x  is simply a nondegenerate, antisymmetric 
bilinear from Qx on the tangent space TX(W). A manifold 
W  with such f l ,  given for each x, f l ,  varying differentially 
with x, is called a symplectic manifold. As before, for 
each x, (p nx:Tx{W) —* T *(W )  is an isomorphism from the 
tangent space to its dual, the cotangent space at x. Given 
a Hamiltonian H :W  —* 9t, then for each x, the derivative 
DH(x) is in Tx*( W), and the above isomorphism converts 
the 1-form DH  to a vector field X H (see 431). The vector 
field X H is then the Hamiltonian vector field (or ordinary 
differential equation) corresponding to the Hamiltonian 
H. As a Riemannian manifold is required to define gra­
diënt vector fields, a symplectic manifold is required in 
order to define Hamiltonian vector fields.
Conservation laws. Various physical principles can be 

derived in this setting. For example, Conservation of en­
ergy amounts to the function H  being constant on trajec­
tories of XH. This is the same thing as the assertion that 
for each x, DH{x) evaluated at X ^ x )  is zero. But another 
condition holds (see 432) from the definition of XH, and 
the last is zero since f l x is antisymmetric.

Liouville’s theorem asserts that Hamiltonian Systems pre­
serve volume. In this context, that volume on the abstract 
manifold W  is the w-fold wedge product of Q with itself. 
Without pursuing the technical definition of wedge prod­
uct, it can be said that if f l  is defined as above on E  
in coordinate, then the Liouville volume is just ordinary 
volume on E. It can be first checked that f l itself is invari­
ant under a Hamiltonian flow XH, and then it naturally 
follows that the wedge product, the Liouville volume is 
preserved. This can be contrasted with the gradiënt case. 
For example, neighbourhoods of a local maximum of a 
gradiënt flow are shrunk into smaller subsets by the dy- 
namics. Volume is strictly decreased.

Simple mechanical S y stem s. A simple mechanical Sys­
tem (M, K, V) has a manifold M  that is the configuration 
space of the system. V:M —* 9t is a function, the potential 
energy, and kinetic energy K  is considered to be given by 
some Riemannian metric on M. Thus for each x  in M  
there is an inner product Kx on TX(M) and K(p) =  KJp, v) 
for ü in TX{M). This can be compared with the earlier me­
chanical system of a partiele constrained to move on the 
2-sphere in E 3. In this case, Kx on TX(S2) is the restriction 
of inner product on E 3 times half the mass. Together these 
sum to give the energy E:T(M) —* R  as a real function on 
the tangent bündle of M  as defined by E(v) =  K(v) +  V(x) 
for ü in TX(M).

To put this into the symplectic perspective, it is conve­
nient to consider the cotangent bündle T*(M). There is 
a canonically defined symplectic structure f l  defined on 
T*(M), which extends the earlier example of f l on E 3 X E 3. 
Furthermore, the energy E  can be transferred to T*(M) 
by a map called the Legendre transformation L:T(M) —* 
T*(M). More precisely, if ö e TX(M), then L(d) = (pKx{v) in 
which (pKx is the usual linear map induced by a bilinear 
form. Then the Hamiltonian H:T*(M) —> 91 is defined by 
H  — E o L ~ x. The corresponding Hamiltonian vector field 
XH on T*(M) = W  gives the dynamics for this mechanical 
system. The inverse of the Legendre transformation takes

trajectories of XH back to Solutions of the Euler-Lagrange 
equations on T(M). (S.Sm.)

Potential theory
HISTORICAL SURVEY OF PROBLEMS AND CONCEPTS
Until around 1800, potential theory was actually that 
part of theoretical physics basically concerned with elec­
trostatics (see the article electricity and magnetism) 
and Newtonian attraction between masses. The poten­
tial of a unit mass concentrated at a point X  is

equal at any other point x  to the inverse 1
| X - x | of the

distance \X  — x\ to X. It is a harmonie function of x 
(x ¥= X); that is, it is equal at x to its mean value on any 
ball centred at x and not containing X, or, equivalently, 
it satisfies Laplace’s equation (see 433), a second-order 
partial differential equation. The potential of a general 
distribution of masses is then defined by multiplication 
and summation (actually by an Operation of integration) 
and it is harmonie outside of the masses. Thus, physical 
Problems became mathematical ones.

Important results due to the mathematicians Siméon- 
Denis Poisson and George Green were followed in 1840 
by a fundamental work of Carl Friedrich Gauss, amazingly 
deep and rieh, in which he solved for Euclidean space 
three connected problems that remain essential subject to 
various adaptations.

The first one is the problem of equilibrium; this is the 
determination of a distribution of a given mass on a 
conductor for which the potential is constant on it; this 
corresponds to minimizing the (potential) energy.
Given masses inside a closed conductor, the second prob­

lem asks how they can be distributed on the conductor 
so as to give the same potential outside. This is solved 
physically by the phenomenon of influence that creates 
on the conductor (on which one makes the potential zero) 
a distribution of masses such that the total potential is 
zero outside. Similar problems arise by commuting (inter- 
changing) interior and exterior. This Operation was later 
called balayage (sweeping-out process) by Poincaré.

The third problem is the determination in a domain of 
a harmonie function the limiting values of which agree 
on the boundary with a given function (first supposed 
to be finite continuous). As noted earlier, this Standard 
boundary value problem was called the Dirichlet problem 
by Riemann.

For lack of sufficiënt mathematical tools, the Solutions 
given by Gauss were not rigorous and the results not quite 
correct or precise; actually they needed some restrictions. 
Because of these difficulties, the first two problems were 
put aside for a long time, but the Dirichlet problem, 
more important, was studied by different methods, which 
at first were not rigorous either. For example, an impor­
tant method was based on the minimizing of a so-called 
Dirichlet integral (Dirichlet principle). This was made rig­
orous by David Hilbert of Germany only around 1900. If 
so many great mathematicians gave different Solutions, it 
is perhaps also because the restricticns on the boundary 
seemed unnecessary; actually they were necessary, as S. 
Zaremba of Poland and Henri-Léon Lebesgue of France 
noted after 1900.

Some other questions considered in this period include 
the analytic character of harmonie functions (expansion 
as power series), other types of boundary value prob­
lems (such as the Neumann problem, named for Karl 
Gottfried Neumann of Germany, for given normal deriva­
tives), the Connections of harmonie functions with func­
tions of a complex variable, conformal mapping, Fourier 
series, similar developments for equations more general

(433) A V * 2“

(434) }N(x, y) dfi(y)

Work of 
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than the Laplace one, polyharmonic functions or more 
precisely harmonie functions of order p, satisfying to 
Apu =  A( . . .  Au) =  0 with p  | A-operators.

A second period of the development of potential theory 
was characterized chiefly by the introduction, in the study 
of potential theory, of wider notions of measure and in­
tegral (those of Lebesgue and Radon), and of capacity, a 
notion inspired by electrostatics, first clearly defined and 
discussed by Norbert Wiener of the United States and 
Charles-Jean de la Vallée Poussin of Belgium, and greatly 
generalized much later by the French mathematician Gus­
tave Choquet.

The use of integrals allowed a new development of the 
subject, chiefly by means of a larger definition of the po­
tential of a general distribution of masses—i.e., a measure 
p. This potential is defined by the integral of a func­
tion N  integrated with respect to y  and to a measure p

(see 434) in which N(x, y), called a kemel, is . _ z\x y\
in the space 9t” with n>  3 (Newtönian kemel) and is 
log yj- in 9t2 (logaiithmic kemel).

A new setting and a generalized solution of the Dirichiet 
problem appeared (resulting from a remark of Lebesgue 
and results of Wiener), avoiding any restriction on the 
boundary; the boundary behaviour of the new solution 
and its relation with the previous one were made clear 
later by O.D. Kellogg and Griffith C. Evans of the United 
States, thanks to the notion of capacity, and a more 
general problem with discontinuöus boundary data was 
solved by Marcel-Émile Brelot of France.
New important tools, the concepts of subharmonic and 

superharmonic functions, were introduced by Frigyes 
Riesz, a Hungarian mathematician. These functions stand 
in relation to harmonie functions as arcs of convex and 
concave curves, respectively, do to their chords. They are 
locally equal modulo harmonie functions to Potentials of 
negative and positive masses, respectively, in the general 
new sense.

A rigorous and more precise development of the ideas of 
Gauss was made in the famous thesis of the Swedish math­
ematician Otto Frostman (1935). A definitive convergence 
theorem on decreasing Potentials of positive masses, given 
by the French mathematicians Marcel-Émile Brelot and 
Henri Cartan, was an essential tool for all refinements in 
potential theory. The sets of (outer) capacity zero emerged 
as the Standard exceptional sets in potential theory and in 
its application to the functions of a complex variable.

The third period from about 1940 to 1955 was marked 
by the role of topology in potential theory.

The notion of energy in Euclidean space was used more 
deeply by Cartan. The measures were considered as points 
of a space, with the distance to the origin equal to the 
square root of the energy corresponding to the measure: 
in such a space the well-known methods of Hilbert space 
theory (geometry in a space with infinitely many coordi­
nates) were applied, and a striking and powerful theory 
was developed. Later Jacques Deny continued this theory 
of finite energy, using, instead of measures, the more gen­
eral distributions of the French mathematician Laurent 
Schwartz, but preserving the essential ideas.
Another example of the role of topology is the introduc­

tion of the notion of a thin set and equivalently of the 
fine topology in which all classical potentials become con­
tinuous. This notion due to Brelot and Cartan is adapted 
to the study of discontinuous potentials and nonsmooth 
boundaries and gives rise to new problems.

The most striking example is the introduction of the 
Martin boundary. The solution of the Dirichlet problem 
in a ball had led to the (integral) representation of a 
positive harmonie function in the ball by means of a pos­
itive measure on the boundary. A similar problem for a 
general Euclidean domain remained unsolved until 1941 
when Martin introduced a quite new boundary and its 
useful minimal part. This work later inspired Choquet’s 
profound study of extreme points of a compact convex 
set, which is one of the great discoveries in analysis after 
the mid-20th Century.

This period also marks the introduction in potential the­
ory of spaces much more general than Euclidean spaces or 
certain manifolds and of more general kemels N  than the 
Newtönian or logaiithmic ones, N  a suitable function of 
two variables (and even of more general concepts). Around 
1940 certain basic properties of the classical theory were 
introduced as axioms in suitably chosen topological spaces 
and a discussion began of various generalizations and in- 
teractions between different axioms or principles.

Since about 1955 topological refinements and new ax- 
iomatizations have been made and the role of probability 
introduced. Fine topology was extended to the Martin 
boundary, and it became an essential tooi for the study 
of the boundary behaviour of functions connected with 
potential theory.

Rather than speaking about the further developments 
with kemels N(x, y), an axiomatic theory is sketched that 
is not based on such kemels. Given real-valued continu­
ous functions are used, called harmonie functions, defined 
on every domain of a suitable topological space and sat­
isfying some well-known properties of the classical theory 
that are considered as axioms. It was found possible to 
imitate the classical developments, In this direction, after 
some attempts, Joseph Leo Doob of the United States 
constructed a better base of an axiomatic theory but for 
probabilistic purposes. This inspired a detailed potential 
theory by Brelot and followers, such as the French math­
ematician Rose-Marie Hervé. The Solutions of partial 
differential equations of elliptic type more general than 
that of the Laplace equation satisfy the basic axioms un­
der some restrictions. But the theory is not applicable to 
equations of a more general type like the classical heat 
equation. In order to include such equations, Heinz Bauer 
of West Germany and others extended the previous theory 
by weakening the axioms. Later the systematic search for 
all theories satisfying such local axioms was partly sölved 
by Jean-Michel Bony.

On the other hand, the concepts of energy and Dirichlet 
integral led Deny and the Swedish-bom American mathe­
matician Ame Carl-August Beurling to another axiomatic 
theory of global character, called the theory of Dirichlet 
spaces (for complex functions). Problems similar to those 
of equilibrium and balayage were studied.

These axiomatic theories, including interesting cases of 
the last one, are actually contained in a fundamental prob­
abilistic theory developed by Gilbert Hunt between 1957 
and 1958. A function of a point x  and of a set e, called 
a kemel V(x, e), which transforms a nonnegative function 
ƒ  into a nonnegative function Vf, is considered. Under 
certain conditions, this V may be expressed by means of 
similar kemels of a certain family (P J; s 0 by means of 
which the so-called excessive functions can be defined. 
These majorize their /^-transforms. This {PJ has an es­
sential probabilistic interpretation in terms of “Markov 
processes,” named for the Russian mathematician Andrey 
Andreyevich Markov, of which the Brownian motion of 
physics is a particular case.

It was shown by Paul-André Meyer and others that, 
given any of the above local axiomatic theories, it is pos­
sible to find a V for which the excessive functions of the 
corresponding {PJ are precisely the nonnegative hyperhar- 
monic functions.

Various probabilistic notions like trajectories (of a par­
tiele) or martingales led to probabilistic interpretations of 
concepts and results of the above classical or axiomatic 
theories. The relations between probability and potential 
theory, known for a long time as “folklore” in the classi­
cal theory, deeply studied by Doob then Hunt and many 
others, have now produced a new and rich chapter in 
analysis. The latest researches are also concerned with 
a converse problem: given a family of functions, under 
what conditions can one interpret them as potentials or 
superharmonic functions in the above local axiomatics or 
excessive functions in a global extension of Hunt theory?

BASIC CONCEPTS AND RESULTS 
OF CLASSICAL POTENTIAL THEORY
Using more advanced mathematical tools, the most im­
portant points of classical theory will now be outlined. A

Gilbert
Hunt
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Euclidean space 9l(n > 2) will be considered first, the case 
n = 1 being rather trivial.
Harmonie functions. A real finite continuous function 

u on an open set co is said to be harmonie, if it is equal 
at each point x  to its mean value on any ball (that is, a 
disc in 9t2) Bxr (centre x, radius r), or equivalently (using 
the corresponding Lebesgue measure), on the boundary 
dB/(Bxr C co). This implies that u is C°° (infinitely differ­
entiable) and, further, is equivalent to saying that Au = 0 
(local condition). Also, A« =  0 in the sense of Schwartz 
is equivalent to saying that u is a function equal almost 
everywhere to a harmonie function.

The definition implies that a harmonie function that 
attains its maximum (or minimum) at a point x0 is con­
stant on a neighbourhood. This maximum or minimum 
principle is a key tooi. A form that will be valid later 
in more general theories may be stated in the following 
manner. If at any boundary point (which may be the 
Aleksandrov point [named for the Soviet mathematician 
Aleksandr Danilovich Aleksandrov] at infinity) lim inf 
u > 0, then u > 0.
This implies that for a finite boundary function ƒ  the 

Dirichlet problem possesses at most one solution. The 
question of existence is more difficult. For a ball B  =  B0R 
and a finite continuous function f  the solution is given by 

Poisson the Poisson integral (see 435) integrated with respect to the 
integral measure a (a being the normalized measure_on dB pro­

portional to angle or solid angle). For any f  If  will denote 
the upper-integral which is +  <», — °°, or harmonie. Note 
that by changing ƒ  da into any Radon measure dp on dB, 
the corresponding I fy )  (called a Poisson-Stieltjes integral) 
is harmonie in B and represents in the general case the 
difference of two nonnegative harmonie functions.

The Poisson integral //  implies many properties: a local 
criterion (by considering in the definition for any x  only 
those dB / with 0 < r < r (x) an arbitary function); analy- 
ticity (and various power series); the Hamack inequalities: 
u harmonie >  0 in BQR implies upper and lower bounds 
for the ratio of u at y  to u at zero (see 436), which in tum 
implies the equicontinuity at any point of any family of 
positive-bounded harmonie functions.

It should be emphasized that uniform convergence pre­
serves harmonicity and implies local uniform convergence 
for any derivative, that in a domain (connected open set) 
an increasing sequence un of harmonie functions tends 
to +<» or to a harmonie function (uniformly locally in 
an obvious sense), and that there is an extension to an 
increasing directed family.

(435)
( R ? - \ y \ 2

=  J \x _ y l„ R " -2f(x) do(x)

(436) „ , R -  bl “(y) „ , R + \y\ 
(R +  bl)"-' - M(0) - A CR-M)-1

(437) u(y) =  H l(y)+  \y \1H1(y) +  ■ ■ ■+ \y\

(438)

(439) h J iy ) - IBh (.y) = G(.x,y)

(440) ƒ G(x, y) d/i(x). fi ä 0

(441) ƒG{x. y) dfi(x) +  u*(y)

(442) G(x. y)=  \ x - y \ 2~"

(443) ƒ G(x. y)dfi(x)

Polyharmonic functions. Definitions, by iteration of A, 
were previously given. Extensions were made systemati­
cally of many properties of harmonie and subharmonic 
functions. The old development of Almansi is mentioned 
for a function of e2p type, harmonie of order p  in a 
domain containing 0, by means of harmonie functions 
//, (see 437).

Sub- and superharmonic functions. In an open set co, u 
is said to be hyperharmonic if (i) u is lower semicontinu- 
ous; (ii) u >  —°°; (iii) for each ball contained in an open 
set, u has a specific lower bound (see 438; equivalently, 
only at x  and for sufficiently small r; a local definition). 
In a domain, such a function is either identically + 00 or 
finite on a dense set and in the first case is called super­
harmonic (—u is called hypoharmonic and subharmonic, 
respectively).
The previous minimum-principle is still valid. Any set of 

superharmonic functions >0 has a greatest harmonie mi- 
norant. The set of the harmonie functions >0 is a complete 
lattice for the natural order. The set of the superharmonic 
functions >0 is a complete upper semi-lattice for the nat­
ural order and also for the specific order defined by setting 
u>  co if u = co +  a nonnegative superharmonic function.
Riesz representation. Any superharmonic function u is 

locally equal to [ h( \ x—y \ )dp(x) plus a harmonie function, 
for a suitable measure p > 0.

For a ball B a specific function symmetrie in je and y  
(see 439) is called Green’s function. An integral of Green’s 
function integrated with respect to x  and p  (see 440), in 
which nonnegative p is a Radon measure on B, is su­
perharmonic or +oo. Any superharmonic function u on 
B with a harmonie minorant is equal to such an integral 
plus a function u* (see 441) in which u* is the greatest 
harmonie minorant of u on B. (Unique in both local and 
global representations, /z is called the associated measure.)

In 9t" (n > 3), the same result is valid in the whole 9t" by 
taking a specific form of Green’s function (see 442).

If M is an e2 function the result is easy to show; the 
general case is less easy unless Schwartz distributions are 
used. It is also possible, for the global form, to use a 
Choquet theorem on extreme elements.

The fact that w* =  0 means that u is a Green poten­
tial (see 443).

Reduced function. On a fixed open set co, a real function 
(p > 0 and a set e are considered. The reduced function 
of (p relative to e (denoted R f)  is defined to be the lower 
envelope of all hyperharmonic nonnegative functions on 
co majprizing (p on e. If Rve{x) is the lim inf at x  of R f, 
then R f  is hyperharmonic.

When (p is superharmonic, R f  is superharmonic and 
is called the “swept-out” or “balayaged” function of (p 
relative to e.

Polar sets and capacity. A set e in an open set co is 
called polar in co if there exists a nonnegative superhar­
monic function in co equal to +°° on e. When there exists 
a superharmonic u >  0 on co, e is polar if R* =  0.

Note that, if a set is locally polar, then it is polar in 
9Xn(n > 3) or in any domain where there exists a noncon- 
stant superharmonic function > 0.
A superharmonic function u > 0 on co — e where e is 

closed and locally polar has a unique continuation to co as 
a superharmonic function. If u is bounded and harmonie, 
the continuation is harmonie.

A real-valued function £ (finite or not) defined on the 
class of all subsets of a Hausdorff space E  is called a gen­
eral capacity if (a) £ is an increasing function; (b) for any 
increasing sequence {en) of subsets of E, CM  —► C(Uen); 
and (c) for any decreasing sequence of compact sets Kn, 
a similar convergent holds expressed in terms of intersec­
tion (see 444).

A ÄT-analytic set of E  is one that is the continuous image 
of Kaö set (countable intersection of Ka sets; that is, of 
countable unions of compact sets) contained in a compact 
space, as, for example, the ordinary-Borel sets (named for 
the French mathematician Émile Borel) in a space like 
9t". The celebrated Choquet capacitability theorem asserts 
that any ÄT-analytic set e contained in a Ka set is “f-capac- 
itable” { K  compact C e; see 445).

An example is where E  is a ball on 9t" (n > 3).

Choquet
capac­
itability
theorem
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(444) U K n)-+ U n K n)

(445) C(e)«sup C(K)

(446) CJK) =  sup (C (K ) | KG  e, compact}

(447) C*(e) = inf {CJco) \eG co, open)

(448) w(x0) <  lim inf u(x)
x^ e, x^>xQ

(449) lim or (e n dBxo) =  0
r  —  0

C(K) denotes the supremum oi{p{K), p > 0 ,  a measure 
on K  whose Green potential is < 1).

It equals the infimum of {v{E) \ y > 0, a measure on E  
whose Green potential is ^  1 on K). Letting CJK) be an 
innercapacity (see 446) and C*(e) be an outercapacity (see 
447) then C* is a general capacity, C*(e) — CJe) for any 
Borel set e; and for any relatively compact set e, C*(e) is 
the total mass of the measure associated to R x‘ in E  (which 
is even a potential). As a consequence of this, in the space 
E, the sets of outercapacity 0 are thus the polar sets.

Thin sets and fine topology. A set e is thin at x0 £ e if 
x0 $ ë or if there exists a superharmonic function u in the 
neighbourhood of x 0 such that at x0 it is strictly less than 
its inferior limit (see 448). The family of complements of 
sets thin at x  form the family of neighbourhoods of x in 
the so-called “fine topology” which is the coarsest one, 
making all superharmonic functions continuous. It is finer 
than the Euclidean one. In 9t" the definition is extended 
by saying that e is thin at x0 e e if e — (x0) is thin at x0.

Thinness of e at x0 is much stronger than the condition 
in which ar is the surface measure (see 449).

Locally polar sets are characterized as thin at every point, 
or sets of “fine isolated” points. In 9t2, for a set thin at x0, 
there exist arbitrarily small circles centred at x0 and not 
intersecting the set.

As an example of application: if u is a nonnegative su­
perharmonic function on an open set co, with a boundary 
point x0 such that Cco is thin at x0, then it has a fine limit 
at x0, and this coincides with the Euclidean limit on co\e 
where e is a suitable thin set.

Dirichlet problem. co is taken to be a bounded open set 
of 9t" and ƒ  is a given extended real-valued function on 
dco. All hyperharmonic functions v on co are considered, 
satisfying lim inf v > ƒ (x) and also <—°°, for y  e co, y —*x  
every x  e dco. The lower envelope is a function Hf  that, 
in every component of co, is +^\, —°°, or harmonie. The 
similar envelope Hf = —Hf  is < H f . In case both are equal 
and finite, the common value is denoted by Hf  (solution) 
and ƒ  is said to be resolutive. This happens when ƒ  is 
continuous. Then Hf (y) has, for a fixed y, a linear form 
j fd p f  with a measure pyw called harmonie measure. For 
a domain co, resolutivity of any ƒ  is equivalent to its 
/^-integrability (independent of y  in co).

A boundary point x  is said to be regulär if, for any finite 
continuous f, Hf (y) tends to /(x )  at x. This is equivalent 
to saying that co is not thin at x0. It will be shown later 
that the irregulär points form a locally polar set, as a 
consequence of a powerful convergence theorem.

Green’s function; Green space. It is possible to define on 
the space 9t" (compactified from 9t" with an Aleksandrov 
point U at infinity) harmonie, hyper-, or superharmonic 
functions (even in the neighbourhoods of U) by a suitable 
mean value property, so as to preserve the minimum 
principle. The Newtönian and logaiithmic kemels may be 
adapted and the local Riesz representation is preserved 
with a unique associated measure.

A ©-space is defined to be a Hausdorff space with, for 
each point x, a homeomorphism of_an open neighbour­
hood V of x  onto an open set of 9t", such that for any 
two such neighbourhoods say V' and V" the images of

V 'nV "  under the different homeomorphisms are isomet- 
ric or also if n =  2 in conformal (but not necessarily 
orientation-preserving) correspondence. Examples are 9t" 
and the classical Riemann surfaces.

This gives, on a ©-space, local notions of harmonie, 
hyper-, or superharmonic functions. When there exists a 
nonconstant superharmonic function greater than 0, one 
says that © is a Green space. Examples are 9t" (n > 3) or 
any bounded domain of 9t". Then there exists a small­
est superharmonic function >0 whose associated measure 
contains the unit mass at a point x. It is a generalization 
G(x, y), still symmetrie, of the Green’s function of a ball. 
Green’s potential fG(x, y)dp(x) (p > 0 on £2), when not 
everywhere + 00, is superharmonic with the greatest har­
monie minorant equal to 0. The previous theory may be 
extended. Here it is only noted that a point at infinity 
(that is, one whose local image is U) is nonpolar for n > 
2 and that it is suitable to define the thinness of e e x0 at 
Xp with the supplementary condition that x0 is polar. On a 
Green space, locally polar is equivalent to polar; one says 
“quasi-everywhere” for “except on a locally polar set.”
The general classical convergence theorem. Given on 

an open set co (in a ©-space) a family of locally lower- 
bounded superharmonic functions uh inf ut (which is at 
every point the lim inf of inf u,) is superharmonic and 
differs from inf u, on a locally polar set.

Applications in a Green space £2: Ja) A  superharmonic 
function u > 0 is considered. Then R ue is equal to u quasi- 
everywhere on e, and harmonie outside of ë. If u is a 
potential or e is relatively compact, R ue is a potential. In 
9t3, for example, for a nonpolar compact set e, R xe is the 
Newtönian potential of a measure > 0 on e, with value 
1, quasi-everywhere on e. This gives a solution of the 
equilibrium problem of Gauss but with a constant value 
only quasi-everywhere on e, and it is unique when the 
potential is bounded.

(b) The set of points where a set e is thin is polar. As an 
example, the set of irregulär points of a Dirichlet problem 
for a relatively compact open set co is polar.

(c) In treating a general form of the balayage, if a mea­
sure p > 0 with Green’s potential V is given, the balayaged 
potential R ve is characterized by the following properties:

i. This potential is equal to V  quasi-everywhere on e;
ii. The associated measure bß is supported by the “base” 

Be of e, which is the set of points where e is not thin 
(b/l(CBe) = 0).
Dirichlet principle. Consider first a bounded open set 

co of 9t" and a C°°-function ƒ  on co, with a finite Dirichlet 
norm (see 450) and possessing a finite continuous exten­
sion on dco. Then there exists a harmonie function u on co, 
unique up to a constant, such that \\u — ƒ  || is minimum; 
and it is Hf OJ.

This can be generalized by considering a ©-space £2 with­
out any points at infinity, a domain co relatively compact 
in £2 and a (BLD) function ƒ  on £2 that is a function which 
is a limit at every point, and also a limit according to 
the Dirichlet norm, of a Cauchy sequence of C°°-functions 
with finite norms. Let be the restriction on co. Then the 
minimizing function u is the projection off w in the Hilbert 
space of the (BLD) functions on co defined by the scalar 
product ƒ(grad u, grad v) dx, on the complete subspace of 
the harmonie (BLD) functions on co; u is, in addition, the

(450) | | / | |=  V /grad2 ƒ  <£c

(451) ( / i , v )  =  / W v

(452) /(O i — Uy)(dvl — dv2)

G(x, y)
(453) G(X,y ) ,K (x ,y )  = - ^ — )

(454) $K(X, y)dßu{X)

(455) R eK{x y) ¥= K(X, y)



496 Analysis

unique harmonie function the continuation of which by ƒ  
is (BLD) in £2.

Energy. First 9t" (n > 3) or a ball of 9t" is considered. 
Inspired by the kerneis \x — y\~a, of Marcel Riesz, Car­
tan introduced with the classical potential Ur the mutual 
energy of positive measures (see 451), the energy (p, p), 
and then the same notions for differences of measures of 
finite energy using for such differences a formal develop­
ment of an integral (see 452). Then the energy is >0 and 
is zero only when p x — p2 — 0 (the principle of energy). 
The space © of these signed measures of finite energy 
with mutual energy as scalar product is pre-Hilbert, and 
the subset ©+ of the nonnegative measures is complete. 
As an application, the balayage of a measure p  in ©+ 
relative to a compact K  is given by the projection in © 
of p on the set of measures of ©+ supported by K. It is 
now known that a polar set has //-measure 0 for (p, p) 
finite; the previous definitions can be directly extended 
to the case of a Green space and Green’s potentials. 
The principle of energy with its consequences holds. Note 
that such potentials are BLD functions and also that the 
energy-norm and the Dirichlet norm are proportional. 
Other extensions are possible. Deny even developed a 
similar theory in 9t" with Schwartz distributions, a fixed 
one as kemel N, a variable one T, and the convolution 
as potential.

Martin boundary. In a Green space £2, Green’s function 
G and its ratio to the functional value obtained by setting 
the Green’s function argument y  equal to a fixed point y0

(see 453) may be considered. Here there exists a compact 
space £2 (Martin space) unique up to homeomorphism, 
in which £2 is dense and such that all functions K{x, y) 
of x  have continuous continuations K(X, y) separating 
the (Martin) boundary A =  £2 — £2. It is identical to the 
Euclidean closure when £2 is a ball or a sufficiently reg­
ulär domain, but generally is quite different. A harmonie 
function u >  0 is called minimal if any other similar but 
smaller function must be proportional to it. The minimal 
functions are proportional to certain of the functions of y 
K(X, y) (where X  is in A) and the corresponding points are 
called minimal and form a part A, of A.
Any harmonie function u > 0 has a unique represen­

tation as an integral of K  integrated with respect to the 
measure pu (see 454) where pu is a Radon measure > 0 on 
A supported by A^ A Dirichlet problem may be studied 
with this boundary and any finite continuous function is 
resolutive. A set e is said to be thin at X  e A, if a condition 
involving K  holds (see 455). The fine topology on £2 may 
be extended to £2 U A1? in a unique way such that the 
neighbourhoods of any J e A ,  intersect £2 in sets that are 
the complements of sets in £2 thin at X.

Among many applications of this new tool, Doob’s result 
is important—that for any superharmonic u >  0 and any 
harmonie h > 0, u/h has a fine limit at the points of A, 
except on a set of uh measure 0. This implies old results, 
as, for example, the famous result of Pierre Fatou that a 
harmonie function u > 0 in a ball has a nontangential 
limit almost everywhere on the boundary. (Ed.)

SPECIAL FUNCTIONS

Hyper-
geometric
function

Certain special functions are often used in mathematics 
and in physics, Chemistry, engineering, and other branches 
of Science and technology. It is possible to classify these 
into elementary functions and higher transcendental func­
tions. The elementary functions include the exponential, 
logaiithmic, trigonometrie, and related functions. Fre­
quently the term special functions is only applied to high 
transcendental functions. Some of the more important 
ones arising in differential equations will now be described.

Thé gamma and beta functions. The gamma function 
arose from attempts to extend the factorial function, 
n\ =  n(n — \){n — 2) • • • 1, to nonintegral values of n. 
This function is defined by T(x) being equal to the integral 
from / =  0 to infinity of e~lt {x~X) (see 456), for values of 
x greater than zero. The function has the property that 
T(x +  1) equals the product of x and T(x).

It follows that, if n is a positive integer, then T(« +  1) 
equals n\. Furthermore, T(l/i) equals the square root of n 
(see 457).

The function was first defined by Euler and is widely 
used in mathematics, physics, engineering, and especially 
in probability theory and statistics. It arises in the series 
Solutions of many differential equations.

Some useful related functions are:
(i) The incomplete gamma functions, which are defined 

by ietting the upper or the lower limit of integration be a 
variable (see 458).

(ii) The beta function ß(p, q), which is defined as being 
equal to the integral from zero to one of the products of 
f p~1 and (1 — i)q~1 (see 459) for positive values of p  and q. 
It is related to the gamma function because ß(p, q) equals 
the product of F(p) and T(q) divided by T{p +  q) (see 460).

Hypergeometric function. The hypergeometric function 
is the function F(a, b; c; x) defined by the so-called 
hypergeometric series (see 461). It gets its name from 
the fact that it is a generalization of the geometrie se­
ries (1 +  x  +  x2 +  • • •) and reduces to this series when 
a — 1 and b =  c. It satisfies the hypergeometric equation, a 
second-order linear differential equation with variable co­
efficients (see 462). Twenty-four Solutions of this equation 
can be expressed in terms of hypergeometric equations.

The hypergeometric equation occurs in problems in fluid 
flow and other branches of physics and engineering. The 
hypergeometric function is important in mathematics be­
cause many other special functions are related to it.

Legendre polynomials. Legendre polynomials arise as 
particular Solutions of Laplace’s equation: A3u — 0. If R  is 
the distance between a point with Cartesian coordinates 
(x, y, z) and the point (0,0, 1), then the reciprocal distance, 
\/R, is a solution of Laplace’s equation. If spherical polar 
coordinates are used for the point (r, 6, cp\ this solution 
is 1 — 2r cos 0 +  r2 to the —l/2 power. It is axisymmetric 
because it is independent of cp, the azimuthal angle.

If cos 6 is replaced by p the solution is ( l—2rp—r2)~1/2, 
and it can be expanded to give a power series in r with the 
coefficients being polynomials in p. Thus it can be written 
in the form of an infinite series with terms of the form 
rnPn{p) for r less than 1 (see 463).
The coefficients Pn are called the Legendre polynomials 

of degree n.
The polynomials are Solutions of Legendre’s equation 

(see 319), a particular case of Laplace’s equation expressed 
in spherical polar coordinates for axisymmetric Solutions. 
They can be produced from the generating function 
( 1—2rp — r2)l/2 and are explicitly given by Rodrigues’ 
formula (see 464), which is named after a 19th-century 
French mathematician, Olinde Rodrigues.
Associated Legendre functions. These are functions sat­

isfying the associated Legendre differential equation, a 
second-order linear equation with variable coefficients (see 
465). This reduces to Legendre’s equation when m = 0. 
Its Solutions are associated Legendre functions (or polyno­
mials). They are denoted by P ™ and can be expressed in 
terms of the Legendre polynomials (see 466).

Spherical harmonies. The Legendre polynomials and 
associated Legendre functions are particular Solutions of 
Laplace’s equation. In general, functions satisfying this 
equation are known as harmonie functions; Solutions that 
are homogeneous in x, y, and z are called spherical solid 
harmonies. If polar coordinates (r, 6, (p) are used, a spher­
ical solid harmonie of degree n, R n, can be written as 
the product of rn and Sn(6, cp) (see 467), a function of 6 
and cp satisfying a second-order linear partial differential 
equation that is found by substituting R n into Laplace’s 
equation and separating the variables (see 468). It is called 
a spherical surface harmonie. If R n(x, y, z) is a polynomial 
of degree n (n a positive integer), then Sn is a polynomial 
in cós 0, sin 6, cos (p, and sin (p.

Zonal, sectoral, and tesseral harmonies. A polynomial 
spherical harmonie of degree « can be represented uniquely
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by the product C„r2n+l, in which C„ is a constant, times 
n differentiations d/dhx, d/dh2, ..  . ,  d/dhn of 1/r, in which 
(see 469) hx, h2, hn are n directions in space, and d/d/z 
denotes differentiation in a direction h. If the n directions 
coincide, then, on a unit sphere about the origin, there 
are n circles of latitude on which the spherical surface 
(or solid) harmonie vanishes. These divide the sphere into 
zones, and the spherical harmonie is known as a zonal 
harmonie. The curves on the unit sphere on which the 
surface harmonie vanishes are called nodal lines. If the 
n directions are situated on a plane and are at angles of 
n/n to each other, the nodal lines are n circles of longi­
tude. These divide the sphere into sectors, the spherical 
harmonie being known as a sectoral harmonie. If (n — m) 
directions coincide in one particular direction and the re­
maining m directions lie in a plane at right angles to this 
direction and are at angles n/m, then there are m circles of 
longitude and (n — m) circles of latitude. These divide the

unit sphere into rectangles, the spherical harmonie being 
a tesseral harmonie.

It can be proved that spherical surface harmonies can 
be represented by the product S™{9, cp) of the associated 
Legendre function P^{cos 9) and the complex exponential 
exp [im<p] (see 470). Laplace’s equation is satisfied by a 
linear combination of terms R™(x, y, z), which are prod­
ucts of rn, exp [im<p], and P™(cos 6) (see 471).
P„w(cos 6) is an associated Legendre polynomial. If m = n, 

the harmonie is a sectoral harmonie. If 1 < m < n < 1, it 
is a tesseral harmonie. If m — 0, it is a zonal harmonie; 
the Legendre polynomial Pn (cos 0) is a zonal harmonie 
of degree n.

Spherical harmonies and surface harmonies arise in a 
variety of physical applications of Laplace’s equation. Sur­
face harmonies also arise in connection with Poisson’s 
equation (see 317), the wave equation (see 326), the diffu­
sion equation (see 332), Schrödinger’s equation (see 338), 
and other partial differential equations.
Besselfunctions. Just as the, Laplace equations expressed 

in spherical polar coordinates lead to the Legendre equa­
tion and Legendre polynomials, its expression in cylin- 
drical polar coordinates leads to the equation known as 
Bessel’s equation. Bessel’s equation of order v is a second- 
order differential equation with variable coefficients (see 
472) and is satisfied by the Bessel function (or Bessel func­
tion of the first kind), which can be expressed as a power 
series in powers of t/2 (see 473). Jv(t) is the Bessel func­
tion of order v. Such functions were used by the German 
astronomer Friedrich Wilhelm Bessel in the 19th Century

(470) S™(9, qj) =  e ^ P ^ icos 9)

(471) R™{x, y, z) =  r ne «(cos 9)
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Neumann
functions

in problems in astronomy; they had been used earlier by 
Bemoulli and Euler.

A second solution of the equation, if v is not an integer, 
is J-V(t), leading to the general solution AJv(t) +  Ä/_v(0, A 
and B  being constants.

If v is an integer, p, the second solution is denoted by 
Yp(t), and a general solution is AJv(t) +  BYv(t). For nonin­
tegral and zero values of v, Yv(t) can be expressed as the 
difference of Jv(t)cos(vn) and J-V(t), divided by sin(v7t) (see 
474), and is called a Bessel function of the second kind. It 
can be shown that if v tends to an integer p  (or to zero) 
in the limit, the expression gives YP(t) (or Y0(t); see 475). 
Thus AJv(t) +  BYv(t) is a general solution for all values 
of v. Bessel functions of the second kind are sometimes 
called Neumann functions. The functions H\(t), defined 
as the sum of Jv{i) and iYv(t), and Tf(t), defined as their 
difference (see 476) are called Hankel functions, after the 
19th-century German mathematician and historian Her­
mann Hankel, or Bessel functions of the third kind.

If t is replaced by it (in which i =  >/—!), the differential 
equation is the modified Bessel equation and its Solutions 
are modified Bessel functions (of the first and second 
kind) of which Iv(t\ the modified Bessel function of the 
first kind, is the product of (i)~v and Jv(it), and Kv(t), the 
modified Bessel function of the second kind, is defined in 
terms of Iv(t) and (sin vn)~x (see 477). If v is an integer p, 
Kp{t) is the limit of the expression.

Bessel functions are widely used in physics, especially 
in problems in potential theory and diffusion. They fre­
quently arise in problems involving cylindrical boundaries 
and are sometimes called cylinder functions.
Hermite polynomials. Hermite polynomials are defined 

in terms of the derivatives of exp (—x 2) for nonnegative 
integers n (see 478). They are Solutions of Hermite’s equa­
tion, named after the 19th-century French mathematician 
Charles Hermite. This is a reduced form of Schrödinger’s 
equations and is used in wave mechanics, especially in 
the theory of wave functions of the harmonie oscillator. 
Hermite’s equation, also, is a second-order differential

equation, with the coëfficiënt of the first derivative being 
—2x (see 479).

Orthogonal polynomials. Hermite polynomials are ex­
amples of orthogonal polynomials. A system of polyno­
mials Pn is orthogonal on the interval (a, b) with respect 
to a weight function w(x) if the integral over the interval 
of the product of two elements of the system, Pn(x) and 
Pm(x) and the weight w(x), equals zero whenever m and 
n are not equal (see 480). The system is orthonormal if 
it is orthogonal and normalized by the integral over the 
interval of the product of the square of Pn(x) and w(x) 
being equal to unity (see 481).

Hermite polynomials are orthogonal on the interval 
(—oo, °°) with a weighting function of exp (—x2). Other 
Systems of orthogonal polynomials exist. For example, 
Legendre polynomials are orthogonal in the interval (—1, 
1) with a weighting factor of 1. The Laguerre polynomi­
als (named after the 19th-century French mathematician 
Edmond Laguerre), the nth. of which is defined as the 
product of ex and the nth derivative of x ne~x (see 482), 
are orthogonal over the interval (0 , °°) with a weighting 
factor of e~x (in some cases more general functions with a 
weighting factor of x ne~x are called Laguerre polynomials). 
These polynomials are Solutions of Laguerre’s equation 
(see 483). This, like Hermite’s equation, is used in wave 
mechanics. The associated Laguerre polynomials L  '"(x) 
are defined by L  ™(x) being equal to the mth derivative of 
the nth Laguerre polynomial (see 484), and they, in turn, 
satisfy the associated Laguerre equation (see 485). (Ed.)

FOURIER ANALYSIS
Fourier analysis, one of the most important tools of math­
ematics and mathematical physics, arose originally from 
Problems involving vibrating cords as studied by Leonhard 
Euler and Daniel Bemoulli in the 18th Century. The sub­
ject was named for Jean-Baptiste-Joseph Fourier, whose 
work on the representation of mathematical functions as 
sums of trigonometrie functions was published in his Thé­
orie analytique de la chaleur (The Analytical Theory o f 
Heat) in 1822.

FOURIER SERIES

An infinite 
series of 
trigono­
metrie 
functions

Fourier series are a particular case of the general class of 
series of functions discussed in the section Infinite series 
above.

An infinite series of the form of a sum composed of a 
constant term and weighted trigonometrie functions with 
angles x, 2x, and so forth (see 486) is called a trigonometrie 
series. The quantities a0, au b{, a2, b2, . . . are constants 
and x takes values between —<» and +°°. If the series 
converges for all values of x, and f ix )  denotes the sum 
of the series, then /(x ) is periodic with a period 2n, be­
cause replacing x by x +  2n does not change the series. If 
both sides of ƒ  (x) =  V2 a0 +  (a{ cos x  + b{ sin x) +  • • • are 
multiplied by cos nx or sin nx and the result is integrated 
over the interval (0 , 2n), then two integral expressions for 
the an and bn involving the function ƒ  and a trigonometrie 
function are obtained (see 487); this argument is purely 
formal (it is justified if the series converges uniformly, or

(486) \ a 0 + (a! cos x  +  bx sin x)

+  (a2 cos 2 x +  b2 sin 2 x) +  • • •

even in some more general case). It suggests, however, an 
interesting problem. If for any periodic function ƒ  (x) with 
period 2n the numbers an, bn are computed by means of 
the integral formulas to form a series (see 486), does the 
series so defined represent the function /(x)? The numbers 
obtained from the formulas (487) are called the Fourier 
coefficients ofƒ  (x) and the series (486) is the Fourier series 
of /(x). The fact that, subject to suitable conditions on 
ƒ  (x), this problem admits of an affirmative answer is one 
of the main achievements of the theory.
Although Fourier series originated in mathematical Historical 

physics, their influence upon the development of analysis develop- 
has been almost as great. Very often they appear there in ment of 
a more general form, as orthogonal series (see below), and Fourier 
provide a unifying link in Such mathematical theories as series 
differential and integral equations and analytic functions.
Especially important are trigonometrie (and, in particular,
Fourier) series for the theory of analytic functions because 
for z =  elx the real part of the power series, which is a 
power series in z with complex coefficients (see 488), is 
the series already obtained (see 486). Thus trigonometrie 
series are real parts of power series, and so form a bridge 
between real and complex functions. Aside from the value 
of trigonometrie series as a method of investigation, they 
have played a great role in the historie development and 
clarification of various mathematical concepts, some of 
them quite abstract. A few examples may suffice.

Already in the days of its inception in the 18th Century, 
the theory of Fourier series stirred controversies in con­
nection with the notion of mathematical function. The 
general attitude at that time was to call /(x )  a function if 
/(x ) could be represented by a single analytic expression 
such as a polynomial, a power series, or a trigonomet­
rie series. If the graph o f / ( x )  were arbitrary—e.g., a 
polygonal line—ƒ  (x) would not have been accepted as a
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function. So it came as a shock to many when the dis­
covery of Fourier series showed that many such arbitrary 
graphs could be represented by trigonometrie series and 
so should be treated as functions. It took a long time 
before the matter was clarified, and it was not merely a 
coincidence that the now universally adopted definition 
was first formulated in 1837 in a memoir of Dirichlet, 
devoted to the theory of Fourier series. (Incidentally, this 
memoir contains the first rigorous proofs of the represen­
tation of functions by their Fourier series. The work of 
Fourier himself and of his predecessors was rather formal.) 
Another instance of application of trigonometrie series to 
the theory of functions is due to Weierstrass, who in 1861 
gave the first example of a continuous function without 
a derivative at any point. Weierstrass’ function was given 
in the form of a trigonometrie series, and it exemplified 
the general fact that trigonometrie series are particularly 
useful in the construction of functions with various pecu- 
liarities. Another much more important example of the 
influence of Fourier series may be found in the history of 
the notion of integral. On account of previous formulas 
(see 487), this notion is a prerequisite to that of Fourier 
series. It is therefore interesting that the classical definition 
of integral due to Riemann (usually given in textbooks of 
calculus) was for the first time expounded in 1854 in his 
fundamental paper Über die Darstellbarkeit einer Funk­
tion durch eine trigonometrische Reihe (“Conceming the 
Representation of Functions by Trigonometrie Series”). 
The ideas contained in that paper influenced the work of 
Georg Cantor conceming the uniqueness of the represen­
tation of a function by a trigonometrie series. Cantor had 
to consider various sets of points that would not interfere 
with the uniqueness of representation. Starting from sim­
plest cases he tried to master the structure of such sets— 
sets of uniqueness (see below Uniqueness o f representation 
by trigonometrie series). He was not completely successful, 
but his investigations led him to the general theory of 
sets, and in particular of point sets, one of the greatest 
mathematical discoveries of the 19th Century. His results 
have permeated and changed the aspect of many mathe­
matical theories. The theories of measure and of integral 
developed later by Émile Borel and Henri-Léon Lebesgue, 
so fundamental in mathematical analysis, are based on 
Cantor’s work on the theory of sets.

Particularly important is the work of Lebesgue, who 
put Fourier series on a new basis through his theory of 
integral. Though more general definitions of integral are 
possible, and though some of them are of interest for 
Fourier series, Lebesgue’s definition is the most appro­
priate and is almost universally adopted in research. In 
this connection a French mathematician, Arnaud Denjoy, 
showed with a definition of integral more general than that 
of Lebesgue that an everywhere-convergent trigonometrie 
series is always the Fourier series of its sum. Important for 
Lebesgue’s theory is the notion of set of measure zero. A 
point set S  situated, for example, on a straight line is said 
to be of measure zero if S  can be covered by a finite or 
infinite system of intervals of total length arbitrarily small. 
In Lebesque’s theory, sets of measure zero are considered

as negligible, and if a certain property holds for all points 
except those forming a set of measure zero, that property 
is said to hold almost everywhere.

Convergence and divergence of Fourier series. If ^(x) 
denotes the sum of the first n +  1 terms of the Fourier 
series (486), using the integral formulas (487), sn as a 
function of x  is a definite integral from zero to 2n with 
integrand formed with the function ƒ  and certain sine 
function expressions (see 489), a formula basic for Fourier 
series. It may be proved that as n increases indefinitely 
sn(x) tends to /(x ), provided the function f( x )  satisfies cer­
tain conditions. For example, if the graph of the function 
ƒ  (x) in the interval 0 < x  < 2n  has only a finite number of 
maxima and minima (Dirichlet’s condition), the Fourier 
series of ƒ  (x) converges to f ( x )  at every point of continuity 
of the function. At points x  at which such a function is 
discontinuous, the Fourier series also converges, its sum 
being [ ƒ  (x +  0 ) +  ƒ  (x — 0 ) ] / 2  in which ƒ  (x +  0 ) represents 
the limit of the function at the point x  from the right, and 
ƒ  (x — 0) a similar limit from the left. Another condition 
ensuring the convergence of the Fourier series to sum ƒ  (x) 
is the convergence of a definite integral from zero to n 
with integrand formed in terms of the function ƒ  and vari­
able x  (the Dini condition; see 490). It certainly is satisfied 
at every point at which the function ƒ  (x) is differentiable. 
These and all other known conditions for convergence are 
sufficiënt conditions only. Conditions that would be both 
necessary and sufficiënt (and would not be trivial tautolo- 
gies) are not known. That mere continuity of the function 
is not sufficiënt to ensure the convergence of the Fourier 
series was shown by the German Paul David Gustave du 
Bois-Reymond in 1873. He constructed a continuous func­
tion for which the Fourier series diverges at some points. 
Whether the Fourier series of a continuous function must 
converge at least almost everywhere, that is, everywhere 
except possibly for a set of points of measure zero, was for 
a long time an unsolved and tantalizing problem. In 1966 
it was shown by the Swedish mathematician Lennart Axel 
Edvard Carleson that it is actually so, a major achieve­
ment of mathematical analysis. More generally, Carleson 
showed that the Fourier series of any integrable (in the 
Lebesgue sense) function ƒ  (x) the square f 2(x) of which 
is also integrable must necessarily converge almost every­
where. Using his method, the American mathematician 
Richard Hunt proved in 1967 that the same conclusion 
holds if |/(x) \p is integrable for some p  strictly greater than 
1. That the result fails for p — 1 was shown in 1926 by the 
Soviet mathematician Andrey Nikolayevich Kolmogorov, 
who constructed an integrable function the Fourier series 
of which diverges at each point. These results basically 
settle the problem of convergence almost everywhere of 
Fourier series.

Summability of Fourier series. The fact that Fourier 
series of continuous functions need not converge every­
where endangered the whole theory of the representation 
of functions by their Fourier series. The Situation was 
salvaged by the Hungarian mathematician Leopold Fejér 
in 1900, who showed that the Fourier series of a contin­
uous function f(x )  is summable to f(x )  by the method 
of the arithmetic mean. More precisely, if s„(x) has the 
same meaning as above, the expression in which on as a 
function of x is an arithmetic average of terms expressed 
as sn(x) (see 491) tends to /(x )  at every point of continuity 
of the function. Following this, Lebesgue proved that for 
every integrable function /(x )  the expression cr„(x) tends 
to f{x )  almost everywhere. This again put the theory on a 
firm basis, and at the same time showed that summability 
rather than convergence is important for Fourier series. 
Using formulas already given (see 489, 491) leads to an 
expression in which on as a function of x is an integral 
from zero to 2n with integrand expressed in terms ofƒ  and 
certain sine functions (see 492), but there is one essen­
tial difference. The factor sin2 r/2 (n + \)t/2(n + l)sin2 lht, 
called Fejér’s kernei, is nonnegative, whereas the factor sin 
(n +  l/i)t/2 sin1 ht, Dirichlet’s kernei, is of variable sign. 
This positive character of Fejér’s kemel is responsible for 
many properties of the expressions tr„(x), and in particular 
for the fact that they represent ƒ  (x) better than the sn(x) do.

Besides the method of the arithmetic mean, many other
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gence
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methods of summability have been applied to Fourier 
Abel’s series. The most important of them is the method of Abel 
method that defines the sum of Fourier series (see 486) as the limit 

of the expression that is a power series in r with typical 
coëfficiënt expressed in terms of cosine and sine (see 493), 
in which r tends to 1 through values less than 1. The last 
expression may be written as a definite integral from zero 
to 2n with integrand composed of the function ƒ  and a 
function involving cosine and the variable r (see 494) and 
is called the Poisson integral of /(x). As r approaches 1, it 
tends to ƒ  (x) at every point of continuity of the function 
(or almost everywhere, if ƒ  (x) is merely integrable).

Conjugate series and functions. For z =  e ix the real part 
of a power series (see 488) is the trigonometrie series (see 
486). The imaginary part is a trigonometrie series, a sum of 
terms with typical member composed of the sine and the 
cosine (see 495), called the conjugate of the series (486). 
Suppose that there is the Fourier series of a function ƒ  (x) 
(see 486); the conjugate series is then almost everywhere 
summable by the method of the arithmetic mean, or by 
the method of Abel, the generalized sum being equal to 
the definite integral from zero to n with integrand con­
structed of the function ƒ  and the tangent (see 496).
This integral is called the function conjugate to f (x )  

and will be denoted by f(x). The fact that for every in­
tegrable function f{x )  the integral (see 496) exists almost 
everywhere is a very remarkable property that is far from 
obvious even in the case in which f{x)  is continuous. 
Even in this special case, the integral (496) need not exist 
everywhere; it is a curious fact that continuous functions 
may have certain metric properties almost everywhere, 
without having them everywhere. Conjugate series are a 
link between trigonometrie series and power series. They 
are also of importance for the theory of Fourier series 
because there seems to be a close relation between the 
behaviour of the partial sums of Fourier series and the 
behaviour of certain conjugate functions. As a matter of 
fact, the proofs of the theorems of Carleson and Hunt (see 
above) strongly use refined results on conjugate functions. 
The function conjugate to an integrable function ƒ  (x) need 
not be integrable. Thus the series conjugate to the Fourier 
series of ƒ  (x) need not be a Fourier series.

Parseval’s formula. Suppose that one has the Fourier 
series of f ix )  (see 486). If in the formula f { x ) ~  lh  ö0 +  
(ax cos x-\- bx sin x) +  • ■ - both sides are squared and 
the result is integrated over the interval 0  < x  < 2n, then 
a definite integral from zero to 2n of the square of the 
function ƒ  is equal to an infinite sum with typical term 
composed of the square of ak plus the square of bk (see 
497), called Parseval’s formula after Marc Antoine Par­
seval (1755-1836). The above argument was formal, but 
rigorous proofs are available to show that the formula is 
valid for any function f( x )  such that f 2(x) is integrable.

Thus the Fourier coefficients aQ, ax, bx, . . .  of any such 
function have the property that lL{a2 +  bn2) is finite. That 
the converse is true was proved by the mathematicians 
Frigyes Riesz and Emst Sigismund Fischer in 1907. The The Riesz- 
Riesz-Fischer theorem, which is one of the great achieve- Fischer 
ments of the Lebesgue theory of integration, asserts that, theorem 
given any sequence of numbers a0, ax, bx, a2, b2, . . .  such 
that the series X(a„2 +  b 2) converges, there is always a 
function f(x )  having the numbers a0, ax, bx, . . .  as Fourier 
coefficients and such that f 2(x) is integrable. This function 
is unique. Thus, the theorems of Parseval and of Riesz- 
Fischer give a very simple characterization of functions 
with integrable squares in terms of their Fourier coeffi­
cients. There is no other class of function that has a char­
acterization of comparable simplicity and completeness.

Uniqueness of representation by trigonometrie series.
Can a function be represented by two different and ev- 
erywhere-convergent trigonometrie series? By taking the 
difference of two such series, the problem may be restated 
as follows. Can a trigonometrie series not identically zero 
{i.e., a series the coefficients an, bn of which are not all 
zero) converge everywhere to zero? That this is impossible 
was proved by Cantor. His result is the simplest theorem 
on the uniqueness of the representation of a function by a 
trigonometrie series. A point set S  situated in the interval 
0 < x ^  2rc is called a set of uniqueness (set U, for brevity) 
if every trigonometrie series convergent to zero outside S  
is identically zero. Otherwise, the set S  will be called a 
set of multiplicity (set M), and there will be trigonometrie 
series convergent to zero outside S, but not identically 
zero. Generalizing the result just stated, Cantor proved 
that every set S  consisting of a finite number of points, 
and even certain infinite sets, are sets U. It may be shown 
that every set U must be of measure zero, but it is remark­
able that among sets of measure zero are found sets U as 
well as sets M. The problem of characterizing sets U and 
M  in structural terms was still unsolved in the mid-1970s.
One of its implications is that from the point of view of 
trigonometrie series the notion of set of measure zero is 
too general, and that special classes of such sets may be of 
particular importance.
Trigonometrie interpolation. A finite sum, a sum from 

k = 1 to n of weighted trigonometrie terms (see 498), is 
called a trigonometrie polynomial of order n (or less, if Trigono- 
both an and bn are zero). A trigonometrie polynomial of metric 
order n has 2 n +  1 coefficients a0, ax, bx, . . . ,  an, bn, and poly- 
it can be shown that if 2n +  1 distinct points (see 499) nomials 
are fixed in the interval 0  < x  <  2  n, there is always a 
trigonometrie polynomial of order n or less that takes pre­
scribed values at these points; moreover, this polynomial 
is unique. Consider now a function ƒ  (x) defined on the in­
terval (0 , 2n) and take the trigonometrie polynomial T(x) 
of order n that coincides with /(x )  at certain points (see 
499). Such a polynomial is called an interpolating polyno­
mial for /(x). Suppose now that n increases indefinitely; 
does the polynomial T(x) approach the function ƒ  (x) at all 
points? This must depend on the geometrie configuration 
of the points (see 499) and the answer is not known in füll 
generality. If, however, the points (see 499) are assumed 
distributed equaliy to form an arithmetic progression with 
difference 2n/(2n 4- 1), and if the function /(x ) satisfies 
some smoothness conditions {e.g., is differentiable), then 
the answer is affirmative, and the whole problem has 
points in common with the theory of Fourier series.

Orthogonal series. Fourier series as defined above are 
a special class of more general series. Suppose that in an 
interval a < x  < b there is a fixed set of functions ^(x),
<p2{x\ . . .  with the integrals involving the product of the 
functions (pm(pn, being zero if m is not equal to n and being 
a constant, Xn, if m  equals n (see 500) for all m and n.
Such sets of functions are called orthogonal. If a function 
/(x ) has a representation /(x )  =  cx (px(x) +  c2(p2{x) + ' • • • ,  
then, multiplying both sides by (pn{x), integrating over x  in 
the interval {a, b), and using orthogonality (see 500) for­
mally leads to the equation in which cn is a definite integral 
from a to b involving the function ƒ  and the function (pn 
(see 501) for all n. Conversely, given any function /(x), 
the latter formulas may be used to construct the series 
cx(px{x) +  c2(p2{x) +  • • • , and it may be asked whether this
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series actually represents ƒ  (x). This last series is called the 
Fourier series of f (x )  with respect to the orthogonal Sys­
tem (pu q>2, -----Trigonometrie Fourier series are obtained
if for <pl9 <p2, . . .  the system 1, cos x, sin x, cos 2x, sin 
2x, ..  . is taken, and for (a, b) the interval (0, 2n). Many 
other orthogonal Systems are of considerable importance 
for mathematics.
In the definition of orthogonality (see 500), it was tac- 

itly assumed that the functions were real-valued. If the 
functions (p{, q>2, . . .  are complex-valued, the definition 
(500) must be slightly modified, and certain requirements 
must be met conceming two integrals involving <pm and 
(pn (see 502), in which (pn is the conjugate (in the sense of 
complex numbers) to (pn. The Fourier series is, as before, 
cx(px{x) +  c2(p2(x) +  • • •, but now the Fourier coefficients 
are cn as a definite integral from a to b of the function ƒ  
and a weighted term composed of <pn (see 503). The most 
important special case is that of the System einx(n =  0 , 
± 1 , ± 2 , . . . )  that is readily seen to be orthogonal over 
(0, 2n), with all Xn = 2n. This system is called the complex 
trigonometrie system. The Fourier series of a function ƒ  (x) 
defined in the interval (0 , 2n) is a sum with integer index 
ranging from minus infinity to plus infinity with Sum­
mand of exponential type and coëfficiënt cn, the coëfficiënt 
determined by an integral (see 504). The latter series is 
called the complex Fourier series of ƒ  (x) and is meant as 
a sum including a constant term and terms of exponen­
tial type and negative exponential type (see 505). It can 
be shown that this series is nothing eise but the Fourier 
series (486) with coefficients given by the familiär formula 
(487). Hence, except for notation, complex Fourier series 
are the same as ordinary trigonometrie Fourier series, but 
the complex form sometimes simplifies proofs.

Fourier integrals. Fourier series are used for the repre­
sentation of periodic functions. For the study of a nonpe- 
riodic function ƒ  (x), the Fourier integral of ƒ  (x) is used. It

has the form of an integral from zero to infinity with inte­
grand composed of functions a and b and functions cosine 
and sine (see 506), in which a(u) and b(ü) are defined by 
the formulas in which a as a function of u is expressed as 
an integral involving ƒ  and the cosine, b as a function of 
u is expressed as an integral involving ƒ  and the sine (see
507) . The integral (506) is analogous to the series (486), 
the only difference being that instead of summation there 
is integration. The functions a(u) and b{ü) are analogues of 
Fourier coefficients and are called the Fourier transforms 
of ƒ  (x). Under very general conditions, the integral (506) 
actually represents /(x ), the proofs being similar to the 
corresponding proofs in the case of Fourier series.

Multiple Fourier series. If (px(x), <p2(x) , . . .  is an or­
thogonal System over an interval a < x < b ,  and if y/x(y), 
y/2{y),. . .  is another orthogonal system over an interval 
c < y <d, then it may be shown that the double system 
(Pm(x)y/n(y) (in which m, n=  1, 2 , . . . )  is orthogonal over 
the rectangle a < x < b , c < y < d  of the plane, and a 
function ƒ  (x, y) defined in this rectangle can be developed 
into a double Fourier series, a double sum with summand 
composed of a product of a constant, the function q>m, and 
the function \j/n, two variables x and y  being involved (see
508) . The most interesting case occurs when both Systems 
q>m and y/n are complex trigonometrie Systems. The Fourier 
series is then a double sum with summand composed 
of a coëfficiënt with double index and exponential with 
complex argument depending upon x and y  (see 509). 
Similarly, triple Fourier series can be considered, and so 
on. The problems conceming the behaviour of multiple 
Fourier series are usually much more difficult than those 
of ordinary Fourier series.

The integral (506) can also be written in the form of a 
definite integral from minus infinity to plus infinity with 
integrand of exponential complex type and coëfficiënt 
determined by an integral again of exponential type (see 
510), which is an analogue of a complex Fourier series. 
Multiple Fourier integrals are also considered (analogues 
of multiple Fourier series) and have become a very im­
portant tool in various branches of analysis.

(509) y  cm n ei(mx+ny)
m  =  —00 n = —00

(510)
r+oo /•+«,
1 c(ü)eixudu, in which c(w) =  2 ^ J f ( t ) e iutdt

(511) F{x)=  [Xf(y)dy  
J a

(512) F (x)=  f  h(y)f(y)dy 
J a

(513) <!>(x) =  f  K(x, y)f(y)dy, c < x ^ d  
J a

(514) F(x) =  f  f(y )d y  
J a

(515) K(x, y) = H x -  y)

(516) ® ( x ) = f  k ( x - y ) f ( y ) d y

(517) <b = k * f

(518) / ( * ) - ( 2k)-|/2 f" e-**f(y)dy
J  —00

(519) K(x, y) =  (2n)~l/2e~ixy

(520) \e~ixy\ =  1



502 Analysis

Function 
K, the 
kemel

HARMONIC ANALYSIS AND INTEGRAL TRANSFORMS
It usually happens in mathematical analysis that certain 
given functions are to be operated on, and other functions 
or numbers are thus obtained. Often, the operations used 
involve integration, and here is found a very general class 
of operators, the so-called integral transforms. The sim­
plest integral transform is the Operation of integrating. If ƒ  
is a function defined on the interval [a, b], a new function 
F  on [a, b] can be defined (see 511). A somewhat more 
general example arises if ƒ  is multiplied by another func­
tion h(y) before integrating: F  is expressed as a definite 
integral from a to b with integrand ƒ  multiplied by h, each 
being functions of the variable of integration (see 512).

The following Situation already embraces quite a number 
of important integral transforms: if the function ƒ  (y) is 
given in the interval a < y  < b, and K(x, y) is a function 
of two variables, defined when a < y  < b and c <  x  <  d, 
then O as a function of x  is an integral from a to b 
with integrand a product of terms including K  with two 
arguments and the function ƒ  with a single argument (see 
513). This is an integral transform of ƒ  iy) by means of the 
function K, which is called the kemel. [Here K  is regarded 
as fixed, and the integral transform (513) is regarded as 
an Operation that can be performed on any one of a large 
class of functions ƒ  yielding for each appropriate ƒ  a new 
function O.] The Operation F  as a function of ƒ  equal to 
an indefinite integral of the function ƒ  (see 514) is merely 
a special case of the integral transform (513), in which 
K(x, y )=  1 if y  < x  and K(x, y) =  0 if y  >  x. By consider- 
ing a variety of kemels K, a number of important classical 
integral transforms are obtained, some of which will be 
discussed below.

The definitions given above may be generalized in var­
ious ways, one of which is to use functions ƒ  of several 
variables (see below). In many important special cases of 
the integral transform (513), the intervals [a, b\ and [c, d] 
are replaced by the whole real line (—°°, <»), or a half-line, 
such as [a, °°).
At this stage in the discussion, two technical points 

should be mentioned. First of all, there may be a restric­
tion to real-valued functions ƒ  (y) and K(x, y), or more 
generally to functions ƒ  (y) taking complex values, ƒ  (x) =  
u(x) +  /v(x), and likewise for the kemel K. It is preferable 
to adopt the latter point of view, especially because op­
erations performed on real-valued functions often lead to 
complex-valued functions anyway. A more delicate point 
is the notion of integral to be employed. In many cases, 
especially in practical applications, it is enough to deal 
with the classical Riemann integral, or with the improper 
Riemann integral, for example, when functions are inte­
grated over infinite intervals. In most instances, however, 
coherence and generality are best achieved by introduc- 
ing the notion of integral due to Lebesgue (see above 
Real analysis: Measure and integral calculus). To help 
the reader not familiär with Lebesgue’s theory, this point 
will not be stressed, and only in the cases in which the 
mathematical results depend most strongly on Lebesgue 
measure or integration will the fact be indicated.

Convolution. Before passing to various special cases, 
one very important type of integral transform will be in­
dicated. If ƒ  (y) is a function defined in (—°°, °°), and k(x) 
is another (fixed) function defined in (—°°, <»)5 then the 
kemel K  as a function of x and y equal to a function of the 
difference of the arguments (see 515) may be considered. 
In this case the transform (513) takes the form in which 
O as a function of x  is a definite integral over the entire 
real line of the product of the function k  and the function 
ƒ  (see 516). This integral (assuming it converges) is called 
the convolution of the functions ƒ  and k  (see 517). The 
centred asterisk symbol for convolution resembles that of 
the centred dot for multiplication; and there is actually 
a close connection between the two notions, as will be 
indicated below. The convolution is an integral transform 
occurring often in analysis. Usually, after fixing the kemel 
k, a class of functions ƒ  is considered, and the effect of 
the transform investigated, in order to determine which 
properties of functions ƒ  are preserved and which prop­
erties changed, and in what way. Below are considered a 
number of important special cases.

The Fourier transform. As a second example of an in­
tegral transform, the Fourier transform is now introduced, 
initially of a function of a single variable. Ifjf(y) is a given 
function defined in the interval (—», o°)? ƒ  is a definite 
integral over the entire real line in which the integrand is 
composed of a product of a negative complex exponential 
and the function /(see  518), in which x  is a real variable 
and ƒ  is called the Fourier transform of ƒ  The Fourier 
transform is an integral transform of the form already 
discussed (see 513), with kemel of the form in which K  
as a function of two variables is of exponential type with 
negative complex unit multiplied by the product of the 
variables in the argument (see 519). In view of the fact 
that the absolute value of the negative complex exponen­
tial is unity (see 520), the integral defining ƒ  (x) converges 
for all values of x  and represents a continuous function 
of x, provided ƒ  is absolutely integrable over (—°°, °°). In 
this case it can also be shown that f ( x )  tends to zero as 
x  tends to ±°°. The Fourier transform also exists in some 
cases in w hich/is not necessarily absolutely integrable on 

°°). Thus ƒ  is an integral transform that makes sense 
for a large class of functions f; the study of this trans­
form and its generalizations is called harmonie analysis.
It should be added that certain variants of the definition 
(518) are sometimes useful and frequently occur in the lit­
erature. Thus the Fourier transform is sometimes defined 
by the equation in which ƒ  is a definite integral extended 
from minus to plus infinity of the complex negative ex­
ponential in which the variables appear as products (see 
521), or by omission of the minus sign in the exponent.
But adherence here is to the definition (518).
The main questions to be studied are: What are the Fourier 

properties of ƒ  in terms of those of /  or of ƒ  in terms of transforms 
f ;  and also, can ƒ  be found if ƒ  is known (the problem of and 
in version of the Fourier transform)? Typical properties of in versions 
interest are the size and the smoothness of a function. The 
former question is considered first.
The simplest way of measuring the size of a function 

is by giving its bounds, A < ƒ  (x) < B. (Upper and lower 
bounds may be given if ƒ  is real-valued; bounds for j ƒ  | 
may also be considered if ƒ  is complex-valued.) Other 
estimates, however, especially in the case of unbounded 
functions, can also be used. If p  is a fixed positive number,
L p [a, b] represents the class of functions ƒ  on [a, b\ for 
which the definite integral from a to b of the pth power of

(521)
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(523)

(524)

(525)
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the absolute value of ƒ  is finite (see 522). In this case, the 
pth root of the integral from a to b of the pth power of 
the absolute value of ƒ  (see 523) may serve as a measure 
of the size of ƒ  It will be called the pth norm, or Z^-norm, 
of /  denoted by \\f\\p. (For the sake of economy, [a, b] 
are not displayed in the symbol for the norm o f / )  The 
functions ƒ  and g  may be considered close to each other if
|| ƒ — g  || p is small. If || ƒ — g || p is regarded as a measure 

of the distance from ƒ  to g, it is natural to expect that the 
pth norm of the difference between ƒ  and g is less than 
or equal to the sum of two such norms involving a third 
function h (the triangle inequality; see 524) for any three 
functions ƒ  g, and h. Indeed, this inequality holds, pro­
vided p  > 1. In the vast majority of uses of L p in analysis, 
it is customary to consider only the case p > 1 ; this will 
be the assumption below.

It would probably be beneficial to acquaint the reader 
further with L p[a, b] (see 525) by means of some sim­
ple examples. On a finite interval, say 0 <  x < 1, every 
bounded function ƒ  belongs automatically to L p, because 
the integral from 0  to 1 of the pth absolute value of ƒ  
is less than or equal to a constant, which is less than 
infinity (see 526), if M  is an upper bound for | ƒ  |. In 
addition, certain unbounded functions also belong to L p. 
If f s (x) =  xrö, with 0 <  x  <  1 , and S >  0 fixed, then each 
fs  is unbounded; as x  tends to zero, f s (x) tends to infinity. 
If/ ,  is compared with fs2 where say Sx > S2, however, then 
it is found that f s x{x) goes to infinity as x tends to zero 
more rapidly than does fs2 (x). Now it may be shown that 
fs belongs to L p for p < \/S ,  but not for p > \/ö. Thus, an 
unbounded function may belong to L p, but, if so, it may 
not tend to infinity too rapidly. As p  increases, more and 
more functions are ruled out as being too large for L p, so 
that fewer functions belong to L p.

Having considered the ZAclasses in general, an impor­
tant special case can now be mentioned, namely, p = 2 .

Use of L 2 The class L2 is of fundamental importance in analysis.
functions To understand the special significance of L2, it is possible 

to begin with the formula for the distance between two 
functions ƒ  and g in the L 2 sense for the range a to b, 
the squared norm identified with the difference of two 
functions expressed as a square root of the integral of the 
square of the function (see 527). This equation is very 
similar to the Pythagoras formula

W X - Y ^ f j x - y ^ y

for the distance between two points (see 528) in «-dimen­
sional Euclidean space. This similarity suggests a way of 
understanding L 2[a, b\. functions f  g, etc., may be re­
garded as points that lie in a space H  =  L2[a, b], and the 
geometrical properties of H  may be studied almost as if 
H  were merely Euclidean space. Because of the similarity 
of the distance formulas noted above, virtually all of clas­
sical Euclidean and coordinate (analytic) geometry can be 
carried out in the setting of L2[a, b]. Furthermore, the 
geometrie insights thus gained into the structure of L2 can 
be applied to numerous concrete problems throughout 
analysis. For other ZAclasses (p #  2), the present state of 
geometrical understanding is relatively crude, and conse- 
quently many simple theorems on L 2 functions become 
more difficult when generalized to L p. As a result, it is 
preferable to use L 2 as much as possible.

In the above, the notion of the Fourier transform was 
introduced. For which functions ƒ  does the definition (518) 
ofƒ  make sense? A great deal of work has been done on this 
problem, and a few highlights can be mentioned briefly. 
Suppose /belongs to L p{— °°). If p =  1, the integral in 
the definition of ƒ  (see 518) exists as an absolutely conver­
gent integral for each point x. The Situation is somewhat 
different if p is greater than 1. Restriction may be made 
initially to p = 2 , which is in many ways the central case 
of the theory.

To define the Fourier transform of an L2 function, con­
sider the partial integral in which /  as a function of x  
is a definite integral from minus to plus M  in which the 
integrand is a product of a negative exponential and the 
function ƒ  (see 529). (This integral is absolutely conver­

gent for all finite M.) It can be shown that f M belongs to 
Z2(—°o, co) for each fixed M, and that as M  tends to infin­
ity, the f M tend to a limit in an appropriate sense. One way 
to express precisely the convergence of the f M to a limit 
is as follows: There is one (and only one) function ƒ  in 
L 2(—oo, oo) for which the distance \\fM — J  | |2 tends to 
zero as M  tends to infinity; the function ƒ  is called the 
Fourier transform of /  Thus, the Fourier transform makes 
sense for all L 2 functions.
The action of the Fourier transform on L2{—o°, <») has 

been exhaustively studied by making use of the geometrie 
properties of Z2(—o°, oo) already alluded to above. The 
main point of the ZAtheory is Michel Plancherel’s cele­
brated formula, which may be stated thus: a function ƒ  inA 
L 2 (—oo, oo) is considered. By what has been said above, ƒ  
also belongs to L 2. By means of the Plancherel formula, it Plancherel 
is possible to predict exactly the size of ƒ  in terms of that formula 
of ƒ  The formula States that two integrals are identified, 
each extended over the entire real line and each with in- 
tegrands of the type absolute value of a function squared, 
one function being ƒ  and the other ƒ  (see 530). Thus ƒ  
and ƒ  have the same ZAnorms. A closely related theorem 
asserts that an arbitrary function g in L 2(—°°, °°) can be 
written as the Fourier transform of some function ƒ  in 
Z2, f = g, and that there is only one ƒ  that serves. It will 
be explained presently how to calculate ƒ  for any given g.
These results determine completely the behaviour of the 
Fourier transform on L 2(—°°, oo).
The solution to the problem of inversion of the Fourier 

transform will now be stated; i.e., an explicit formula will 
be given for a function ƒ  in terms of its Fourier transform 
/  Define the function g(x) such that g  is definite integral 
from minus infinity to plus infinity of a product of a 
complex exponential and the function g  (see 531). This 
Operation differs from the Fourier transform only in the 
negative sign in the exponential and is called the inverse 
Fourier transform. Just as for the Fourier transform, the 
integral in the definition of g  (see 531) is absolutely con­
vergent if g is absolutely integrable, while if g belongs 
to L 2(—oo, oo) partial integrals (see 532) may be formed 
and the limit obtained in the sense described above in 
connection with f M. Just as was seen above, the inverse 
Fourier transform sends L 2 functions to L 2 functions and 
satisfies an equation in which two integrals are equal, 
each extended over the entire real line, each having as 
integrand an absolute value of a function squared, one 
function being g and the other g (see 5 3 3 ).

The connection between g and the problem of invert- 
ing the Fourier transform is as follows: Every function 
ƒ  in L 2{—oo, oo) is the inverse Fourier transform of itsA 
Fourier transform ƒ  In other words, written formally, f  
as a function of x  is a definite integral extended over 
the entire real line of a product in which factors are 
a complex exponential and the function ƒ  (see 534), in 
which the nonabsolutely convergent integral is defined by 
the procedure explained above. This formula, which is 
called the Fourier inversion formula, solves the problem 
of inverting the Fourier transform and thus completes

(531) gix) = f e ixyg(y)dy

(532)
fM

£m(x) = (27r) 1/2 e ixyg{y)dy
J-M

(533) J  \g(x)\2dx =  ƒ \g(x)\2dx

(534) f (x )  = (2n)-'r- J  eay f(y)dy

(535) * =  (*■> x 2y. . . , x n)

(536) y ~  (yi> y* ■ ■ ■, y„)
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coverage of the relationship between an L? function and 
its Fourier transform.

For each y, the expression eixy = cos(xy) +  i sin(xy) rep- 
Harmonic resents a harmonie oscillation in x. Hence, for each y, 
oscillations the integrand in the inverse Fourier transform (see 534) 

is a harmonie oscillation in x, and so the formula for the 
inverse (534) gives a decomposition of/in to  a sum of har­
monie oscillations. For this reason the theory of Fourier 
transforms is often called harmonie analysis.

The notion of Fourier transform that was initially con­
sidered for functions of a single variable can be extended 
to functions of several variables. If x denotes a point 
in the «-dimensional Euclidean space R n, then x can be 
treated as an «-tuple of real numbers (the coordinates of 
x; see 535). Correspondingly, /(x ) may be written for a 
function of « real variables / ( x , , . . . ,  x„). Similarly, the 
vector y  has « components yk (see 536) for another point 
of Euclidean space. It should be noted that in the context 
of «-dimensional space, Xj.yk, etc., will represent real num­
bers, while x, y, etc. (without indices), will denote points 
of Euclidean space; x  + y  is defined as the «-tuple in 
which a vector has « components, each of which is a sum 
of two terms x* and yk (see 537), and ax  as the «-tuple

in which a vector has « components, each of which has 
as a factor a (see 538), which is a real number; x • y  will 
be used for the expression that is a sum of products of 
components, a typical summand being xkyk (see 539), and 
| x  | for the square root of the sum of squares of compo­
nents equal to the square root of the scalar product of the 
vector x  by itself (see 540). (In geometrie terms, |x | is 
simply the distance from the point x  to the origin.) Given 
a function f i y )  defined in R n, the Fourier transform of ƒ  
will be called the function in which the transform of ƒ  as a 
function of x  is an integral over «-dimensional Euclidean 
space with complex exponential in the integrand involving 
a scalar product and with integrand including as a factor 
f iy )  (see 541), with dy representing dyx dy2 • • • dyn. For 
« =  1 , this definition coincides with that previously given.
Just as in the one-variable case, the integral (541), suitably 
interpreted, is well defined, and the Fourier transform has 
all the various properties mentioned above for « =  1. In 
particular, the Plancherel formula holds and the Fourier 
inversion formula is obtained, in which ƒ  (x) is an integral 
over «-dimensional Euclidean space with the integrand 
containing as factors the transform of ƒ  and the complex 
exponential involving a scalar product (see 542).

A key equation shows that the transform of the partial 
derivative of ƒ  with respect to one of the variables is equal 
to a product of i times the variable times the transform of 
ƒ  (see 543), which will later be applied to partial differen­
tial equations.
Examples of Fourier transforms. A few examples of 

Fourier transforms will be given, largely restricted to the 
one-variable case. ( 1 ) I f /(x ) =  1 for x  belonging to a finite 
interval [a, b] and ƒ  (x) =  0  for x  outside this interval, 
then the transform of ƒ  is proportional to a difference of 
exponentials times the reciprocal of i times x  (see 544).
(2) The function f( x )  is called a triangulär function if 
f — 0  outside an interval [a, b], ƒ — 1 at the centre point 
c =  l/i (a +  b), and is linear in the intervals [a, c] and 
[c, b\. Then the transform of ƒ  is proportional to a product 
of three functions of x, one being algebraic, one being 
exponential, and one being trigonometrie (see 545), in 
which d = b  — a is the length of [a, b]. (3) The expression 
in which ƒ  as a function of x is a negative exponential 
with the square of x  over 2 appearing in the argument 
(see 546) is a function basic in the calculus of probability 
(see probability  th eo r y ). Then the transform of ƒ  is 
the same as ƒ  namely, the negative exponential with the 
square of x  over 2 in the argument (see 547), and so ƒ  
is its own Fourier transform. Slightly more generally, by 
setting f § as a function of x proportional to a negative 
exponential in which the reciprocal of the square of S 
appears in the argument and in which the reciprocal of ö 
is the proportionality factor (see 548), then the transform 
of /  is a negative exponential in which the square of ö is 
a factor with the square of x  in the argument (see 549); 
here can be seen an instance of an important general 
principle: As ƒ  becomes more concentrated, ƒ  spreads out.
In the present example, the graph of f s is a bell-shaped 
curve of width ö, while the graph of /  has width 1 fó.
(4) By selecting suitable ƒ  a large number of functions 
important in analysis are obtained as ƒ  Consider only one 
example. Set ƒ  as a function of x  equal to the difference of 
1 and x raised to the a — l/i power (see 550) if — 1 <  x  < 1, 
and ƒ  (x) =  0 otherwise. Then Ja as a function of x  includes 
the transform of ƒ  as a factor and x  raised to the a power 
as a factor (see 551), which is called the Bessel function 
of order a. (Here ca is a constant the value of which is of 
no present concern.) This function occurs often in math­
ematical physics and elsewhere. (5) Finally, one example 
in higher dimensions will be given. If k(x) is defined on 
R n by an equation such that k(x) is the absolute value of 
x raised to the a — n power (see 552), in which 0 < a < n , 
and the length of x  equals the square ro o /o f the sum of 
squares of the components (see 553), then k(x) =  ca \x\~a, 
in which ca is a certain positive constant. Use will be made 
of the example later.
Variants of the Fourier transform. In addition to the 

Fourier transform, harmonie analysis deals with other The 
closely related integral transforms. It is sufficiënt here to Laplace 
list only a few. (1) The Laplace transform: If f iy )  is a transform
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function defined on the interval (0, <*>), the Laplace trans­
form of f, denoted by £ƒ is given by an equation such 
that the Laplace transform of ƒ  as a function of x is a 
definite integral from zero to infinity in which the nega­
tive exponential appears as a factor in the integrand and 
the product of x and y  constitutes the argument in the 
exponential, ƒ  being the remaining factor in the integrand 
(see 554), for all real or complex values of x for which 
the defining integral converges. It may be observed that 
extension of the domain of ƒ  to the whole real line by 
setting ƒ  (x) =  0  for x <  0  gives formally the equation in 
which the transform of ƒ  is proportional to the Laplace 
transform of i times x (see 555), for all real values of x. 
Thus, the Laplace transform is a natural extension of the 
Fourier transform, and for this reason the former is some­
times called the Fourier-Laplace transform. This integral 
transform is rather useful in studying ordinary differential 
equations and also in the theory of analytic functions (see 
above Differential equations: Linear differential equations; 
and below Functional analysis). (2) The Hankel transform 
of a function ƒ  defined in the interval (0 , °°) is given by 
Haf  (x) =  f 0°°Ja(xy) * (xy) 1/ 2 f(y)dy, in which J  denotes the 
Bessel function defined in the last section. This transform 
occurs in the study of those functions and equations in 
Euclidean space that depend only on the distance from 
the origin. (3) The Mellin transform of a function on 
(0, °°) is defined as M f(x) =  fo°°xltf  (t)dt for all real values 
of x. As seen below, the Mellin transform, first expressed 
by Robert Hjalmar Mellin (1854-1933), arises from the 
multiplicative structure of the real line just as the Fourier 
transform comes from the additive structure.
Convolution and the Fourier transform. The notion of 

convolution is now extended to functions of n real vari­
ables. If x =  (x l5 x2, . . . ,  x„) is an «-tuple of real numbers 
and ƒ  (x), g (x) are functions of x, then ƒ  * g as a func­
tion of x  is an integral over the «-dimensional Euclidean 
space of a product of ƒ  and g, arguments x  — y  and y 
appearing in the functions of the integrand (see 556), in 
which dy = dyx, dy2 . . .  dyn; such an expression is called 
the convolution of ƒ  and g. When « =  1 this reduces to 
the previous definition. By making a change of variable 
z =  x — y, dz = dy, this integral may be written in the 
form of an integral over «-dimensional Euclidean space of 
the product of ƒ  and g, the variables z and x — z serving as 
arguments, respectively (see 557), so that f*  g = g * f

It is easily shown that a linear combination of functions 
f  and f 2 convoluted with g  equals a linear combination 
of convolutions (see 558). The connection between con- 
volutions and Fourier transforms lies deeper. If ƒ  and g 
both have Fourier transforms ƒ  and g, respectively, then 
a simple formal argument shows that a transform of the 
convolution is the product of the transforms (see 559), so 
that in terms of the Fourier transform, convolution corre­
sponds to multiplication. In view of the analogy between 
Fourier transform and inverse Fourier transform, the re­
sult could also be interpreted as follows: to multiplication 
of functions corresponds the convolution of their Fourier 
transforms. And so, convolution actually is a kind of 
multiplication. Clearly, the properties of f *  g depend on 
those of both ƒ  and g. The theory of convolutions shows 
that the “good” properties of both ƒ  and g (integrability 
over R n, boundedness, continuity, differentiability, etc.) 
are inherited by their convolution. For instance, the for­
mula in which a general differential operator composed of 
powers of partial derivatives operating upon a convolution 
is equal to a convolution in which one function remains 
unmodified and the other is modified with the equivalent 
differential Operation (see 560) holds for differentiation. 
Now if ƒ  belongs to L p, in which p > 1, and g belongs to 
L q, then it can be shown that h = f* g  belongs to Lr in 
which r is defined by a relationship in terms of equality 
between reciprocals r, p, and q (see 561; provided r is 
positive), and hence r is greater than q, and the inequality 
in which the rth norm of h is less than or equal to the 
product of the pth  norm of ƒ  and the qth norm of g 
(see 562) holds.

Convolutions are useful in giving approximations to 
general functions by good functions. This approxima­
tion is based on the following idea: For any kemel

k(x) = k(x ,, x2, . . . , x n) of, say, a total integral over 
«-dimensional Euclidean space of k  equal to 1 (see 563), 
and given any positive number e, a new kemel kE(x) can 
be formed by the equation in which kE as a function of 
x  is a product of the negative «th power of e and k  as a 
function of « arguments, the typical one being xk divided 
by e (see 564). For any ƒ  the convolution of ƒ  with kE can 
also be defined. The graph of kE(x) is that of k(x), con- 
tracted horizontally by the ratio e, and expanded vertically 
by the ratio e~n, so that the integral over «-dimensional 
Euclidean space of kE is 1 (see 565) for all e. It is assumed 
for the moment that k(x) =  0  outside the sphere of radius 
1 centred at the origin. Then kE{x) =  0 outside the sphere 
of radius e centred at the origin. On the other hand, if 
ƒ  happens to be continuous at the point x0, then /(x )  is 
practically constant on a ball of radius e centred at x0, 
and so it is not difficult to see that /  (x0) tends to / ( x 0) 
as e tends to zero. For this reason, fe = k e * f  is called 
an approximate identity. The functions f  provide good 
approximations to ƒ  under very general circumstances. 
For example, if k  is absolutely integrable and ƒ  is in L p, 
then likewise f  is in L p, and || f —f e\\p tends to zero as e 
tends to zero; if ƒ  is uniformly continuous, then f  tends 
uniformly to ƒ  as £ tends to zero. It may be noted that if 
k  is a good function—say a times differentiable—then kE 
is likewise good, and so f E is good. Thus the convolution 
ke *ƒ gives an approximation to ƒ  by good functions.
Applications to partial differential equations. The appli­

cations of convolutions and Fourier transforms will now 
be illustrated with an example from partial differential 
equations and potential theory. If a distribution of elec­
trical charges throughout Euclidean space R n(n ^  3) has a 
density of charge at the point x given by a function ƒ  (x),
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it can be shown that the electrical potential u(x) arising 
from the charge distribution ƒ  satisfies an expression in 
which the sum of second-order partial derivatives of u 
taken with respect to each of the « arguments is equal to 
the negative value of ƒ  (see 566).

Traditionally, the left-hand side (see 566) is called the 
Laplacian of u and denoted by Au or V2w. The equation 
Au =  0 is called Laplace’s equation and its Solutions are 
called harmonie functions. The inhomogeneous Laplace 
equation (566) is sometimes called Poisson’s equation. 
Now given any ƒ  (subject to some technical conditions 
that are not specified) the equation (566) can be solved by 
using the Fourier transform. To do so, the effect of the 
Fourier transform on Au must be examined. From two 
consecutive applications of an earlier formula (543), it 
can be seen that the transform of the second-order partial 
derivative of u with respect to one variable all considered 
as a function of x is a product of the negative square of 
the variable times the transform of ƒ  (see 567), and there­
fore the transform of Au as a function of x  is the negative 
of the squared absolute value of x times the transform of 
u (see 568). Consequently, the Fourier transform changes 
(566) to the equation in which the absolute square of x 
times the transform of u as a function of x  is equal to the 
transform of ƒ  as a function of x (see 569), which has the 
solution that the transform of u as a function of x  is equal 
to the square of the reciprocal of the absolute value of x 
multiplied by the transform of ƒ  considered as a function 
of x (see 570). In principle, this formula (570) solves the 
problem completely. For, given any well-behaved function 
f  the function ƒ  may be computed from its definition (see 
541), ü found from the above formula (570), and then 
passage from ü back to u made by means of the Fourier 
inversion formula. This procedure, however, is cumber- 
some in practice, and in order to solve the problem (566) 
more explicitly, the solution (570) will be combined with 
a formula involving convolution. If k  as a function of 
x  is equal to a constant times the 2  — n power of the 
absolute value of x (see 571), in which c is a constant 
the exact value of which is not of concern here, k(x) is 
called the Newtönian potential. Some calculations show 
that the transform of k  as a function of x is the — 2  power 
of the absolute value of x (see 572; see above Examples 
o f Fourier transforms). It can be seen that the transform 
of the convolution of k  and ƒ  is by calculation the trans­
form of u (see 573) by virtue of the formula (570) for 
ü. Consequently, u = k* f;  that is, u as a function of x is 
proportional to an integral over «-dimensional Euclidean 
space in which the integrand includes as a factor ƒ  and as 
a factor the reciprocal of the absolute difference between 
x and y  raised to the n — 2 power (see 574).

Thus an explicit solution has just been found to the 
inhomogeneous Laplace equation.

Certain formulas (see 570 and 574) form the starting 
point for many further investigations in harmonie analy­
sis. Some formulas (see 570, 574) may be generalized to 
define an interesting family of integral transforms, the 
fractional integrals. If a is any positive number, the trans­
form of I af  as a function of x is a product, one term of 
which is the negative a power of the absolute value of x, 
one term of which is the transform of f  considered as a 
function of x (see 575), or, what is in fact the same thing, 
the product I af  considered as a function of x is equal to a 
constant times an integral over «-dimensional Euclidean 
space in which the integrand contains as a factor ƒ  and as 
a factor the reciprocal of the « — a power of the absolute

/ \
difference between x and y (see 576). It follows that (Iaf ) 
tends to zero at infinity more rapidly than ƒ  Because rapid 
decrease of a Fourier transform g corresponds (more or 
less) to smoothness of the function g, it can be seen that 
Ia transforms rough functions ƒ  to smooth functions I af  
It may be said that a function g on R n belongs to the 
class L p(Rn) if g arises by applying I a to an L p function 
f: I af= g .  The classes L p(Rn), called Sobolev spaces (after 
Sergey L’vovich Sobolev), are a powerful tool to measure 
the smoothness of functions, occuring often in harmonie 
analysis and partial differential equations. In the special 
case in which « = 1 , 1 <  p <  °° and a =  integer k, a func-

(567)

(568)

(569)

(570)

(571)

| § M = -* ƒ ƒ (* ) for y = l , 2 , . . . , «

/ X
A u (x) = (-*1 T- x2 +  • • • +  x2)ü{x) =  — |x | 2 ü(x)

Ix| 2 Ü(x) = /(x )

M(x)= \x\~2f(x )  

k(x) =  c \x \2~”

(572) k(x) =  | x  | ~ 2 

/ \
(573) k *fix) =  | x | -2 / ( jc) =  ü(x)

<574>
■ / \

(575) I af( x )  =  |x |~af(x )  for all x in R n

(576) ƒ«ƒ(*) =  c„ I nTZ (y). a dy for all xJr” \ x  — y \n a *

tion ƒ  belongs to L p if, and only if, its kth derivative f (k) is 
in L p. When a is not an integer, the Sobolev spaces give 
meaning to such statements as “the function/is 3lA times 
differentiable.”

In addition to the inhomogeneous Laplace equation, 
there are a number of other partial differential equations 
arising from mathematical analysis and physics that can 
be solved by methods that are similar to those outlined 
above.
Generalizations of the Fourier transform. Much of the 

highly developed theory of Fourier integrals, which has
just been sketched in the setting of Euclidean space, can 
actually be carried out in a wider context. The theory of 
various generalizations of the Fourier transform is known Abstract 
as abstract harmonie analysis. In addition to provid- harmonie 
ing new mathematical results, abstract harmonie analysis analysis 
sharpens an understanding of classical Fourier analysis by 
elucidating the essential unity that exists among the many 
classical integral transforms: Fourier integrals, Fourier se­
ries, Mellin transforms, and expansions in spherical har­
monies, to eite a few examples. The present exposition of 
abstract harmonie analysis will concentrate on the part of 
the subject that is easiest to understand, namely the study 
of Fourier transforms on Abelian groups (see below), and 
attention will now be turned to this topic. It is best to begin 
by viewing the classical theory from a proper perspective.

From its very definition (see 541) it can be seen that the

(577) >>SUII3

(578) f(x)  =  (2n)~"/2 1 Xx(y)f(y)dy 
Jr"

(579) xÄy,  +  y2) =  a O’i) • xÄy2)

(580) (x + y) + z  = x +  ( y  +  z )

for any three elements x, y, and z in G

(581) x(y t +  y2) =  x i y d - x ( y 2)

(582) (x,, x2, . . . ,  x„) +  O’i, y2, ■ ■ ■, yJ

=  (x, + y „  x2 + y2, . . . ,  x„ +  yn)

(583) (Xj, x2, . . . ,  x„) iS (-X„ - x 2, . . . ,  -x„)
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Fourier transform on R n is built up from the functions of 
such a form as % as a function of y  equal to a complex 
exponential containing a vector product of x  and y  in the 
product (see 577). (Here x  is thought of as a fixed point 
in R n and %x(y) regarded as a function of y.) Indeed, the 
Fourier transform (541) may be rewritten in a form such 
that the transform of ƒ  as a function of x  is an integral 
over «-dimensional Euclidean space of a product of %x 
and ƒ  (see 578). The essential property of %x that is used in 
harmonie analysis is the multiplicative law of the exponen­
tial: Xx operating upon the sum of y x and y2 is a product 
of terms, % operating upon y x and y2, respectively (see 
579). Now if G is any set on which there is defined some 
notion of the sum y x +  y2 of two elements y x and y2 of G, 
and also some notion of integral, then the key formulas 
(578) and (579) are valid for complex-valued functions %x 
and ƒ  defined on G, and thus harmonie analysis can be 
carried out on G. More precisely, the following definitions 
can be made:

An Abelian group is a set G, together with an Operation 
+, that combines any two elements x and y of G into a 
third element x  +  y  of G, and that satisfies axioms 1-4:

1 . (x +  y) +  z =  x  +  (y +  z) for any three elements x, y, 
and z in G (the associative law; see 580).

2. x  +  y =  y +  x  for any two elements x and y in G (the 
commutative law).

3. There is an element called 0 in G, with the property 
that x  +  0 =  x  for every element x of G (existence of an 
identity element).

4. Corresponding to any given element x  in G, there is 
an element called (—x) in G, which satisfies the equation 
x  4- (—x) =  0 (existence of an inverse element).

A locally compact Abelian group is an Abelian group 
in which, very roughly, statements such as “x is close 
to yn or “ƒ  is a continuous function,” or various similar 
remarks involving the limit concept can be made. (The 
precise definition is omitted, because it is technical and 
requires some background in general topology. All the 
Abelian groups considered in this article, however, will 
be locally compact.) If G is a locally compact Abelian 
group, a character % of G is a continuous complex-valued 
function defined on G, which has the properties: (a) %{y) 
has modulus one for every element y  of G; (b) % operating 
upon y x +  y2 is equal to the product of % operating upon yx 
and x operating upon y2 (see 581) for every two elements 
y x and y2 of G.

A significant portion of harmonie analysis can be car­
ried out in the setting of locally compact Abelian groups. 
Three classical examples that will be used later are now 
considered. (1) G = R n is an Abelian group under the 
sum between two « component vectors that is a vector 
of « components, a typical one being xk + yk (see 582), 
with identity element (0 , 0 , . . . ,  0 ); the inverse of the 
vector composed of « components is the vector composed 
of « negatives of the same components (see 583). The 
characters of R n are seen to be precisely the functions 
Xx(y) — exP (ix  ' y)- Thus, characters play a basic role in 
harmonie analysis on R n. (2) G =  R +, the set of all posi­
tive real numbers is not an Abelian group under ordinary 
addition. (For instance, axiom 3 is violated, for the only 
number a with the property that x  +  a = x  for all x  in R+ 
is zero, and zero does not belong to R +.) If the symbol 
+  is allowed to stand for multiplication of real numbers, 
however, then R + becomes a locally compact Abelian 
group. (For instance, the identity element demanded by 
axiom 3 is one, and the inverse of a given element x  of 
R+ is 1/x.) The characters of R + are functions Xt(x) =  x", 
in which t is any fixed real number. It should be possible 
to do harmonie analysis on R + in terms of the functions 
Xt (x), and as will be seen below, this is the case. (3) The 
circle, denoted by S \  may be made into a group by re- 
garding it as the set of all complex numbers z of modulus 
|z | =  1, with the Operation +  as ordinary multiplication 
of complex numbers. Then S l becomes a locally compact 
Abelian group. Via the correspondence z =  e id, the circle 
S l may also be thought of as consisting of all angles 6 
in the interval [0, 2n]. The characters on S l are precisely 
the functions in which Xn as a function of 0 is a complex 
exponential with the product n0 in the argument, « being

any integer (see 584). According to the classical theory 
of Fourier series (see above Fourier series), any integrable 
function f(6 )  defined on [0 , 2n] may be expanded in an 
infinite series of a form such that ƒ  as a function of 6 is an 
infinite sum with indices extending from minus infinity to 
plus infinity and summands having factors an and either 
a factor of exponential form or of the form arguments 
being 6 (see 585), in which an being a transform of n is 
an integral from zero to 2n of the product of ƒ  with either 
a negative exponential or the complex conjugate of x (see 
586). Here again, characters appear as the fundamentals 
of harmonie analysis on the group G = S l.
Retuming to the general theory of Abelian groups: If Xi 

and %2 are two characters of a locally compact Abelian 
group G, a new character, denoted X\ +  fa, may be de­
fined by the formula (%t +  Xi) ÖO =  X\OO * Xitv) for every 
element y in G. Under this “addition” Operation, the set 
G of all the characters of G becomes a locally compact 
Abelian group, called the dual group or character group of 
G with Xo(x) identically equal to 1 as the identity element, 
and (— x)(y)= 1 /x(y) as the inverse to a given character 
X- For the three classical examples above, the dual groups 
G are as follows: R n is its own dual group, R l is the dual 
group of R +, and the set Z of integers 0, +  1, +  2 , . . .  with 
the Operation of addition is the dual group of S l. In each 
case, the Fourier transform ƒ  of a function ƒ  on G is a 
function on the dual group G.
In order to define the Fourier transform and study har­

monie analysis on a generally locally compact Abelian 
group G, it is desirable to have a notion of the integral 
of a real- or complex-valued function defined on G. Ini- 
tially only continuous functions ƒ  that are equal to zero 
outside of some bounded—i.e., compact—subset of G will 
be considered. The class of all such functions is denoted 
by Cc(G). In the known case, G = R n, I ( f )  equal to an 
integral over «-dimensional Euclidean space of ƒ  (see 587), 
defined for functions in Cc(G), has the following key prop­
erties: (a) I  as a function of a linear combination of ƒ  and 
g is a linear combination of I  as a function of ƒ  and /  as a

(584) Xn(6) — e in6, in which « =  0 , ± 1 , ± 2 , . . .

(585) / ( 0 ) ~  y  a»e m<>=
n  ~ —oo _oo

(586) a„=f(n) = (2n)-' P V ^ /( Ö W ( 0 )
Jo

= (271)-' [ Xn(9)f(6)d(0) 
Jo

(587) / ( ƒ )=  [ f(x )d x  
Jr"

(588) I(af+ bg) =  a l( f )  +  bl(g)

(589) fx0(x )= f(x  + x o)

(590) I ( f )  =  k f  f(x )d x  
Jr"

(591) / ( / ) = [  f(x )d x  
Jr"

(592) / ( / ) =  \ 2\f(0 )d e  
Jo

(593) u j ) = f y < o  f

(594) ƒ  (X) = c f  x  (y) f(y ) for all X in G 
Jg
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function of g  (see 588) for any functions ƒ  and g  in Cc(Rn) 
and any two numbers a and b. (b) If f ( x)  > 0 for all x, 
then /(ƒ )  > 0 ; in fact, / (ƒ )  >  0  unless /(x ) is identically 
zero. (c) For a given function ƒ  and an element x0 of 
G, the translate f XQ of ƒ  by x0 is defined by the equation in 
which f XQ as a function of x  is equal to ƒ  as a function of 
the sum°x and x0 (see 589) (thus on R n, the graph of/  is 
obtained from that of ƒ  simply by sliding horizontally)— 
then for arbitrary ƒ  and x0, the equation is / ( / {)) — /(ƒ )  
(translation-invariance of the integral).

Moreover, it is not hard to prove that the only way of 
associating a number /(ƒ )  to e a c h /in  Cc{Rn) in such a 
way that (a), (b), and (c) are satisfied is to set /(ƒ )  equal to 
a constant times an integral over «-dimensional Euclidean 
space of ƒ  (see 590) for some positive constant k . Thus, 
except for an insignificant constant factor, properties (a),
(b) , and (c) uniquely characterize the Riemann integral 
on R n. In the general case of a locally compact Abelian 
group G, a method of associating a number ƒ( ƒ) to each 
function ƒ  in Cc(G) is an integral if properties (a), (b), and
(c) hold. It can be shown that on any locally compact 
Abelian group G, there is one and (essentially) only one 
integral on G; it is called the Haar integral on G, and /(ƒ )  
is written j Gf  by analogy with the case G = R n. Once the 
Haar integral is defined for functions in Cc(G), it may 
be extended to a large class of (possibly discontinuous) 
functions on G. (See Real analysis: Measure and integral 
calculus.) Thus, in particular, L p classes are definable on 
any locally compact Abelian group.

Haar measure can be illustrated by considering the same 
three classical examples. On G = R n, the Haar integral 
is just /(ƒ )  equal to an integral over «-dimensional Eu­
clidean space of the function ƒ  (see 591), as was seen 
above. On G =  S l = [0, 2n], the Haar integral is given by 
/(ƒ )  as an integral from zero to 2n of ƒ  (see 592). Finally, 
on G = R +, the Haar integral is /  as a function of ƒ  equal 
to an integral over the positive real line of ƒ  divided by its 
argument (see 593).

The basic notions of the character group and Haar in­
tegral having been defined, the basic results of harmonie 
analysis on a locally compact Abelian group G can be 
stated. For any absojutely integrable function ƒ  on G, the 
Fourier transform ƒ  of ƒ  is defined to be the following 
function on the character group G: the transform of ƒ  as 
a function of % is a constant times the integral over G of 
the product of % and ƒ  (see 594). If ƒ  is a square-integrable 
function on G, then the integral (594) need not converge 
absolutely, but can be interpreted by a procedure analo- 
gous to that used above to define (541) in the case G — R n. 
Moreover, several of the major results of harmonie analy­
sis on i?" are also valid on G. For example, there is the 
Plancherel formula:^two integrals are equal, one extended 
over G, one over G, the integrand of the first being the 
absolute squared of f  the integrand of the second being 
the absolute squared ofƒ  (see 595), and there is the Fourier 
inversion formula: ƒ  as a function of x is a constant times
the integral over G of a product of terms, one being the
complex conjugate of %, the other being ƒ  (see 596); both 
hold for suitable functions ƒ  on G. (Integration over G 
in formulas [595] and [596] makes sense, because G is a 
locally compact Abelian group, and thus has its own Haar 
integral. The bar over %(x) [see 596] denotes complex con- 
jugation.) Convolutions and approximate identities can be 
defined on G, and their relationship to the Fourier trans­
form is much the same as in the Euclidean case G = R n. 
On a general locally compact Abelian group, however, 
there is no notion of differentiation, so that the rieh in­
terplay between harmonie analysis and partial differential 
equations in the Euclidean case is lost.

The meaning of the Fourier transform (594) and inverse 
Fourier transform (596) may be illustrated by the three 
classical examples G = R n, G = R +, and G =  [0, 2n]. On 
R n, the Fourier transform and inverse Fourier transform 
are precisely the usual expressions (see 541 and 542). The 
Fourier transform (594) on R + is given by an expression in 
which ƒ  is an integral extended over the positive real axis 
with integrand composed of three terms, one of which is 
x to a complex exponent, one of which is ƒ  one of which

(595) | j / ( x ) | 2 =  | ö \ f ( x) \2

(596) f ( x)  = c [  x Jx ) f (x )
Jg

(597) ƒ(*) =  [  x f f i x ) ^

(598) for R+, f ( x)  = c j '  x “f(t)d t

(599) ƒ(«) =  (27t) " 1 f  e inxf(x )d x
Jo

(600) f ix )  =  j r  firi)e~lnx
n — —oo

(601) (2 *)-> f 2” |/(x )|*abc=  J  |f (n)V
Jo « = - 0 0

is the reciprocal of x (see 597), and thus is none other 
than the Mellin transform defined earlier. The inversion 
formula (596) becomes an expression in which ƒ  as a func­
tion of x is a constant times an integral extended over the 
entire real line, one factor in the integrand being x raised 
to a complex exponent, the other factor being ƒ  (see 598; 
the Mellin inversion formula). Finally, on G — [0, 2n], the 
Fourier transform becomes an expression in which ƒ  as a 
function of « is proportional to the integral from zero to 
2n of the product of an exponential times ƒ  nx being the 
argument in the exponential (see 599). In other words, 
the Fourier transform on G simply associates to every 
function ƒ  on [0, 2n] its sequence of Fourier coefficients.
The inversion formula (596) asserts that ƒ  as a function 
of x is a sum extending over integers from minus infinity 
to plus infinity with summand composed of the product 
ƒ  times an exponential, nx appearing in the exponential 
(see 600), and the Plancherel formula (see 595) specializes 
to Parseval’s relation, the expression in which an integral 
and a sum are equal, the integral extending from zero 
to 2  n and applying to the integrand absolute square of 
f  the sum extending over integers from minus infinity 
to plus infinity with summand being the absolute square 
of ƒ  (see 601). Thus the basic elementary results in the 
classical theories of Fourier series and integrals are part of 
the larger whole of harmonie analysis on locally compact 
Abelian groups.

Finally, it is noted that highly significant results are 
known about Fourier analysis on non-Abelian groups— 
i.e., roughly, mathematical structures satisfying axioms 1 ,
3, and 4 above but not axiom 2.

REPRESENTATIONS OF GROUPS AND ALGEBRAS 
Since their formal introduction in the early 19th Century, 
groups have been one of the principal objects of mathe­
matical attention (see a lg ebra : Groups). Their widespread 
and profound applications to such physical subjects as 
crystallography, quantum mechanics, and hydrodynamics 
and to such other mathematical regimes as number the­
ory, harmonie analysis, and geometry have demonstrated 
their importance.

The main general technique for studying groups is the 
method of group representation. Technically, a represen­
tation of a group is a homomorphism of it into another 
group, most commonly into the group of invertible linear 
transformations (or matrices) on some linear space. Less 
technically, this method amounts to comparing the given 
group with better known examples of groups. Represen­
tation theory plays a significant part in all branches of 
mathematics in various ways; it also is important in theo­
retical physics, particularly in quantum theory.

Historical development. The general representation the­
ory for finite groups was developed by the mathematicians 
Ferdinand Georg Frobenius, Issai Schur, and William Origin
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Burnside at the end of the 19th and the beginning of 
the 20th Century. Nothing of the deeper theory of finite 
groups developed by such later workers as Emil Artin and 
Richard Brauer has been discussed here. The extension of 
the finite group theory to compact groups is due in part 
to Schur, who developed the representation theory of the 
rotation group in those terms. The general extension to 
compact groups of the completeness and orthogonality of 
the finite-dimensional irreducible unitary representations 
is known as the Peter-Weyl theorem (published in 1927). 
Lie groups are named after Sophus Lie, a Norwegian math­
ematician who discovered their fundamental properties in 
the last decades of the 19th Century. A deeper analysis 
of their properties and, in particular, the Classification of 
the semisimple groups were carried out by Élie-Joseph 
Cartan in the early part of the 20th Century. The general 
finite-dimensional representation theory for semisimple 
Lie groups was developed principally by Weyl in the inid- 
1920s, as were the Connections between group theory and 
quantum mechanics. The general representation theory 
for topological groups started with the discovery by Alfred 
Haar in the early 1930s of an invariant measure on lo­
cally compact groups. The existence of a separating family 
of irreducible unitary representations for locally compact 
groups was established by the Soviet mathematicians Izrail 
M. Gel’fand and Dmitry A. Raikov in the early 1940s. 
The decomposition of unitary representations of locally 
compact groups into irreducible and factor unitary rep­
resentations was carried out by Friederich I. Mautner at 
the end of the 1940s. This decomposition was based on 
the powerful theory of operator algebras developed by 
John von Neumann in collaboration with Francis Joseph 
Murray in the 1930s and early 1940s. In particular, the 
theory of factors is their creation. A general duality and 
function transform theory based on the Murray-von Neu­
mann operator algebras was developed by Irving E. Segal 
in the early 1950s. George W. Mackey created a forceful 
technique for the analysis of representations of groups 
with type I representations by generalizing the Frobenius 
theory of induced representations. The detailed analysis of 
the infinite-dimensional representations of the semisim­
ple Lie groups is the work of Gel’fand, Mark Aronovich 
Naimark, and Harish-Chandra. The fact that these groups 
have type I representations is a consequence of Harish- 
Chandra’s results. Jacques Dixmier established this same 
fact for the so-called nilpotent Lie groups. Examples of 
Lie groups with representations not of type I are known.

Groups. To sketch briefly, a group is a set on which a 
multiplication satisfying certain specific properties is de­
fined. Corresponding to each pair of elements a, b (in a 
given order) is another element (written ab), and this law 
of combination has the properties: (1) a(bc) = (ab)c; (2) 
there is an element e, called the group identity element, 
such that ae = ea = a; and (3) for each a there is an ele­
ment a -1, called the inverse of a  such that aarx = arxa =  e. 
If in addition ab = ba for each a and b, the group is said 
to be Abelian (also commutative). A homomorphism is a 
mapping (function, correspondence) ƒ  of one group G into 
another group H  such that f  (ab) = f  (a) f  (b) for each a 
and b in G; that is, ƒ  preserves multiplication. The positive 
and negative integers with their usual addition provide an 
example of an infinite Abelian group (here, addition plays 
the role of group multiplication, 0 is the group identity 
and, for example, —5 is the group inverse to 5). The two 
integers 0 and 1 with the usual addition as group multi­
plication (except that 1 is to combine with 1 to give 0) 
provide an example of a finite Abelian group, as does the 
set of two integers +1 and —1 with the usual multiplica­
tion of integers. The mapping of an integer into 0 if it is 
even and into 1 if it is odd provides an example of a ho­
momorphism of the group of integers onto the first two- 
element group. The function which assigns 0 to +1 and 1 

Iso- to — 1 is an example of an isomorphism (i.e., one-to-one
morphism homomorphism) of the second two-element group onto 

the first. Structurally, as far as group theoretical properties 
are concerned, the existence of this isomorphism indicates 
that both two-element groups are the same—they are dif­
ferent (isomorphic) representations of the same abstract 
group, so to speak.

Group representations. The process of group represen­
tation may be likened to measuring some physical object 
with a ruler. By comparing the object to be studied 
with the known object (the ruler), special information is 
obtained. Spreading the object out completely along the 
ruler might be thought of as an isomorphic representation, 
but such a procedure may not be possible. For example, 
a polyhedron would have to be studied by applying a 
series of partial measurements and combining them (cor­
responding to combining information from homomorphic 
representations). It would be hoped that sufficiently many 
measurements could be made to give detailed informa­
tion—corresponding to the case of sufficiently many (a 
separating family of) representations so that each pair of 
distinct elements is carried into a pair of distinct elements 
by at least one of the representations. An instance of 
combining information is afforded by the simple fact that 
a group with a separating family of representations in 
Abelian groups is itself Abelian (ab and ba are identified 
by all such representations). It would help little to make 
measurements with an unmarked straightedge; in the same 
way, the representations would be expected to take place 
in groups with some discemible structure. On the other 
hand, if the ruler is too specialized, for example, circular, 
it is available for only a limited type of measurement; by 
analogy, the class of groups in which the representations 
take place should remain broad enough to have general 
application. The so-called linear groups, groups of invert­
ible linear transformations on a linear vector space, are 
well suited to this task. Representations in such groups 
often are referred to as linear representations, or simply 
as representations if confusion is unlikely. In particular, 
representations by unitary operators on Hilbert spaces, 
called unitary representations, and representations by op­
erators on finite-dimensional linear spaces, called finite- 
dimensional representations, have proved very useful.

In applying the technique of representations to the study 
of groups, the allied method of associating an algebra, the 
so-called group algebra, with the group has a key function. Group 
(An algebra is a linear space with a multiplication sat- algebra 
isfying certain specific conditions.) For finite groups and 
the complex group algebra, this amounts to associating 
with the group sums of formal complex multiples of the 
group elements and multiplying two such sums by dis- 
tributing products in the usual way, commuting numbers 
past group elements, and multiplying group elements by 
means of the group multiplication.

A linear representation of the group can be extended to 
the group algebra by assigning to each sum of multiples of 
group elements the same sum of multiples of the operators 
(matrices) corresponding to those group elements under 
the given representation. This extension is a representa­
tion of the group algebra, a mapping into the algebra of 
operators on the representation space that preserves both 
products and sums. The analysis of the algebra represen­
tation is somewhat simpler than that of the group repre­
sentation and yields much information about the group 
representation. The process of extension can be reversed, 
for the group elements are found in a natural way among 
those of the group algebra; a representation of the group 
algebra gives rise to a representation of the group.

There are several ways of constructing new representa­
tions from one or more given representations. The first, 
restriction of a representation, starts with a representation 
ƒ  of a group G (or algebra) and a subspace V of the rep­
resentation space that is mapped into itself by each of the 
representing operators, a so-called reducing or invariant 
subspace. The restricted representation assigns to each g 
in G the operator f v(g) on V that is ƒ  (g) restricted (in its 
action) to V. If V is not 0 or the full space, the represen­
tation ƒ  is said to be reducible. If no such proper invariant 
subspace exists, the representation is said to be irreducible.
(In the case of representations on Hilbert spaces, subspace 
is understood to mean closed subspace.) Representations 
of finite groups enjoy the important property of complete 
reducibility. If V is a reducing subspace, there is a com­
plementary space V' that is also invariant; V and V' have 
only 0 in common and each vector in the representation 
space is the sum of one from V and one from V'.
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The representation ƒ  is said to be the direct sum of f v 
and f V'. This description of direct sum from an internal 
viewpoint has an external counterpart. If ƒ  and ƒ ' are 
representations of G on spaces V and V , respectively, a 
representation ƒ  © ƒ ', called the direct sum of ƒ  and ƒ', 
on the direct sum F ©  F ' of F  and V' (i.e., the linear 
space of pairs of elements, one from F  and one from 
V') is defined by assigning to each group element g the 
operator on F©F' that transforms a pair (v, v') into the 
pair ( [fg)](v), [f'(g)](v')). In the case of reducing com­
plementary spaces F  and V' for a representation ƒ  it is 
an easy matter to see that f v © f v  is ƒ  when the full space 
is viewed as V © V'. In a similar manner, direct sums of 
more than two representations can be defined. For finite 
groups, the process of decomposition of a representation 
may be continued on each of the restricted representations 
until ä full reduction into irreducible representations is 
effected; the representation is a direct sum of irreducible 
representations and such a decomposition is unique.

A more complicated procedure for constructing repre­
sentations from families of representations, the tensor 
product, sterns from the tensor product of linear spaces 
(the space of sums of multiples of formal products of 
basis elements one from each space in a given order— 
the dimension is the product of the dimensions of the 
individual spaces as contrasted with that of the direct sum 
which is the sum of the dimensions). If ƒ  and ƒ ' are rep­
resentations of G on spaces F  and V , respectively, then 
ƒ  0  ƒ \  their tensor product, assigns to each g  in G the 
operator ƒ  (g) 0  f '(g)  that transforms one of the generating 
elements v 0  v' of the tensor product F  0  V' of F  and V' 
into [ƒ(#)] (v )0  [f'(g)](v'). In particular, the square of a 
representation consists of tensoring it with itself (similarly 
for higher powers).

Irreducible representations. A problem of some impor­
tance and difficulty is that of describing the irreducible 
representations that appear in the decomposition of the 
higher powers of irreducible representations of specific 
groups, because these are the basic representations not 
only of the general theory but also of the fundamental 
physical Situation to which the theory applies. Conceming 
the possible occurrence of a representation that is reducible 
in the description of a general scheme for quantum me­
chanics, Claus Hugo Hermann Weyl, who was one of the 
founders of modem representation theory, wrote, “Nature 
could hardly be expected to indulge in such a superflu- 
ous luxury.”

In dealing with representations of a given group, there 
is clearly no additional information to be obtained by 
passing from one representation to a second the space of 
which can be identified with that of the first in such a 
way that the operators corresponding to each group ele­
ment under both representations act in the same way on 
the spaces (relative to the identification). In this case, the 
representations are said to be equivalent. (Technically, if 
ƒ  and ƒ ' are the equivalent representations of G on spaces 
F  and V', there is a linear isomorphism P of F  onto 
V' such that Pf(g)P~l = f'(g )  for each g  in G.) When a 
representation f  of a group is expressed as the direct sum 
of irreducible representations and precisely n of these are 
equivalent to a given irreducible representation ƒ ', then ƒ ' 
is said to occur in ƒ  with multiplicity n. If the group G has 
m  elements the set of complex-valued functions on G is a 
linear space of dimension m  (addition and scalar multipli­
cation performed pointwise). A natural representation of 
G on this space is available—to the function a is assigned 
the function ag the value of which at g ' is a (g~xgf), and 
ƒ  (g) is taken to be the transformation of the function space 
so defined. Then ƒ  is a representation of G, called the left 
regulär representation of G. In a similar manner, there is 
the reflected Situation of the right regulär representation 
of G. The crucial property of the regulär representations 
is that each contains every irreducible representation of G 
in its direct sum decomposition (with multiplicity equal 
to the dimension of the representation space—as a con­
sequence of the reflection Situation of the right and left 
regulär representations). The regulär representation is an 
isomorphic one, from which it is concluded that the group 
G has a separating family of irreducible representations.

If ƒ  is a representation of the finite group G as operators 
on a Hilbert space, then the function that assigns to a 
pair of vectors x, y  in the space the number lLg(f(g)x, 
f(g)y) is again an inner product equivalent to the original 
one and relative to which each f ( g ) is a unitary opera­
tor (orthogonal transformation, in the real case), so that 
each such representation of G is equivalent to a unitary 
representation of G. If ƒ  and ƒ ' are a pair of inequivalent 
(irreducible) unitary representations of G, then the sum 
over g of a product of inner products is zero, one of the 
inner products being composed of ƒ ', x', and y' (see 602), 
in which x, y, and x', y ' are orthonormal pairs of vectors 
in their respective spaces (the same holds when ƒ ' =  ƒ  and 
x', y f, x, y  is an orthonormal set such that not both 
x =  x ' and y = y')\ while L J(/(g)x , y) | 2 is the number 
of elements in G, called the order of G, divided by the 
dimension of the representation. These are the so-called 
orthogonality relations. The sum of the diagonal entries of 
the matrix corresponding to an operator on and a basis 
for some finite-dimensional space is called the trace of the 
operator. It is independent of the basis chosen. If /is  a rep­
resentation of the finite group G on a finite-dimensional 
space, the function that assigns to each element of G the 
trace of its representing operator is called the character of 
ƒ  A critical result of the theory States that two such rep­
resentations are equivalent if, and only if, their characters 
are identical; the study of such representations is reduced 
to the study of the characters of G. The character of a 
direct sum of representations is the sum of their characters 
and that of a tensor product is their product. The char­
acter of the «-dimensional identity representation, which 
assigns the identity operator on «-dimensional space to 
each group element, has the constant function « as its 
character, and that of the regulär representation is 0 at 
each group element except the identity in which it takes 
the value equal to the order of the group; this equality 
value is easily checked on the basis consisting of functions 
that are 1 at some group element and 0 at all others. The 
characters of the irreducible representations are precisely 
those characters k  such that JLg\k(g)\2 is the order of G.

Schurs lemma, which States that the only operators corn- 
muting with a unitary irreducible representation are the 
scalar multiples of the identity operator, is a key result in 
the development of representation theory. (Because each 
representation of a finite group is equivalent to a unitary 
representation, Schur’s lemma covers all such representa­
tions.) Applying this fact to Abelian groups, it follows that 
each irreducible unitary representation of such a group 
is one-dimensional; each group element is mapped into a 
complex multiple (having absolute value 1) of the iden­
tity operator. The function on the group that assigns to 
each element its corresponding complex number is the 
character of the representation. There is, of course, no 
need to distinguish between the representation and its 
character in this Situation. The complex conjugate of such 
a character is again a character as is the product of two 
such characters. With this multiplication, the characters 
form a group—the character or dual group (to the original 
group). If G is an Abelian group and G' its dual, then 
each g in G gives rise to a character of G' that assigns to 
an element of G' its value at g. The duality theorem for 
Abelian groups States that the mapping of G just described 
is an isomorphism of G onto the character group of G'/ 
roughly speaking, G is the dual group of its dual group. A 
function a on G may be viewed as the element a(g)g in 
the group algebra of G, and each character g' of G has the 
extension to this group algebra that assigns to Ta(g)g the 
number ’La(g)g/(g). Denoting this number by a '(g '\ the 
transformation that maps a onto ä  is an isomorphism of 
the group algebra of G onto the function algebra of G', the 
linear space of functions on G' with pointwise multipli­
cation. For finite Abelian groups, this function mapping 
is the counterpart of the Fourier transform, which is so 
important in mathematical analysis (see above Harmonie 
analysis and integral transforms).

(602) 2 ,( /(* )x , y )( f '(g - ')x ',  y ') = 0

Schur’s
lemma
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Topological groups and Lie groups. The applications 
of the theory of group representations to mathematical 
analysis and to physics entail, for the most part, the de­
scription of the representations of infinite groups that have 
a topological structure related to their group structure— 
the so-called topological groups. (The topological structure 
is a mathematical formulation of the concepts of neamess. 
The topological groups are those in which nearness is so 
defined that the product of an element and the inverse of 
another element is near to the group identity, provided 
both elements are themselves near the identity.)

The most important and the most intensively studied of 
these groups are the Lie groups. These are the topological 
groups in which the topology near each point is like that 
of «-dimensional Euclidean space for some fixed «. A 
more general class of topological groups, the locally com­
pact groups, have received some attention. These include 
the discrete groups (those in which no group element is 
infinitely near the others—every group can be given such 
a topology), the Lie groups, and those that can be con­
structed from these two classes by certain group-theoretic 
processes. The various Euclidean spaces with vector addi­
tion as group multiplication and the complex numbers of 
modulus 1 (the circle group) with the usual multiplication 
of complex numbers each with its usual notion of near­
ness are examples of Abelian Lie groups. The invertible 
operators on «-dimensional Euclidean space form a non- 
Abelian Lie group, the general linear group of dimen­
sion «. Here group multiplication is the multiplication 
of operators, and two operators are near each other if 
the images of a specific vector under those operators are 
near each other.

The crucial property of locally compact groups is the ex­
istence of a measure on them, Haar measure (a notion of 
volume for subsets), which assigns the same number (mea­
sure) to a subset of the group and to the subset obtained 
from it by left multiplying each element of the subset by a 
fixed group element (each left translate of the set). Those 
groups with finite total measure constitute an especially 
important subclass, the compact groups. The circle group 
and the subgroup of the general linear group consisting 
of those operators that preserve the lengths of vectors, the 
orthogonal group (unitary group in the complex case), are 
examples of compact Lie groups. The finite groups are 
compact (discrete) groups.

The most satisfactory aspects of this general theory are to 
be found in its application to the classes of compact groups 
and of Abelian (locally compact) groups. The theory of 
representations developed for finite groups is valid for 
continuous representations of compact groups on Hilbert 
spaces, once summation over the finite group (divided 
by the group order) is replaced by integration with re­
spect to Haar measure (normalized so that the group has 
measure 1). The equivalence of such representations with 
unitary ones, the character theory, direct sum decomposi­
tion into irreducible representations, the orthogonality re­
lations, and the existence of a separating family of (finite- 
dimensional) irreducible unitary representations are valid 
for compact groups. The critical new fact that must be 
established in the general case is the finite dimensionality 
of each irreducible representation. The duality theory for 
finite Abelian groups carries over intact to the general 
case. The dual (character) group of a compact Abelian 
group is discrete (and that of a discrete group is compact). 
In particular, the character group of the circle is the ad­
ditive group of integers—the correspondence between (L2) 
functions on the circle and those on the integers (described 
for finite Abelian groups) is the Fourier series expansion 
of periodic functions. The additive group of real numbers 
is its own dual, and the function mapping, in this case, is 
the important Fourier transform.

The representations of the three-dimensional rotation 
group, i?3, supply an excellent and physically significant 
illustration of the theory for compact groups. The group 
R 3 consists of linear transformations of (real) three-dimen­
sional space that preserve the lengths of vectors and have 
determinant 1. The rotations preserve area on the unit 
sphere about the origin (best described in terms of three- 
dimensional polar coordinates), so that each such rotation

induces a unitary transformation on the Hilbert space of 
square integrable functions over the sphere. The result­
ing unitary representation decomposes into a direct sum 
of irreducible, finite-dimensional unitary representations. 
From a direct analytical study this representation can be 
shown to decompose into a direct sum of spaces of odd 
dimension, one for each odd number. This decomposition 
is effected by means of the spherical harmonie functions 
on 3-space and their associated surface harmonies on the 
sphere. The orthogonality relations for the surface har­
monies establish the fact that this decomposition yields all 
the irreducible representations of i?3.

For general locally compact groups it is still possible to 
establish the existence of a separating family of strongly 
continuous irreducible unitary representations, and it is 
still possible to decompose reducible representations into 
a direct integral of irreducible representations; but much 
of the value of this fact is lost in the observation that the 
decomposition can often be performed in many totally 
distinct ways, so that no irreducible component of one de­
composition is equivalent to any component of the others. 
These developments have given rise to the opinion that the 
appropriate process is not decomposition into irreducible 
representations but rather into factor representations. (A 
unitary representation is said to be a factor representation 
when the weak closure of the sums of multiples of the 
representing unitary operators has only multiples of the 
identity operator in its centre. Such an algebra of operators 
is said to be a factor.) The factors have been broadly clas- 
sified into types depending on the nature of a dimension 
function on the projections in the factor (its discreteness 
or nondiscreteness, its finiteness or infiniteness). The so- 
called factors of type I are the most manageable type from 
the point of view of group representations. These are the 
factors isomorphic with the algebra of all bounded opera­
tors on some Hilbert space. The (direct integral) decompo­
sition of a group representation into factor representations 
is essentially unique. When the resulting factors are of type 
I the decomposition of the representation into irreducible 
components is also essentially unique. The problem of the 
types of factor representations a specific group has (the 
so-called type problem) is central to the general theory. In 
particular, establishing that specific classes of groups have 
only type I representations is of vital importance to the 
general theory.

The detailed investigation of a Lie group and its rep­
resentations proceeds via the study of its associated Lie 
algebra. If the Lie group with its associated topology is 
thought of as a surface in three-dimensional space (or, 
more generally, a manifold in «-dimensional space), each 
vector in the tangent plane (space) at the group identity 
determines a unique vector at each group element by 
means of (left) translation by that group element. Relative 
to (i.e., in the direction of) the invariant vector field so 
obtained, (differentiable) functions can be differentiated 
to give another function on the group. If two such vec­
tor fields are involved, differentiation is performed with 
respect to each successively in both orders, and the result 
of one is subtracted from that of the other; the mapping 
on functions obtained by this process is the same as that 
due to differentiation with respect to some third invari­
ant vector field. This third vector field is said to be the 
Lie product or bracket of the other two. These vector 
fields, or—what amounts to the same thing because each 
is determined by a tangent vector at the group identity 
e—the tangent space at e, with the Lie product is the 
Lie algebra of the group (it is a nonassociative algebra). 
Because differentiation is a local process, depending only 
on the points near a point at which it takes place, the Lie 
algebra of a group is in reality a construct associated only 
with that portion of the group near the identity—the so- 
called local Lie group. Several Lie groups that are distinct 
globally may have the same local structure and hence the 
same Lie algebra; for example, the circle group and the 
group of real numbers both have the real line with the Lie 
product of each pair of elements 0 as their Lie algebra.

The distinction between Lie groups that have the same 
Lie algebra is a (global) topological one. Loosely speaking, 
they differ in the number and relation of the holes in

Lie algebra 
of a group
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them. A particular one of them covers the other; that is, 
maps homomorphically onto the other by a mapping that 
is an isomorphism near the identity. For example, the 
circle has a hole, the real line does not, and the real line 
may be wrapped homomorphically around the circle. In 
the family o f Lie groups with a given Lie algebra, there 
is one that covers all the others—the so-called universal 
covering group of the others (also called simply connected 
covering group—the one that has no holes). The group 
of reals is the universal covering group of the circle. 
The rotation groups in dimensions 3 and higher are not 
themselves simply connected but have a twofold universal 
covering group; each point in the rotation group is the 
image of precisely two points in this covering group. These 
are the spinor groups (Spin(«) for the «-dimensional rota­
tion group R n).

The Lie algebra of a Lie group may be thought of as a 
linear approximation to the local Lie group in the same 
sense that a tangent plane to a surface is the best pla­
nar approximation in the neighbourhood of the point of

tangency. The multiplicative nature of the local group is 
made linear (additive) by the transition to the Lie alge­
bra in much the same way that the logarithm converts 
multiplicative numerical problems into additive ones. In 
fact, there is a generalized logarithmic mapping (which 
preserves differentiability) carrying the local Lie group 
onto a neighbourhood of the origin in the Lie algebra— 
or, technically more manageable, an exponential mapping 
of the entire Lie algebra into the group. By means of this 
mapping, (local) questions about the group can be trans­
ferred to questions about the Lie algebra, which are more 
easily handled because of the added linearity.
The deeper analysis of the representation theory for Lie 

groups, the finite-dimensional representations of which are 
completely reducible (the semisimple Lie groups), involves 
the undertaking of a profound analysis of the semisimple 
Lie algebras and the so-called theory of weights that is 
associated with their representations. It has been estab­
lished for such groups that their unitary representations 
on Hilbert spaces are of type I. (A.Zy./C.L.F./Ed.)

CALCULUS OF VARIATIONS
The calculus of variations is an old subject; some of 
its problems were considered and partially solved by the 
ancient Greeks. Leonhard Euler in the mid-18th Century 
deduced the first general rules for dealing with the subject, 
while much of the terminology was introduced soon after 
by Joseph-Louis Lagrange.

When two points, A and B, are given in a plane, as shown 
in Figure 21, there is an infinity of arcs joining them. 
A simple problem of the calculus of variations is that of 
finding in this group of arcs (such as E  and E') one that 
has the shortest length, the solution of the problem being 
a straight line segment. It may also be desired, however, 
to find in the group of arcs joining A with B  one down 
which a partiele, started with a given initial velocity, will 
fall from A to B  in the shortest time; or which one of 
these arcs, when rotated about the x-axis, will generate a 
surface of revolution of minimal area.

the study and to the soiution of variational problems. Af­
ter a number of special problems had been solved, Euler 
in 1744 deduced the first general rule, now known as Eu­
ler’s differential equation, for the characterization of the 
maximizing or minimizing arcs.

MATHEMATICAL FORMULATION 
OF VARIATIONAL PROBLEMS
All the problems mentioned in the first paragraph of this 
section reduce to the determination of that differentiable 
arc y  = y(x) joining the two points (x„ y,) and (x2, y2) 
that minimizes an integral extended over a segment of 
the x-axis and having its argument a function of x, of y, 
and of the derivative of y  (see 603). The length of the 
arc and the area of the surface of revolution obtained by 
revolving it around the x-axis are found from elementary 
calculus to be given respectively by the integrals of the 
general type described above in which the function in the 
integrand involves the square root of one plus the square 
of the derivative of y  (see 604). In the case of the curve of 
steepest descent, the time required for a bead to descend 
along a wire in the shape of an arc from the point (xt, y x) 
to the point (x2, y2) under the action of gravity is given by 
the integral of the above type with a special form in the 
integrand that accounts for the special type of problem

x-axts

Figure 21: Simple problem of arc length 
(see text).

These examples are typical problems of the calculus of 
variations of the so-called simplest type.

These problems illustrate the usual Situation in the cal­
culus of variations, in which mathematicians seek to find 
that arc from some given class for which some quantity, 
whose value depends on the entire arc (its length, etc.), 
is a minimum or a maximum. The calculus of variations 
also deals with problems involving surfaces or functions of 
several variables. For example, if a circular wire is bent in 
any way, dipped in a soap solution, and then withdrawn, 
the soap film spanning the wire will assume the shape of 
the surface of least area bounded by the wire.

The calculus o f  variations has been useful as a unifying 
principle in mechanics and as a guide for the determina­
tion of new laws of physics.

Albert Einstein’s theory of general relativity, for exam­
ple, utilizes the calculus of variations extensively. One 
of the most widely applicable variational statements of 

Hamilton’s classical mechanics is known as Hamilton’s principle (af- 
principle ter the 19th-century Irish mathematician William Rowan 

Hamilton); it States that the trajectories of many dynami­
cal Systems are the Solutions of some variational problem 
involving an energy integral.

The introduction of the calculus gave great impetus to

involved (see 605) if friction is neglected; here the term a 
in the integrand is of the form vx2 divided by twice g (see 
606), in which v, is the initial velocity of the bead and g 
is the acceleration of gravity.

It is the case in the preceding examples that the function 
/(x , y, p) occurring in the minimizing integral (see 603) 
has one of several forms, each involving the square root 
of one plus p2 (see 607). The integrals arising from Hamil­
ton’s principle are of the type in formula (603), in which 
x is replaced by the time t (this usually does not appear 
in the function ƒ  in such applications) and the single vari­
ables y  and p are replaced by several variables . . . ,  yn, 
and pn, the pt standing for the derivatives dyjdt.

eu ler ’s eq u ation

Euler’s differential equation for the determination of a Determina- 
minimizing arc is derived as follows: Suppose that y  =  y(x) tion of a 
is a minimizing arc that passes through the two points, minimizing 
and assume that the second derivative y"  and the second arc 
partial derivatives of ƒ  are all continuous. If rj(x) is any 
differentiable function which vanishes at the end points 
x, and x2 (see 608), then for any X the arc obtained by 
adding to the function y  the function X times r\ (see 609) 
is another arc joining the two given points. Forming an 
integral for this new arc gives a function I(X) in the form 
of a definite integral in which X appears as a parameter 
(see 610) which is differentiable and must have a mini­
mum for X — 0.
From elementary calculus, it follows that the integral in-
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volving X can be differentiated with respect to the param­
eter X. A necessary condition for a minimum is that this 
derivative should be equal to 0 (see 611). The integral that 
results is called the first Variation of the original integral 
(see 603); this corresponds roughly to the total differential 
of a function of several variables, the function rj(x) corre­
sponding to the set of differentials of the variables. Now, 
using the differentiability assumptions, the term involving 
rj'(x) in the first Variation (see 611) may be eliminated 
by integrating by parts to obtain an integral of which the 
integrand includes rj as a factor, the total integral being 
equal to 0 (see 612).

Because the last integral expression (see 612) holds for 
every function rj(x) allowed above, it follows from a well- 
known theorem in analysis that the first derivative of fp is 
restricted to equal f y (see 613), which is Euler’s differential 
equation; it is understood in the derivation that the values 
x, y(.x) and y'(x) are to be inserted in the expressions 
for/p an d /v.

If Euler’s equation (see 613) is written out in more detail, 
the rules of differentiation yield an equation in which the 
second derivative of y  appears (see 614), which shows that 
Euler’s equation is of the second order. Euler’s equation 
becomes singulär, however, if f pp = 0. Therefore, regulär 
variational problems are those for which fpp never vanishes; 
in that case, it is assumed that f pp >  0, which makes min­
imum problems more natural than maximum problems.

SOME QUESTIONS INVOLVING ARCS
The analysis leading to Euler’s equation applies just as 
well to a maximizing arc as to a minimizing one. The first

attempt to find a condition that would single out a mini­
mizing arc was to consider the second Variation, which is 
obtained, for any given rj(x\ by finding /"(O), I(k) being 
defined by (610).

Clearly /"(0) > 0 for every t](x) if y(x) is a minimizing 
arc, but the condition that /"(0)> 0 for every rj(x) is not 
sufficiënt to ensure that y(x) is minimizing. The attempt 
to find conditions that would ensure a given arc being 
a relative minimum led to a variety of rather interesting 
discoveries and also raised a number of new questions.

After Weierstrass’ famous example of a continuous func­
tion that does not possess a derivative at any point (thereby 
showing that a function with a continuous first derivative 
does not necessarily have to have a continuous second 
derivative), the question then was raised as to why a mini­
mizing arc, or, more generally, why any arc for which the 
first Variation is zero for every rj, should possess a con­
tinuous second derivative, as is required in the derivation 
of Euler’s equation. By the end of the 19th Century, the 
problem of the existence of a minimizing arc had been 
raised, and the existence had been proved by Hilbert un­
der certain hypotheses. Leonida Tonelli developed the so- 
called direct methods of the calculus of variations in order 
to simplify and amplify the results of Hilbert conceming 
the existence of minimizing arcs.

These results were applied to general situations by the 
metric geometry methods of Karl Menger and Herbert 
Busemann. Most of the remaining problems involving 
arcs were solved between 1910 and 1940 by such mathe­
maticians as Oskar Bolza, Gilbert Arnes Bliss, and Edward 
James McShane.

The fact that not every minimum problem has a solution 
is seen by studying a definite integral extending from 0 
to 1 symbolized by I  in which the integrand includes the 
derivative of y  (see 615). In this case 0 <  /  <  1 for every 
y(x). Setting y(x) =  x n, n — 1, 2 . . .  shows that I  may be 
made arbitrarily close to 1. By taking y(x) to be equal to x  
plus a sinusoidal function (see 616), it is seen that /  may 
be made arbitrarily close to zero. There is, however, no 
y(x) for which I  is equal to zero or one.

MULTIPLE-INTEGRAL PROBLEMS
Meanwhile interest had developed in problems involving 
functions of two or more variables, and the derivation 
of Euler’s equation had been extended to integrals of a 
more complicated form (see 617). Replacing z by z +  XC, 
in which £ has a role similar to that of rj in the preceding 
problem, (  =  0 on the boundary of the region G, and pro- 
ceeding as in the derivation of Euler’s equation (see 610- 
612) results in the equation known as Euler’s equation 
(see 618) for the multiple integral (see 617).

Early in the 19th Century Carl Friedrich Gauss and 
William Thomson, Lord Kelvin, had observed that 
Laplace’s equation was the Euler equation for a particular 
integral (see 619), as is seen by setting f(x , y, z, p, q) 
— (/T2 4- q2)f2 in the derivation of Euler’s equation for the 
multiple integral (see 617, 618).

This fact is the formal basis for what is now known as 
Dirichlet’s principle, which States that (subject to certain 
hypotheses) there is a unique function z that minimizes 
the integral of the sum of squares of zx and zy (see 619) 
among all differentiable functions having given boundary 
values and that that unique function is the solution of 
Laplace’s equation with those boundary values.

This principle has proved to be of great importance not 
only in potential theory and in the theory of partial dif­
ferential equations, but also in the theory of functions of 
a complex variable and in conformal mapping. The appli­
cations to these fields was begun by Bernhard Riemann 
around 1850 and important advances have been made 
in them since 1935 by such mathematicians as Richard 
Courant, Lars V. Ahlfors, Donald Clayton Spencer, Mena- 
hem Max Schiffer, Paul Roesel Garabedian and others. 
Riemann simply assumed the principle but, of course, 
the objections that were raised conceming problems in­
volving arcs applied to the Dirichlet principle with even 
greater force; the first proof of the principle was given by 
Hilbert in 1900.
The almost simultaneous Solutions by Jesse Douglas and

Tonelli’s
methods

Bemard
Riemann
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Tibor Radó in 1930 of the problem of the Belgian physi­
cist Joseph Antoine Ferdinand Plateau, i.e., the proof of 
the existence of a minimal surface (surface of least area) 
bounded by a simple closed curve in space, aroused a 
renewed interest in vanational problems for surfaces. The 

The Plateau problem was solved for surfaces bounded by sev-
Plateau eral curves and for more complicated surfaces by Douglas, 
problem Courant, and others. More general variational problems 

for surfaces were solved by Tonelli, McShane, Charles B. 
Morrey, Jr., Lamberto Cesari, A.G. Sigalov, and others 
between 1930 and 1957 by extending the direct methods 
of Tonelli; these involve considering the surfaces as points 
in a space in which limits are defined and using the gen­
eral theorem in functional analysis that a function that is 
lower-semicontinuous on a compact set attains its mini­
mum on that set. In order to apply this theorem it was 
found expedient to enlarge the classes of arcs or surfaces, 
etc., within which the minimum is sought. Unfortunately,

the enlarged classes usually contain surfaces that do not 
possess the properties of differentiability required in the 
derivation of Euler’s equation.

In the case of the Plateau problem the differentiability of 
the Solutions follows from the Dirichlet principle. The dif­
ferentiability of the generalized Solutions of certain other 
Problems for surfaces was proved by Morrey, and some of 
his results were extended in 1957 to problems in higher- 
dimensional spaces by Ennio De Giorgi and John Nash, Jr.

An interesting attack on problems for surfaces has been 
made by L.C. Young, Wendell Helms Fleming, and others 
through their introduction of generalized surfaces.

m orse’s th eo ry  o f  critica l  poin ts 
If a function f(P )  is defined on an «-dimensional mani­
fold, its behaviour near a particular point may be studied 
by introducing coordinates, in which case ƒ  becomes just 
a function of n coordinates x ly. . . ,  x n. A point (i.e., set 
of numbers x i 9 , x n) is a critical point of ƒ  if all its 
partial derivatives are zero there. If jc„ . . . ,  xn is such a 
point, then a formal finite difference constructed with the 
function ƒ  equals the summation of terms plus a final term 
symbolized by R  (see 620), in which R  consists of the 
higher order terms; here the coefficients in the summa­
tion of terms are obtained from the second-order partial 
derivatives (see 621) evaluated at the point. It is known 
that linear combinations £1? of the rj, can be chosen
so that the double sum becomes expressed in terms of the 
squares of the the indices ranging from one through r 
to s (in which r is zero if there are no negative terms, etc.; 
see 622). Moreover, the numbers r and s are independent 
of the coordinate system and the way the <Jj- are chosen 
as long as the given quadratic form (see 622) is obtained. 
If s =  n, the critical point is said to be nondegenerate, in 
which case r is called the index.

Harold Marston Morse, a 20th-century American topol- 
ogist, first proved certain inequalities between the number 
of critical points of a given index of a (nondegenerate) 
function on a manifold and the so-called Betti numbers 
(after the 19th-century Italian mathematician Enrico Betti) 
of the manifold. His greatest contribution was to gener- 
alize the notion of a nondegenerate critical point and his 
inequality results to situations in which the functions and 
spaces were too general for differentiability to be defined. 
Morse applied his theory to spaces the elements of which 
were arcs or closed curves on a manifold or surfaces in 
space. He was able to prove the existence of unstable min­
imal surfaces (i.e., surfaces fumishing some critical value 
other than a minimum to the area) and to prove such 
theorems as that there exist at least three closed shortest 
paths on a sphere. His theory has been applied to varia­
tional problems for arcs with great success. Stephen Smale 
and others have found a way to apply the Morse theory 
to multiple integral problems. (C.B.My.)

FUNCTIONAL ANALYSIS
A broad view of functional analysis
EARLY DEVELOPMENT
The development of analysis in the 19th Century led 
eventually to the realization that limit processes originally 
developed for sequences of values of a single function 
could usefully be applied to whole sequences of functions 
and, further, that individual functions of interest could 
be studied to advantage using an indirect technique that 
established the properties of such a function by consider­
ing appropriate sequences of other, and generally simpler, 
functions that converged to it. This approach was pioneered 

Fourier’s by Jean-Baptiste-Joseph Fourier, a French mathematician 
contribu- who died in 1830, and it was developed subsequently by 
tion many other mathematicians, who improved and general­

ized the theory of Fourier series, which Fourier’s work 
initiated. Studies of functions using this same method of 
approximation also played a central role in the theory 
of functions of a complex variable, the systematic work 
of Karl Weierstrass in the 19th Century being especially

notable in this connection. Out of repeated applications 
of the technique of functional approximation there grew 
the gradual realization that individual functions ought to 
be looked at as members of broader collections or spaces 
of functions. By focusing attention not on a single func­
tion /  in isolation but rather on an appropriate collection 
of functions containing f  and on the special position or 
defining property of ƒ  within this collection, important 
properties of a particular function ƒ  could in many cases 
be established in a more ready and transparent fashion 
than was otherwise possible; old proofs could be simpli- 
fied, and new proofs could be attained. In such studies it 
was often useful to make use of expressions assigning a 
value to each member of a space of functions; such ex­
pressions were dubbed functionals, this term being coined 
in analogy with the word function, which designates a rule 
assigning a value to each member of a collection of num­
bers. The body of mathematical work growing out of the 
viewpoint outlined above, in which functions are studied 
collectively, and in which the older methods of analysis
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are applied to whole collections of functions, consequently 
became known as functional analysis.

At the turn of the 20th Century, the work of Vito Volterra 
and Erik Ivar Fredholm began to underscore the utility of 
the functional approach and to make use of this approach 
in an explicit way. At about the same time, studies under­
taken by David Hilbert, Erhald Schmidt, Frigyes Riesz, 
and others served to make plain the analogies between an­
alytic and classical algebraic principles that emerged when 
collections of functions were regarded as abstract global 
totalities, and the value of regarding a function as a point 
in a space of functions became plain. This was recognized 
clearly by Schmidt, for example, in a 1908 study of Sys­
tems containing infinitely many equations; Schmidt intro­
duced various geometrie notations and terms, which are 
still in use, for describing spaces of functions. At approxi­
mately the same time the foundations of modern point-set 
topology, originally the study of geometrie properties that 
remain unchanged under continuous maps, were being 
laid by Maurice-René Fréchet, Felix Hausdorff, and Riesz. 
These topological studies gave an abstract and extremely 
general form to the basic notions of continuity and differ­
entiability that played a central role in the older analysis, 
thus allowing these notions to be carried over to spaces 
of functions. General definitions of the type of space of 
functions in which the new functional methods could be 
applied were offered a few years later by Norbert Wiener 
and Stefan Banach. In 1932 Banach’s Théorie des opéra- 
tions linéaires summarized much of the most interesting 
work in functional analysis up to that time and inspired 
much of the work in functional analysis through succeed- 
ing decades. The important general dass of Banach spaces 
take their name from him. At about the same time John 
von Neumann began a brilliant series of investigations 
into the functional analysis of Hilbert space (see below 
Hilbert space; spectral analysis), which is that particular 
space of functions bearing the closest geometrie analogy 
with ordinary Euclidean space. This work, which gave an 
abstract, transparent, and greatly generalized form to older 
analyses of integral equations by Hilbert and Schmidt, 
soon made contact with other broad areas of algebra and 
classical analysis, and has led to rieh subsequent develop­
ments. Von Neumann’s work had also a particularly close 
relation to, and influence on, the mathematical apparatus 
of quantum physics.

LINEAR FUNCTIONAL ANALYSIS; THEORY OF DISTRIBUTIONS
Many important spaces of functions are linear. A collec­
tion of functions possesses this property if the sum of any 
two functions belongs to the same collection and if an 
arbitrary constant multiple of a function in the collection 
still belongs to the collection. For example, the sum of 
two continuous functions is continuous, the sum of two 
bounded functions is bounded, the sum of two smooth 
functions is smooth, etc., so that continuous functions 
constitute a linear space of functions, smooth functions 
another, bounded functions a third, etc. When a space 
of functions is linear, useful analogies exist between its 
elements and the vectors of ordinary two- and three- 
dimensional space. These analogies suggest many useful 
geometrie lines of investigation, and the availability of 
addition and multiplication operations makes it possible 
to adapt many of the powerful algebraic procedures of 
conventional vector algebra or linear algebra to the study 
of function spaces. To emphasize this analogy, one often 
speaks of a collection of functions having the property of 
linearity as a linear space of functions, and of its elements 
as points or vectors.

Many significant methods of functional analysis grow out 
of this analogy. Using terminology adapted from vector 
algebra, a function ƒ  which is the sum of terms of the type 
akfk (see equation 623), in which ax, . . . ,  an are numbers

(623) f = a xf  +  • • • + a j n

(624) F(axf  +  a2f 2) =  axF( f )  +  a2F (f2)

and are functions belonging to the same space
as f  is spoken of as a linear combination of f , . . . ,  f n; 
the expression axf  +  • • •. +  anf n may be called the ex­
pansion of ƒ  in terms of ƒ , . . . ,  f n. The same terms are 
also used in connection with infinite sums of the form 
ü\f\ +  a2f 2 + • > ' • ,  provided that these sums are conver­
gent (i.e., approach a limit) in an appropriate sense. In 
studying a problem set within some particular function 
space, it is often useful to find some particularly simple 
collection of functions f , f 2, . . .  in terms of which every 
function may be expanded. The Observation that such ex­
pansions could be useful for analysis goes back to Daniel 
Bemoulli and Leonhard Euler in the 18th Century, who, in 
studying the motions of a vibrating string, found it useful 
to expand certain functions in terms of simpler ones. The 
British engineer Oliver Heaviside and many other 19th- 
century mathematicians showed that other similar series 
expansions were useful for treating a wide range of specific 
Problems. Modem functional analysis affbrds a compre­
hensive generalization of all these earlier investigations 
and makes plain the relatively simple algebraic-geometric 
basis on which they rest.

Many techniques related to the linear combination of 
functions are used within functional analysis. Certain im­
portant function-associated operations have the property 
that when applied to the sum of two functions they give 
a value that is the sum of the values obtained by apply­
ing the same Operation to the two functions individually. 
Designating such an Operation by the symbol F, this gen­
eral property may be represented by an algebraic formula 
(see 624). An Operation or functional having this prop­
erty is said to be linear. Many of the central operations 
of classical analysis—as, for example, differentiation and 
integration—are linear: the integral of the sum of two 
functions in the sum of their integrals, etc. Taking an 
abstract and general view, functional analysis sees in the 
collection of all operations satisfying the condition (624) 
another space of objects, related in a natural way to an 
initial collection X  of functions ƒ  If the operations F  in 
(624) are restricted to have numerical values, one speaks 
of F  as a linear functional on the collection X; if the op­
erations F  have values that are themselves functions, one 
calls F  a linear operator on X; if the values of F  lie in X, F  
is called a linear operator in X. The collection of all linear 
functionals on X, the collection of all linear operators on 
X, and the collection of all linear operators in X, all form 
spaces associated with the space X  in a natural way. The 
collection of all linear functionals on X  is often called the 
conjugate space or dual space of X, and it is convention- 
ally designated by the symbol X * The conjugate space X* 
is important in functional analysis for a variety of reasons. 
Many operations that are defined for the elements of X  
carry over in a natural way to the elements of X* The 
study of X* and of various detailed relationships between 
X  and X* can yield important information conceming X. 
Moreover, consideration of the dual space X* of an artfully 
chosen collection X  may provide the key to the solution 
of a problem in which X  itself plays only a subsidiary role.

The theory of distributions, introduced in the late 1940s 
by Laurent Schwartz, gives a famous example of the sys­
tematic use of this last observation. Schwartz begins by 
considering the space of all extremely smooth functions ƒ  
of a real variable y  that are zero for sufficiently large val­
ues of the variable y. This collection X 0 of functions is one 
of the smallest (i.e., most restricted) yet still quite general 
classes of functions that can be defined. Analytically im­
portant operations, such as differentiation and integration, 
are easily defined for the elements of X0; the relationship 
between X0 and X0* allows these operations to be carried 
over to the very much larger space X0*. The elements of 
X0* are called distributions by Schwartz. Because X0 can be 
regarded as a subspace of X0*, the elements of X0* have a 
natural interpretation as generalized functions. Schwartz’s 
constmction makes differentiation, etc., available over a 
wide range of nonconventional mathematical objects, and 
in a manner preserving all the formal properties of these 
operations that are central to traditional analysis. There 
results a considerable broadening of the differential and 
integral calculus, including and generalizing many of the
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formal extensions of calculus developed on ad hoc lines for 
specific application, notably by Heaviside and the British 
physicist P.A.M. Dirac. Until Schwartz’s development of 
the theory of distributions, most of these schemes of 
formal calculation lacked rigorous justification and were 
regarded as slightly illegitimate curiosities. Distribution 
theory has brought these and even more powerful tools for 
calculation into general mathematical currency (see below 
Generalized functions, or theory o f distributions).

GEOMETRIC PRINCIPLES; ANALYSIS OF LINEAR OPERATORS
As already noted, linear functional analysis aims to ex­
ploit the formal similarity that exists between addition 
of functions and addition of vectors in two, three, and 
more dimensions and, accordingly, tends to consider any 
collection of functions having the necessary property of 
linearity as an infinite-dimensional analogue of the famil­
iär Euclidean spaces. In accordance with this fundamental 
point of view, a systematic attempt is made to carry 
as many useful geometrie notions as possible over from 
two- and three-dimensional Euclidean space to arbitrary 
linear collections of functions. One notion of this kind, 
which has been quite successfully exploited in functional 
analysis, is that of convexity. A body B  in two- or three- 
dimensional Euclidean space is convex if, and only if, 
the entire straight-line segment S  between any two of its 
points belongs to the body; if B is closed, this will be the 
case if, and only if, the midpoint of each such segment S  
belongs to the body. Phrased in terms of vector algebra, 
this last condition amounts merely to the demand that 
the midpoint (ƒ  +  g)/2 of S  belongs to B  whenever the 
endpoints ƒ  and g  of S  are both points of B; in this for­
mulation, the notion of convexity generalizes immediately 
to any linear space of functions. This last Observation 
suggests that many of the properties of convex bodies in 
two and three dimensions can be carried over to convex 
collections of functions within a linear space of functions; 
and such is indeed the case. Thus, for example, if one is 
given a convex body B  in three-dimensional space and a 
point p  not belonging to the body, one can always draw 
a plane with the point on one side of the plane and the 
body on the other side. If the equation of the plane is 
written F(x) =  c, it follows that F(p) is smaller than c, but 
that F{x) is larger than c for each point x  of the body B. 
This simple but basic geometrie fact generalizes at once to 
convex collections B  in linear spaces of functions, giving 
the so-called Hahn-Banach theorem, a theorem possess- 
ing many applications. This case will serve to illustrate 
the more general remark that functional analysis contains 
generalizations of much of the rieh geometrie theory of 
convex bodies, in which corners, shortest paths, inscribed 
and circumscribed bodies, cones, and so forth, are all 
studied to advantage. Many of the most useful inequalities 
belonging to the older analysis of single functions tum out 
to have simple geometrie interpretations when they are 
reformulated in functional-analytic terms.

As has already been noted, an Operation F  on functions 
with values F (f)  that are themselves functions satisfying 
the algebraic condition (see 624) is called a linear opera­
tor. Such a linear operator may be regarded as the natural 
generalization, to linear spaces of functions, of the rectan­
gular matrices of conventional finite-dimensional vector 
algebra. If F  is a linear mapping in a space X —i.e., if the 
values F (f)  of F  belong to the same space X  as do the 
functions ƒ  for which F  is defined—then F  is analogous 
not merely to a rectangular but to a square matrix; i.e., to 
a matrix having equaliy many rows and columns. Matri­
ces of this type may freely be added and multiplied; the 
study of their particularly interesting algebraic relation­
ships, which in the finite dimensional case was initiated 
in the 19th Century by Arthur Cayley of Great Britain, 
generalizes at once to linear operators. Given that F is a 
linear operator in a linear space X, the “square” of F, for 
example, may be defined as the transformation G speci­
fied by the formula G( f )  =  F (F (f) \  and higher powers of 
F  may be defined in analogous fashion. The elementary 
infinite series that expresses the nonnegative reciprocal of 
1 — x  as a sum of all integer powers of x  (see 625) then 
generalizes in a straightforward way to linear operators,

(625) =  1 +  x +  x:2 +  je3 4- • • •

(626) ex = 1 + x  + -^x2 4-g^r3 +  • • •

(627) eF = I + F + \ F 2 + 2 F 3+ ■ ■ ■
z  O

(628) a l\ ah =  a l\ + t2

(629) e(tx)e(t2) = e(tx + t2)

its generalization proving to be the key to many of those 
results of the early-20th-century theory of linear integral 
equations from which the historie development of modern 
functional analysis began. Other power series can also be 
used to define functions of a linear operator F, provided 
always that F  acts in a single linear space X  of functions; 
i.e., that F  is defined for each ƒ  in X  and that each value 
F {f)  of F  belongs to X. For example, the exponential 
function ex has the power series expansion, with coeffi­
cients formed of reciprocals of factorials (see 626), which 
suggests the possibility of defining an operator exponential 
by writing a formal power series for the linear operator 
ƒ  with coefficients as before (see 627); here I  denotes the 
unit, or identity, linear operator specified by the equation 
A / ) = /  This definition of an exponential function for 
linear operators is in fact quite useful and provides the 
key to several important calculations and theorems. Fur­
ther extension of this same technique yields a systematic 
calculus of functions of linear operators,

Other analogies between collections of operators and 
ordinary algebra have been quite fruitful for functional 
analysis. To give a further example, the exponential func­
tion al has the property that the product of two function 
values evaluated at distinct points is equal to the function 
value evaluated at the sum of the two corresponding points 
(see 628). Moreover, any continuous numerical function 
e(t) having this multiplicative property—i.e., any function 
satisfying the condition that the product of two function 
values for distinct points is equivalent to the function 
value for the sum of the distinct points (see 629)—is neces­
sarily expressible as an exponential function; i.e., e(t)=a‘. 
This fact suggests the study of families E{t) of linear op­
erators depending on a real parameter t and satisfying the 
algebraic condition that is defined by the formula given 
as (630), namely: E(tx)E(t^) =  E(tl + 12). Operator families 
satisfying this condition are called semigroups of linear 
operators; they arise in a variety of physical, mathematical, 
and probabilistic settings. Naturally enough, their study 
centres upon techniques for defining fractional powers Af 
of a linear operator A and around attempts to find con­
ditions guaranteeing that a particular semigroup E(t) of 
linear operators must have the exponential form E(t) — A‘.

HILBERT space; SPECTRAL ANALYSIS 
In the preceding paragraphs it was stressed that many 
of the most fruitful ideas of functional analysis arise in 
analogy with algebraic and geometrie notions belonging 
to the vector analysis and the geometry of two- and three- 
dimensional Euclidean space. These analogies become 
most compelling if there is imposed upon the spaces of 
functions a condition that plays a fundamental role in
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Euclidean geometry: namely, the relation contained in 
Pythagoras’ theorem. For easy generalization it is useful 
to state Pythagoras’ relationship in the following slightly 
unconventional way: the sum of the squares of the lengths 
of the diagonals of a parallelogram is equal to twice the 
sum of the squares of the length of its sides. A linear space 
of functions in which every parallelogram has this prop­
erty is called a Hilbert space, in honour of Hilbert, whose 
penetrating investigations of integral equations in certain 
particular spaces of this kind influenced the subsequent 
development of formal functional analysis in a particularly 
profound way. For such spaces it may be shown that the 
Pythagoras principle allows many other familiär geometrie 
facts to be derived. For example, one can define a notion 
of the angle between two vectors in such a way as to pre­
serve all the ordinary geometrie properties of angles. This 
is done by analogy with the law of cosines of Euclidean 
trigonometry, according to which the square of the length 
of the vector sum of two functions is equal to the sum 
of the squares of the lengths of the two vectors taken 
separately minus a term equal to twice the product of the 
lengths of the vectors multiplied by the cosine of the angle 
6 between them (see 631). The geometrically significant 
expression | / |  \g \ cos 6, which has particularly simple 
algebraic properties, and which plays a fundamental role 
in geometrie investigations of Hilbert space, is then called 
the inner product of the vectors ƒ  and g and is often 
designated by the symbol (ƒ  g).

In analogy with ordinary geometry, a linear transforma­
tion R  in a Hilbert space is called a rotation if it preserves 
lengths; i.e., if the length of the vector R ( f)  is in every case 
the same as the length of the vector ƒ  In Hilbert space, ro­
tations and other related basic geometrie transformations 
continue to have many of the familiär properties possessed 
by similar transformations in ordinary Euclidean two- 
and three-dimensional space. Orthogonal (mutually per­
pendicular) sequences/,/2, / 3, . . .  of functions in Hilbert 
space—that is, sequences of functions for which the inner 
product ( f , f j )  is equal to zero whenever the indices i and 
j  are different—appear as the geometrie analogue of sets of 
mutually perpendicular axes in ordinary Euclidean space. 
The process of expanding a function as a linear combina­
tion of such vectors is then seen to be closely analogous to 
the geometrie decomposition of a vector into components 
directed along several mutually orthogonal axes; this gives 
a transparent geometrie meaning to the expansion into 
sines and cosines introduced by Fourier.

In Hilbert space it is possible to distinguish a class of 
linear operators, the study of which constitutes one of 
the most successful branches of the whole of functional 
analysis. A linear operator F  in Hilbert space is said to 
be self-adjoint if it satisfies the simple algebraic condition 
that identifies two inner products, one with the left-hand 
element being the effect of the linear operator x  operating 
upon a vector and one being an inner product in which 
a right-hand number is the effect of the linear operator ƒ  
operating upon a second vector (see 632).

Given a bounded function ra(x), the mapping, which 
sends each function ƒ  (x) into the product function 
m(x) ƒ  (x), is linear; a mapping M  of this particularly sim­
ple kind is called a multiplication operator. Multiplication 
operators are the simplest general type of linear operator, 
self-adjoint (see 632). The fundamental spectral theorem 
of Hilbert and von Neumann asserts that, given any self- 
adjoint linear operator in Hilbert space, one can always 
find a rotation R  of the Hilbert space and a multiplication 
operator M  such that R(F( f ) )  = M (R(f)) for each vector 
ƒ  of the Hilbert space; this means that in the rotated 
axes defined by the rotation, R, F  is expressed, in the 
simplest possible way, as an Operation of multiplication. 
Many other useful properties of self-adjoint linear opera­
tors in Hilbert space follow from this basic theorem, and, 
generally speaking, the spectral theorem tends to reduce 
the study of a particular self-adjoint operator F  to the 
problem of finding the rotation R  that allows F  to be 
expressed as a multiplication. Many of the most interest­
ing linear transformations of classical analysis turn out 
to be rotations of this type. This observation covers not 
only Fourier’s initial sine-cosine series expansion and all

the Sturm-Liouville generalizations of this expansion, but 
also many related integral expansions, of which the most 
famous is the Fourier integral, which expresses a rotated 
version g = R ( f )  of an initially given function ƒ  by the 
formula that expresses g as a definite integral extended 
over the entire real line, the integrand being the product 
of ƒ  and an exponential function, multiplied by an appro­
priate normalizing factor (see 633).

Linear operators satisfying the self-adjointness condition 
(see 632) are of common occurrence in classical mathe­
matical physics, wherein the self-adjointness condition is 
often a consequence of some underlying law of energy 
Conservation. They also are of fundamental importance in 
quantum theory, in which the self-adjointness condition 
appears as an assumption basic to the physical interpreta­
tion of the theory.

The spectacular conceptual and computational simplifi- 
cations afforded in the study of self-adjoint operators by 
the spectral theorem has led to a long series of efforts 
to generalize this theorem to linear operators F  not sat­
isfying the basic condition of self-adjointness (see 632). 
Unfortunately, these efforts, in which the works of Nelson 
Dunford and Ciprian Foia§ have featured prominently, 
have been successful only in part. The fact is that general 
linear operators are more complex than self-adjoint oper­
ators, even if attention is restricted to operators acting in 
Hilbert space. Moreover, phenomena appear in the study 
of general operators in Hilbert space that have no analogue 
in the more elementary algebraic theory of finite square 
matrices acting in spaces of vectors. In spite of this, it has 
been possible to find classes of non-self-adjoint operators 
having many properties in common with multiplication 
operators and with other special classes of linear operators 
of simple structure for which calculation is easy.

LINEARIZATION AS A METHOD; ERGODIC THEORY, 
CLASSICAL AND GENERALIZED HARMONIC ANALYSIS
As has been noted, linear functional analysis makes sys­
tematic use of the possibility of expressing one function 
as a linear combination of others, thereby attaining great 
simplifications in the problems that it studies. Problems 
for which this is not possiblQ— i.e., cases in which it 
is necessary to deal with sets of points or of functions 
within which an Operation of addition is not available in 
any useful way—are normally much more complicated. 
When problems of this kind are attacked, it is gener­
ally necessary to have recourse to the elaborate tools of 
global (or algebraic) topology, and, even so, the attack 
may be unsuccessful. Global topological methods began 
to be used extensively in functional analysis around 1960, 
though work in the 1930s by the mathematicians Juliusz 
Schauder and Jean Leray and by the topologist Marston 
Morse introduced some basic techniques.

The use of global topological methods in combination 
with more conventional techniques of functional analysis 
defines what has come to be called nonlinear functional 
analysis (see below). The relative simplicity of linear spaces 
suggests, however, that whenever it is possible to relate 
a linear space to an object to be studied, even if this 
object is initially nonlinear, analysis of the linear space 
may allow interesting properties of the original object to 
be established. This technique, which may be called lin- 
earization, has been applied successfully in a great variety 
of rather important investigations. Ergodic theory, which 
grew originally out of Statistical mechanics (that is, out 
of the Statistical analysis of physical Systems containing a 
large number of particles of interest), constitutes an im­
portant instance of this general remark.

If at a given instant one records the momentary position 
and velocity of each partiele in a system of particles, one 
obtains a multidimensional vector v; v  is called the mo­
mentary state of the system, and the collection of all rele­
vant vectors ü is called the system’s phase space. It follows 
from the laws of Newtönian mechanics that after t seconds 
have elapsed a system initially in a state u will find itself 
in a state <pt(o\ in which the mapping (pt is determined by 
the details of the forces that each partiele exerts on all the 
others. The Newtönian law of energy Conservation implies 
that even if the time parameter t is allowed to vary, all the
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States (pt{ü) will lie on some single energy surface. Given 
this fact, detailed investigation of the overall motion of a 
System will naturally focus on one single such surface and 
on the transformations <pt(p), all of which map each point 
of such a surface to some other point of the same surface. 
These energy surfaces are, however, described by compli­
cated equations and are in consequence highly curved, 
nonlinear objects. This characteristic makes direct study 
of the transformations (pt difficult. Using the technique 
of linearization described above, some of these difficulties 
may be alleviated, as follows.

An appropriate linear space of functions /(u), defined 
for all the points v of an energy space, is set up, and the 
nonlinear maps q>t are used to define linear maps Ft in 
this space of functions; Ft is defined simply by specifying 
that Ft( f )  is to be the function g given by the formula 
in which the value of g at v is equal to the function ƒ  
evaluated at a nonlinear map of the argument v (see 634). 
A suitable choice of functions ƒ  will yield a Hilbert Space 
within which the maps Ft tum  out to have properties that 
allow them to be studied using the Hilbert space spectral 
theorem mentioned in the preceding section. This makes it 
possible to establish a number of interesting facts concern- 
ing the nonlinear maps (pt. The method sketched above has 
been used in a series of investigations Stretching from the 
1930s to the present day, in which the names von Neu­
mann, Birkhoff, Hopf, Kolmogorov, Sinai, Arnold, and 
Ohrenstein feature prominently. These investigations have 
elucidated many properties of nonlinear mappings signifi­
cant for mechanics, probability theory, and geometry.
A closely related method has played a central role in the 

elucidation of important algebraic problems. In abstract 
algebra, a group is a collection of elements x, y, etc., any 
two of which may be multiplied to give a product xy, 
any one of which has an inverse x -1 satisfying x ”1(x^) =  y 
and 0>x)x-1 = y. If a group is given, the linear space of 
all functions ƒ  on the group may be considered, and for 
each group element x  a linear mapping Fx can be defined 
by requiring that Fx( f )  be the function g specified by the 
simple formula identifying the function value of g  with 
the function value of f, the argument of the former being 
y, the argument of the latter being the group product 
yx  (see 635). If appropriate conditions are imposed upon 
the functions f, a Hilbert space of functions will result; 
each of the mappings Fx will then be a linear transforma­
tion to which the spectral theorem can be seen to apply. 
This theorem then implies that one can find functions 
called group characters and irreducible representation co­
efficients, related to the mappings Fx in particularly simple 
ways. The line of reasoning just described was initiated by 
Ferdinand Georg Frobenius and Issai Schur, who analyzed 
the properties of finite groups using this method. The 
gradual development of functional analytic technique sub­
sequently made it possible to extend Schur’s techniques 
to important groups containing infinitely many elements, 
including the groups of three-dimensional and of higher- 
dimensional rotations, and of the Lorentz group, which 
is important in all relativistic physical theories. In this 
connection the work of Claus Hugo Hermann Weyl, I.M. 
Gel’fand, M.A. Naimark, and Harish-Chandra has been 
particularly important.

Because of the close correspondence (see 635) between

(634) g(o) =f[<p, («>)]

(635) g(y) = f(yx)

(636) 5 ( / )  =  F( ƒ) +  (?(ƒ)

(637) ƒ>(ƒ) =  F[G(f ) \

( F+ G )  +  H —F + ( G  +  H)

(638) F(GH) =  (FG)H
F(G +  H) =  FG +  FH

the mappings Fx and the fundamental group multiplication 
Operation yx, group characters and irreducible representa­
tion coefficients are most useful for analyzing the algebraic 
structure of a group. They inevitably play a central role 
in the understanding of any system of functions having a 
given group of symmetries. Such function Systems occur in 
crystallography, in the study of sound and electromagnetic 
waves, and in the quantum theory of nuclear, atomic, and 
molecular energy levels and Scattering processes.

FUNCTIONAL ALGEBRA
If a linear space of functions is given, and if F  and G are 
both linear operators acting in this space, then F  and G 
can be added and can be multiplied together. The sum of 
F  and G is the linear operator S  defined by the formula 
S ( f )  =  F( ƒ) +  G( f )  (636). The product of F  and G is the 
linear operator P defined by the formula P( f )  — F[G(f )]  
(637). The sum of F  and G is customarily designated by 
F F  G, and the product of F  and G by FG.

The algebraic combinations of linear operators (see 636, 
637) have many of the formal properties that are familiär 
from ordinary algebra; for example, the identities known 
as the laws of associativity for addition and multiplica­
tion as well as the distributive law (see 638) all hold. 
This observation suggests that the methods of algebra can 
fruitfully be applied to the study of collections of linear 
operators. This is indeed the case; the subject area that 
arises when algebraic techniques are combined with the 
methods of functional analysis is called functional algebra.
Functional algebra began to develop rapidly after 1941, 

in which year a famous paper of Gel’fand demonstrated 
that important earlier work of Wiener on Fourier series 
could be conceptually simplified by reformulating it in 
algebraic terms, and that some of the methods of func­
tional analysis could be fruitfully combined with abstract 
algebraic arguments and with reasonings adapted from 
the classical theory of functions of a complex variable. 
The theory initiated by Gel’fand subsequently achieved 
many points of contact with profound questions in classi­
cal analysis-
A brilliant series of papers by von Neumann and F.J. 

Murray led at about the same time to the development 
of yet another major branch of functional algebra. Von 
Neumann and Murray considered algebras of operators in 
Hilbert space; that is, sets V of linear operators having the 
property that F F  G, FG, and cF all belong to V whenever 
F  and G belong to G (c is an arbitrary numerical constant). 
A linear operator F  in Hilbert space can always be written 
as F  =  H l +  iH2, in which and H2 are self-adjoint and 
i is the square root o f —1; the operator F *, which is called 
the adjoint of F, is then related to F  in much the same 
way that the complex conjugate z of a complex number z 
is related to z.

It had been known for some time that *-closed algebras 
V of finite square matrices—that is, algebras having the 
property that F  * is a member of V  whenever F  is a mem­
ber of V—had a particularly simple structure, and von 
Neumann and Murray set out to generalize this structural 
fact to *-closed algebras of operators in Hilbert space. The 
dass of algebras that these two studied are currently known 
either as W  *-algebras or as von Neumann algebras.

In the von Neumann-Murray theory, a far-reaching gen­
eralization of the Hilbert space spectral theorem may 
be established, according to which a general W  *-algebra 
is decomposable into a family of simpler W  *-algebras, 
which were called factors by von Neumann and Murray. 
The simplest factors are finite or infinite matrix algebras. 
More complex factors also exist, and these are related in 
various interesting ways to algebraic structures such as in­
finite discrete groups, the decomposition of a general W*- 
algebra into factors providing a quite useful tool for the 
treatment of a number of the main properties of group 
characters and irreducible representation coefficients.

NONLINEAR FUNCTIONAL ANALYSIS
As has been noted above, nonlinear functional analysis 
attempts to combine the global methods of topology with 
the approximation techniques used in linear functional 
analysis, thereby making it possible to study Systems of
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functions in which the simplifications afforded by linear­
ity are not available. This part of functional analysis was 
initiated in the late 1920s by Schauder, who showed that 
the Brouwer fixed-point theorem of topology could be 
generalized to linear functional spaces. Subsequent work 
extended other basic theorems of topology to linear func­
tional spaces and applied these principles to the study of 
various interesting classes of partial differential equations, 
including the equations of fluid flow. This work revealed 
the topological basis underlying several subtle existence 
theorems of classical analysis.

At about the same time Morse established some impor­
tant results conceming the behaviour of smooth functions 
on curved surfaces, showing that the number of critical 
points of such a function (i.e., the number of points at 
which the rate of change of the function in every direction 
is zero) is closely related to certain topological properties 
of the surface. Morse himself extended his results from 
finite-dimensional surfaces to spaces of curves; the Sugges­
tion, implicit in this pioneering work, that the topology of 
curved functional spaces ought to be studied, lay dormant 
for 20 years, probably because adequate study tools were 
not available. In the late 1950s, however, the leads left by 
Morse began to be pursued. Subsequently, the area of con­
tact between global topology and functional analysis has 
broadened significantly, topology having contributed to 
the solution of nonlinear analytic problems, and the study 
of certain linear and nonlinear functional spaces having 
provided keys to questions in pure topology. (J.T.Sc.)

Generalized functions, 
or theory of distributions
In the second half of the 19th Century mathematical 
analysts had raised their sights beyond the relatively or- 
derly world of analytic functions—that is, functions with 
convergent Taylor expansions (after the English mathe­
matician Brook Taylor)—and had begun to study and 
handle nonanalytic and even nondifferentiable functions. 
This led to the discovery of various kinds of pathological 
behaviour, or behaviour that was unfamiliar to the clas- 
sically trained intuition. The complexity of the picture, 
in the theory of functions of real variables, was further 
compounded with the appearance of the integration the­
ory formulated by Henri-Léon Lebesgue, one of the great 
events in the history of mathematics. Standard ingredients 
of Lebesgue’s theory are measurable and integrable func­
tions and sets, which can exhibit irregularities of a degree 
and of a nature unknown until then. The Lebesgue theory 
had a strong influence on the investigation of integral 
equations. The space t 2—the space of (Lebesgue) square 
integrable functions—was recognized by Hilbert to be the 
right framework for the study of many problems in the 
calculus of variations. What is now called its Hilbert space 
stmcture was described and exploited, notably by Hilbert 
and by Riesz, to unify and reinterpret earlier results on 
integral equations, among them the pioneering work of 
Fredholm, in which ideas from finite-dimensional linear 
algebra had been transposed with unexpected success.

In 1894, quite off the mainstream of research in pure 
mathematics, Heaviside introduced his symbolic calculus 
to help solve the ordinary differential equations that arise 
in the theory of electrical circuits. His Suggestion was sim­
ple and daring: replace the differentiation operator d/dx 
by the variable p, which amounts to replacing the differ­
ential equation under study, namely, an nth order linear 
inhomogeneous equation (see 639), by a multiplicative 
equation (see 640). Solve the latter for y(p) by division 
and revert, possibly with the help of appropriate tables 
of correspondences, from the symbolic solution y(p) to 
the actual solution y(x). Although highly successful from 
the pragmatic viewpoint, Heaviside’s calculus remained 
unexplained for several decades. Among other features it 
entailed the differentiation of nondifferentiable functions, 
such as the so-called Heaviside function Y(x) with a unit 
step at the origin (see 641).

The need to extend the Operation of differentiation be­
yond its classical limitations is also strongly feit in pure 
mathematics, particularly in the theory of partial differen­
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tial equations. One of the fundamental concepts of func­
tional analysis, that of duality and of linear functionals, 
led, around 1930, to the introduction of weak derivatives. 
Two functions ƒ  and (p are considered with real or complex 
values, defined and continuously differentiable on the real 
line 9t. Furthermore, it is assumed that q> vanishes iden­
tically outside some finite interval. The classical formula 
of integration by parts leads to an equality in integrals 
involving the functions ƒ  and q> and their derivatives (see 
642). It is clear that the right-hand side of this equality 
makes sense even when ƒ  is not differentiable, for instance 
when ƒ  is the Heaviside function (see 641). When ƒ =  Y  
the value of the right-hand side is q>(0), whereas the left- 
hand side makes no sense at all: if the derivative of Y  
is to have a reasonable meaning, it must vanish for all 
x  ̂  0. But then integration over the set consisting of a 
single point, x  — 0, if understood in Lebesgue’s sense, can 
only yield zero, not q>(0). In order to resolve this appar­
ent paradox and to extend the concept of derivative, the 
expressions that continue to make sense when applied to 
nondifferentiable functions (in the classical sense), such as 
the right-hand side in the integration by parts (see 642), 
are retained. The latter is viewed as a linear functional 
in (p, which varies in the class Ccl of once continuously 
differentiable functions on the real line, vanishing out­
side a finite interval. It is precisely this functional that 
is called the weak derivative of f  Now, if ƒ  happens to 
be continuously differentiable (in the classical sense), its 
weak derivative will coincide with the integration of (pff, 
in other words, with the integration of (p with respect to 
the density f'(x)dx, a functional of q> that, from now on, 
shall be identified to the concept of ƒ ' itself, the classical 
derivative of ƒ  As for integration by parts (see 642), it 
becomes a special identity, valid when ƒ ' is continuous or, 
more generally, locally integrable.

It is not possible here to give an account of all the cur­
rents and crosscurrents that eventually culminated in the 
present-day formulation of the theory of generalized func­
tions, from the work of Jacques Hadamard on the Cauchy 
problem (see above), which goes back to World War I, to 
that of Torsten Carleman, Arne Beurling, and especially 
of Salomon Bochner, just before and after World War II. 
A contribution particularly relevant to the present discus­
sion, however, is that of the physicists, foremost among 
them Dirac, in their efforts to create the mathematical 
tools required by the development of quantum field the­
ory. Dirac introduced in 1925, and systematically used 
thereafter, the mathematical object that was soon to be 
called Dirac’s function and to be defined as a function 
S(x) equal to 0 for all points x¥=0 and to +<» at x  =  0, 
the integral of which, moreover, is equal to +1. Though 
such a definition is unacceptable, that of the associated 
functional, which to every continuous function (p assigns

Weak
derivatives

Dirac’s
function



520 Analysis

Theory 
Df hyper- 
Eunctions

the number ^(0) (see 643), is unobjectionable. As a matter 
of fact, S tums out to be an object that rigorous mathe­
maticians had been using for quite a while, for instance 
in the theory of summation of Fourier series, as the limit 
of sequences of true functions, the limit of which was 
never explicitly written down. Dirac’s S also entered into 
Heaviside’s symbolic calculus: it is the function having a 
symbolic transform equal to the constant one. And re- 
tuming to the earlier consideration of the weak derivative 
of Heaviside’s function, and momentarily adopting the 
physicist’s notation (see 644), it is seen that Y' = 6: the 
weak derivative of Heaviside’s function is Dirac’s function 
or, rather, as it is now called, Dirac’s distribution.

There is no reason not to repeat the procedure of weak 
differentiation and apply it to S itself. Again in physicists’ 
notation, an integral identity can be obtained (see 645). 
In mathematical language this simply means that S' is 
the functional that, to every continuously differentiable 
function q>, assigns the number —q>' (0). If one wishes to 
iterate this procedure and define the mth derivative of 
ö for any m =  1, 2 ,. . . ,  one must evaluate the relevant 
functionals on functions (p, the degree of differentiability 
of which accordingly increases. Finally, it is convenient to 
use, as test-functions, the infinitely differentiable (or C00) 
functions. Thus, S(m) will be the functional that to every 

assigns the value (—l) (wV(m)(0)-
Laurent Schwartz’s idea (in 1947) was to give a unified 

interpretation of all the generalized functions that had 
infiltrated analysis as (continuous) linear functionals on 
the space C f  of infinitely differentiable functions vanish- 
ing outside compact sets. He provided a systematic and 
rigorous description, entirely based on abstract functional 
analysis and on duality. It is noteworthy that such an ap­
proach had a precedent, in the presentation by Andre Weil 
of the integration of locally compact groups: there, Radon 
measures on the group G are introduced and handled as 
continuous linear functionals on the space Cc°(G) of the 
continuous functions in G that vanish outside some com­
pact subset. Because of the demands of differentiability in 
distribution theor^ the snaces of test-functions and their 
duals are somewhat more complicated. This has led to 
extensive studies of topological vector spaces beyond the 
familiär categories of Hilbert and Banach spaces, studies 
that, in tum, have provided useful new insights in some 
areas of analysis proper, such as partial differential equa­
tions or functions of several complex variables. Schwartz’s 
ideas can be applied to many other spaces of test-func­
tions beside C f, as he himself and others have shown; 
numerous examples can be found.
The Schwartz procedure is rather unsatisfactory if the 

analytic functions (on real space) are to be taken as test- 
functions, an action desirable in order to increase the 
pool of generalized functions: because analytic functions 
are fewer than C00 functions, the linear functionals on the 
space of the former are more numerous than those on C f. 
Such an increase of the pool is permitted when the func­
tions intervening in the problem under consideration, for 
example the coefficients of a partial differential equation, 
are analytic. It was noted some time ago (in particular, by 
theoretical physicists) that many important distributions 
could be regarded as jumps across the real line of holo­
morphic functions of nonreal z. The simplest example is 
Dirac’s ö expressed in terms of a limit (see 646), which 
means that the integration of the function under the limit 
sign, with respect to (p(x)dx with arbitrary q> e Cc°°, con­
verges to q> (0). Observations such as these were developed 
and systematized by Mikio Sato and others, resulting in 
the theory of hyperfunctions, which is based not on func­
tional analysis but on cohomology of sheaves and which 
appears to be the right framework for the treatment of 
differential problems within the (real) analytic category. 
The term sheaf involves the notion of functions or distri­
butions defined only locally, while cohomology involves 
patching local distributions together to create a genuine 
distribution of the type described above. (F.Tr.)
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Euclidean Spaces (1971), which treats the «-dimensional theory 
extensively and systematically and also has a systematic treat­
ment of convolutions; and i .i . h ir s c h m a n  and d .v . Wid d e r , 
The Convolution Transform (1955), another good reference on 
convolutions. For variants of the Fourier transform (such as 
Hänkel or Mellin transforms), see g e o r g e  n . w a t s o n , A Trea­
tise on the Theory of Bessel Functions, 2nd ed. (1944, reprinted 
1966); d .v . Wid d e r , The Laplace Transform (1941); and b a t e ­
m a n  m a n u s c r ip t  p r o je c t , Tables of Integral Transforms, ed. 
by a r t h u r  e r d é l y i , 2 vol. (1954). The topic of singulär in­
tegrals is treated in e l ia s  m . s t e in , Singular Integrals and 
Differentiability Properties of Functions (1970, reissued 1986). 
An exposition of abstract harmonie analysis may be found in 
w a l t e r  RUDiN, Fourier Analysis on Groups (1962). l y n n  h . 
l o o m is , An Introduction to Abstract Harmonie Analysis (1953); 
and He r m a n n  w e y l , The Classical Groups: Their Invariants 
and Representations, 2nd ed. (1946, reissued 1966), deal with 
both abstract harmonie analysis and representations of groups 
and algebras. Some additional references on representations of 
groups and algebras are c l a u d e  c h e v a l l e y , Theory of Lie 
Groups (1946); f r a n c is  d . m u r n a g h a n , The Theory of Group 
Representations (1938, reprinted 1963); l .s . p o n t r y a g in , Topo­
logical Groups, 3rd ed. (1986; originally published in Russian, 
1938); He r m a n n  w e y l , The Theory of Groups and Quantum 
Mechanics (1931, reissued 1949); and g . d e  b . r o b in s o n , Rep­
resentation Theory of the Symmetrie Group (1961).

(A.Zy./C.L.F./Ed.)
Calculus of variations: There are many works available on 

the calculus of variations. For an introduction to the theory for 
Problems involving arcs only, see g il b e r t  a . b liss , Calculus of 
Variations (1925, reprinted 1962), and Lectures on the Calculus 
of Variations (1946, reprinted 1980). For problems involving 
multiple integrals, see Ch a r l e s  b . m o r r e y , Multiple Integrals 
in the Calculus of Variations (1966). For expositions of Morse’s 
theory of critical points, see m a r s t o n  m o r s e , The Calculus of 
Variations in the Large (1934). (C.B.My.)
Functional analysis: A comprehensive account of a large part 

of linear functional analysis is found in n e l s o n  d u n f o r d  and 
Ja c o b  T. s c h w a r t z , Linear Operators, 3 vol. (1958-71). The 
first volume covers the general theory of linear operators and 
the second the theory of self-adjoint operators in Hilbert space. 
This work includes a bibliography of several thousand items and 
gives historical accounts of many of the topics that it discusses. 
A systematic study of semigroups of linear operators, together 
with more general background material on functional analysis, 
is contained in e in a r  h il l e  and r a l p h  s. Ph il l ip s , Functional
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Analysis and Semi-groups, rev. ed. (1957). For an account of 
the application of Hilbert space spectral theory to the analysis 
of differential equations, see m .a . n a im a r k , Linear Differential 
Operators (1967; originally published in Russian, 1954); and ch. 
13 in vol. 2 of the work by Dunford and Schwartz cited above. 
For further developments in the application of functional 
analysis to differential equations, see t o sio  k a t o , Perturbation 
Theory for Linear Operators, 2nd ed. (1976, reprinted 1984); 
and p e t e r  D. l a x  and r a l p h  s . Ph il l ip s , Scattering Theory, 
rev. ed. (1989). The spectral analysis of non-self-adjoint opera­
tors is reviewed in vol. 3 of Dunford and Schwartz cited above. 
io n  COLOJOARA and ciPRiAN FOiAS, Theory of Generalized Spec­
tral Operators (1968), contains aäditional material conceming 
this developing area. Pa t r ic k  b il l in g s l e y , Ergodic Theory 
and Information (1965, reprinted 1978), gives an elegant short 
account of many of the main theorems of ergodic theory; see 
also w il l ia m  p a r r y , Entropy and Generators in Ergodic The­
ory (1969). Harmonie analysis is treated in many works; in 
particular, see e d w in  h e w it t  and k e n n e t h  a . r o ss , Abstract 
Harmonie Analysis, vol. 1, Structure of Topological Groups, In­
tegration Theory, Group Representations, 2nded. (1979), which 
gives a useful picture of this area. g e r a l d  m . l e ib o w it z , Lec­
tures on Complex Function Algebras (1970), gives an account 
of some of the deeper issues in classical harmonie analysis. The 
generalized Fourier integral theory central to harmonie analysis 
is closely related to some of the principal theorems of group 
representation theory and of functional algebra, m a r t in  b u r - 
r o w . Representation Theory of Finite Groups (1965), contains 
an account of the representation theory of finite groups. The 
final chapter of s i g u r d u r  h e l g a s o n , Differential Geometry

and Symmetrie Spaces (1962), contains the representation the­
ory of noncompact continuous groups. m .a . n a im a r k , Normed 
Rings, rev. ed. (1970; originally published in Russian, 1956), 
covers many results of functional algebra. A more specialized 
discussion, devoted to the theory of von Neumann or W *- 
algebras, can be found in j .t . s c h w a r t z , W *- Algebras (1967). 
For a general account of the use of global topological meth­
ods in functional analysis, see Schwartz’s Nonlinear Functional 
Analysis (1965). The reader interested in the present state of 
this rapidly developing field should consult the current jour­
nal literature.
The most used text on generalized functions is i .m . g e l ’f a n d  

et al, Generalized Functions, 5 vol., trans, from Russian (1964- 
68), a very clearly written work, with numerous applications to 
partial differential equations, mathematical physics, and har­
monie analysis. See also d .s . j o n e s , The Theory of Generalized 
Functions, 2nd ed. (1982).
For a discussion on the general theory of locally convex spaces, 

see ALEX P. ROBERTSON and WENDY ROBERTSON, Topological 
Vector Spaces, 2nd ed. (1973), which is very clear and very 
short. Fr a n c o is  t r è v e s , Topological Vector Spaces, Distribu­
tions, and Kernels (1967), is another reference on distributions. 
h a n s  b r e m e r m a n n , Distributions, Complex Variables, and 
Fourier Transforms (1965), is a short and well-written book, 
with a slant toward applications to physics and to electrical 
circuits, emphasizing the boundary values of analytic functions. 
KöSAKU y o s id a  (y o s h id a ), Functional Analysis, 6th ed. (1980), 
is a wide-ranging presentation of functional analysis, from the 
theory of linear operators in Hilbert spaces to Banach algebras, 
ergodic theorems, and diffusion equations. (J.T.Sc./F.Tr.)
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Physical and Chemical
Analysis and Measurement

Any of the innumerable forms of matter can be 
subjected to various processes for the purpose of 
establishing its identity, separating it into its com­

ponents, purifying it, or determining some physical or 
Chemical property. Similarly, electromagnetic radiations 
from cosmic rays to radio waves can be characterized by 
measurements of their wavelength, intensity, variability 
with time, and so on.

The sections of this article differ from one another in a 
qualitative way: some of them deal with broad categories 
of techniques, supplementing broad treatments of general 
principles with brief descriptions of specific methods or 
fields of application, while others deal with narrowly de­
fined topics, presenting considerable detail conceming the 
design of instruments or apparatus.
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CHEMICAL ANALYSIS
Chemical analysis is that branch of chemistry concerned 
primarily with the techniques of Chemical characterization 
and measurement; its function is to establish the Chemi­
cal composition of matter, regardless of its solid, liquid, 
or gaseous form. Chemical analysis answers the following 
questions: (1) what elements or compounds are present? 
(qualitative analysis); (2) how much is present or how pure 
is it? (quantitative analysis); (3) which Chemical fragments 
can be identified and measured as to quantity? (func­
tional group analysis); (4) how are the elemental parts and 
functional groups arranged? (structural and stereochemi- 
cal analysis).

The forms of matter to be investigated range from simple 
(pure) elements or compounds to complex mixtures; they 
may be of organic or inorganic origin; they may be of low 
molecular weight or have molecular weights as high as 
tens of millions. An analysis may involve the use of a few 
grams of sample (macro scale) or less than 1/10,000,000 
of a gram (submicroscale), and methods exist for even 
smaller amounts. Analyses are based on mathematical 
expressions of biological, Chemical, or physical principles; 
they may involve cheap and simple glassware or expensive 
and complex Instrumentation.

At the end of the 19th Century the German chemist Wil­
helm Ostwald emphasized the application of Science to the 
art involved in the Identification of different substances 
and the determination of their composition. Fifty years 
later the development of a rigorous methodology gave the 
foundation of reliable analytical procedures. Analytical

chemistry is currently defined as a branch of Chemical re­
search directed toward the development and improvement 
of practical analytical procedures.
The most important details of any problem in analytical 

chemistry are (1) the validity of the sample to be ana- 
lyzed, (2) the method used to analyze it, (3) the accuracy 
of the result, and (4) the cost of the analysis in money 
and time. A standardized analytical procedure can be car­
ried out by relatively unskilled personnel, an important 
economie factor that has led to the modem distinction 
between “chemical analysis” and “analytical chemistry.” 
In essence, the performance of an analysis according to 
detailed instructions is an art demanding care, patience, 
practice, and technical expertise; usually it is entrusted to 
an analyst who may not have a thorough understanding of 
the chemistry or scientific basis of the principle involved 
but who carries out the instructions of the analytical 
chemist who is responsible for devising the method in use 
and for supervising the training of the lesser skilled, lower 
paid operators, coordinating their activities, and evaluat- 
ing their results.

Chemical analysis today largely employs methods de­
veloped since 1945; this article gives prominence to the 
principles on which these methods are based, and places 
important classical techniques in proper perspective.

GENERAL CONSIDERATIONS
Historical background. The Chemical balance is of such 

early origin that it was ascribed to the gods in the earliest
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documents available. The use of Standard weights, made 
of stone, and the first “institute of Standards,” supervised 
by priests, are traced to Babylonian times (2600 bc). Two 
nonmetals, sulfur and carbon, and seven metals (copper, 
gold, iron, lead, mercury, silver, tin) and their alloys were 
used in ancient times; the value of silver and gold probably 
gave the major incentive for the acquisition of analytical 
knowledge. In the 4th Century bc, the purity of gold sam­
ples was estimated from the yellow marks they made on 
a touchstone.

Pliny the Eider (ad 23-79) appears to have described 
the first wet test: an extract of gallnuts tums black if iron 
Sulfate is an adulterant in copper Sulfate.

The English natural philosopher Robert Boyle is credited 
with the introduction of the term analysis in the Chem­
ical sense. He distinguished between mixtures and com­
pounds, used acid-base indicators, used hydrogen sulfide 
as a reagent, and defined elements in the modern sense in 
his book The Sceptical Chymist (1661).

Gravimetrie analysis probably originated toward the end 
of the 17th Century with a German physician-chemist, 
Friedrich Hoffmann (of Halle, the Younger), who precip- 
itated Chlorides with silver nitrate and Sulfates with lime. 
The innovations, inventions, and discoveries in techniques 
are legion and often difficult to credit, but a list of major 
contributions in the 18th Century would include Chemical 
microscopy, flame tests for the alkali metals, the blow- 
pipe and bead tests for qualitative analysis, and titrimetric 
analysis. Although many chemists became involved from 
this time onward, the most important names associated 
with the development of titrimetry in the 19th Century 
are Joseph-Louis Gay-Lussac in France, Robert Bunsen 
in Germany, and Karl Friedrich Mohr, also in Germany, 
who introduced oxalic acid as a titrant and devised the 
modern form of the burette (1853). The only major ad­
vance in titrimetry in the 20th Century has been the 
introduction of complexometric techniques.
Antoine-Laurent Lavoisier, the French chemist, who died 

in the French Revolution, is accepted as the founder of 
quantitative analysis through his extensive use of the bal­
ance. Others among main contributors in the 19th Century 
were Justus von Liebig of Germany and Jean-Baptiste- 
André Dumas of France. Although organic elemental anal­
ysis was revolutionized before 1900, a successful method 
for determining oxygen was not developed until 1939. 
Micromethods and sub-micromethods are 20th-century 
developments.

Inorganic aspects of analysis were developed before 1800, 
with introduction of the term stoichiometry. Jöns Jacob 
Berzelius of Sweden in the early 19th Century was the 
dominant influence.

Gas analysis was pioneered by Bunsen in Germany and 
Marcellin Berthelot in France. This field has been revolu­
tionized since 1952 by chromatography.

Electrochemical methods were first devised by the Ger­
man chemist Clemens Winkler in the 19th Century; the 
first potentiometric titrations were reported at the end of 
that Century. As physicists progressed with studies of elec­
tricity, chemists were quick to exploit the development of 
several electrochemical-instrumental methods of analysis. 
The polarograph was an outstanding invention in 1922.
The development of the spectroscope by the German 

chemists Gustav Robert Kirchhoff and Bunsen in 1859 
led to the discoveries of new elements. Although flame 
photometry was suggested in the 19th Century, it was first 
effectively applied in 1928. Advances in physics at the 
start of this Century led to the utilization of X-rays and 
ultraviolet and infrared radiation in Chemical analysis, 
and they became the basis of powerful instrumental meth­
ods, as has the mass spectrograph (1920). Radiochemical 
methods proliferated in the period 1945-60 as a result of 
the developments in nuclear technology.

Since 1950, important techniques based on resonance 
phenomena, on atomic absorption and fluorescence, and 
on laser, ion, and electron probes have been developed. 
All these and the trend toward increased automation and 
computerization depend on the recent advances in elec- 
tronics technology.

Perhaps the greatest impact on all branches of Chemi­

cal analysis since 1940, however, has been made by the 
application of Chromatographie principles, first described 
in 1903, aspects of which were developed in 1941 (parti­
tion chromatography), 1944 (paper chromatography), and 
1952 (gas chromatography). Molecular-sieve chromatog­
raphy (gel filtration, gel permeation chromatography) and 
thin-layer chromatography were introduced about 1956 
(see below).

General approach to Chemical analysis. Chemical anal­
ysis has to answer every conceivable question arising from 
the identity and composition of matter; i.e., of every- 
thing in existence. Chemical analysis is primarily a service 
function with the object of trying to give the information 
requested as efficiently as possible.
In addition to purely qualitative and quantitative anal­

yses relating to the composition of the material, analysis 
of its properties may be required; e.g., molecular struc­
ture, biological activity, or physical properties such as the 
molecular weight, boiling point, freezing point, osmotic 
pressure, and surface tension.

Although there are some analytical measurements for 
which only one method is valid in particular circumstances 
(e.g., a nondestructive method may be imperative if the 
object is of value), the steadily increasing intensity of sci­
entific effort over the past 100 years has produced a wide 
range of methods for most common analyses. The choice 
of method may lie between a classical wet method or a 
modern instrumental one; the methods vary in sensitivity, 
selectivity, speed, and accuracy, and their applicability may 
depend on the absence of some other specific component. 
Sometimes there is no choice available; e.g., if less than a 
critical amount of sample is supplied or if an official or 
referee method is specified. The latter is essential in any 
legal dispute or when goods are being tested for confor- 
mity to specification. It is rare for two different Chemical 
methods to give identical results or for a physical method 
to give precise agreement with a Chemical method.

PRINCIPAL STAGES IN CHEMICAL ANALYSIS 
The main steps in a complete analysis are (1) collecting 
the sample, (2) deciding what analytical data are required, 
(3) making a preliminary examination of the sample, (4) 
selecting the most appropriate analytical method, (5) Con­
verting the sample or component in question into the 
state to which the analytical method can be applied, (6) 
performing the actual determination, and (7) calculating 
the results in a form that answers the questions asked.

Sampling. Every stage in the above scheme is impor­
tant, but everything depends on the fact that the sample 
is truly representative of the whole that it represents.
Sampling is the process of obtaining a small portion 

possessing all the essential physical and Chemical charac­
teristics of the entire batch from which it was extracted. 
Some materials are relatively easy to sample: a small bag 
of household sugar, a bottle of brandy, or a tank of hos- 
pital oxygen. More difficulty is encountered in obtaining 
a representative 25-gram (about one-ounce) sample from 
a 25-ton shipment of coal or wheat. The accepted ways 
of achieving representative sampling are based on Statisti­
cal procedures.

There are no general sampling methods applicable to all 
types of material. Specialized methods depend on whether 
a gas, liquid, or solid is involved. In the sampling of solids, 
partiele size is ah important variable, and the problem 
can be much more difficult than for liquids or gases, in 
which a uniform, homogeneous condition usually—but 
not necessarily—exists. Mechanical devices are available 
for sampling large volumes of material; in many indus­
trial processes, continuous sampling or monitoring may 
be possible; e.g., of the cyanide or mercury level in a 
waste effluent or of radioactive substances in a nuclear 
reactor coolant.

Preparation of samples for analysis. Inadvertent Chemi­
cal or physical modification of the sample must be avoided 
during its preparation for analysis. Biological substances 
are particularly susceptible to such changes, and it may 
be difficult to establish that the component under test has 
not suffered some transformation during the preparation 
stages. The analyst can only try to achieve extraction or

Represen­
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preparation under the mildest conditions possible. A use­
ful check is to put the product isolated through a second, 
identical extraction cycle; if the reextracted product is 
identical to that first extracted, there can be some confi- 
dence in its acceptability for analysis. Extraction without 
modification is difficult for some materials, and some ir­
reversible change in solubility, molecular size and shape, 
or other property may have to be tolerated if progress is 
to be made at all; if the nature and extent of the change is 
understood, allowance can be made in the interpretation 
of the results.

As examples of the pitfalls that analysts must avoid, 
samples to be analyzed for heavy metals should not be 
pulverized in an iron mortar; Solutions to be analyzed 
for alkali metals should not be stored in glass vessels; 
Solutions containing silver should not be exposed to light; 
carbohydrates or proteins should not be extracted with hot 
anhydrous solvents.

Errors and evaluation o f  resu lts. An understanding of 
the different types of error and how they arise is extremely 
important. Analysts must be conversant with the terms 
absolute and relative error, accuracy, precision, average, 
ränge, Standard deviation, coëfficiënt of Variation, and 
confidence limits for the mean.

Types of Errors may be indeterminate or determinate. The former 
errors are accidental, random errors of chance that account for a

proficient analyst’s finding values such as 21.6, 21.7, 21.5, 
and 21.6 in four attempts a t a  simple analysis. Determi­
nate errors may be operative, personal, instrumental, or 
methodic. The last named (also known as Chemical errors) 
are inherent in all Chemical Systems of measurement; reac­
tions may not go to completion or may involve equilibria; 
precipitates in gravimetric procedures usually have small 
but finite solubility; Chemicals are rarely 100 percent pure, 
and the trace impurities can cause disproportionately high 
errors. Instrumental errors arise from internal or external 
effects on measurements made with any instrument— 
e.g., with a rnaladjusted balance, or inaccurate weights, 
or a recorder with a drifting base line; such faults should 
of course be rectified, and instrumental error is more 
correctly reserved for errors that arise from design charac­
teristics of instruments. Personal errors result from failure 
of the analyst to overcome personal perceptual and cog- 
nitive inabilities; e.g., lack of sensitivity in judging certain 
colours. Operative errors occur when necessary attention 
to analytical practice or experimental detail is not given; 
e.g., precipitates not dried at the recommended tempera­
ture. In these the analyst is culpable.
At the outset of any analytical procedure, it is essential 

for the analyst to contemplate the various steps he will 
carry out, assign reasonable magnitudes to the experimen­
tal values likely to become involved (volumes of Solutions, 
weights of samples and of products), and so proceed to 
estimate the maximum possible error likely to occur. This 
technique pinpoints the critical stage of the procedure; i.e., 
that expected to give the largest individual contribution to 
the error. Particular care can then be directed to that stage 
or perhaps an alternative approach devised; in particular, 
time need not be wasted by excessive care over stages 
contributing little toward the error.

How does the analyst know that the procedure yields 
Tests of reasonable results? He carries out replicates (reproducible 
accuracy duplicates, preferably on widely differing amounts of sam­

ple); carries out the procedure without the sample in order 
to allow for the impurities present in the reagents; makes 
comparative tests with other methods; and carries out de- 
terminations on pure Chemicals, synthetic test mixtures, 
or analytical Standards; i.e., substances carefully selected 
and tested for homogeneity and for which an agreed value 
has been established from the independent results of many 
laboratories. There is also the standard-addition method, 
in which a known weight of a pure specimen of the sub­
stance under test is added to the sample to be analyzed. 
If the recovery of the material added (i.e., the difference 
between the values for the analysis of the sample before 
and after the addition of the Standard) is correct, there can 
be some confidence that the answer for the sample itself 
is also satisfactory.

Separation m ethods. Although any physical or Chemical

property can be made the basis for a qualitative or a quan­
titative method of analysis, very few tests are specific (valid 
for one substance or element only, even in the presence of 
others), and thus analysis is not generally possible without 
prior Separation of the desired component from others 
that respond to the procedure used. Quite a few analytical 
tests are selective (valid for a small number of substances 
or elements, which therefore are not differentiated, in the 
presence of all others). The availability of a specific or a 
selective reagent may obviate a gross Separation.
There are two main approaches in Separation methods:

(1) physical Segregation of the required component from 
all others, or at least from those that will interfere in the 
analytical procedure selected, and (2) Chemical modifica- *
tion of the potential sources of interference so that their 
Chemical activity is effectively suppressed.

Several Separation methods depend on transfer of matter 
from one phase to another. Some of these are sufficiently 
selective and efficiënt to allow the desired transfer to be 
effected by a single application (e.g., volatilization, elec- 
trodeposition, precipitation). Other methods are effective 
only as multistage processes (e.g., fractional distillations, 
ion exchange, and Chromatographie processes).

Precipitation. Precipitation is the process of depressing 
the solubility of a dissolved substance to the extent that 
it separates from the solution. It may be brought about 
by changing the substance to a less soluble one by a 
Chemical reaction or by decreasing the dissolving power 
of the solvent. Precipitation by Chemical reaction consti­
tutes the basis for the classical group-separation system 
of qualitative inorganic analysis. A simple example is the 
Separation of silver, mercury, and lead as a group from 
other common metals; the addition of dilute hydrochloric 
acid forms the Chlorides of all metals present, but the 
Chlorides only of silver, mercury, and lead are insoluble in 
excess dilute hydrochloric acid.

Phase distribution. Under this Classification there are 
important modern methods; e.g., ion exchange, solvent 
extraction, countercurrent distribution, and Chromato­
graphie methods. The most common ion exchangers are 
polymeric cross-linked resins (usually made in the form Ion- 
of tiny beads to increase permeability to solvents) that exchange 
have cationic (positively charged) or anionic (negatively resins 
charged) sites. Resins with both kinds of sites or mixtures 
of resins can also be used. A column of a cation-exchange 
resin is first activated by washing with acid, then with 
water, to remove excess acid. If a solution containing, for 
example, sodium or potassium ions is then passed through 
the column, these cations displace an equivalent amount 
of hydrogen ions from the anionic sites in the resin; the 
displaced hydrogen ions appear in the solution emerging 
from the column, and a quantitative result can be obtained 
by titration of the hydrogen ions. Solvent extraction takes 
advantage of the different solubilities of substances in two 
liquids that are not soluble in one another. If two mate­
rials, A and B, are both soluble in water, but only A is 
soluble in ether, A may be separated from B by stining or 
shaking the water solution with ether, allowing the layers 
to settle, and removing the ether layer. The effectiveness 
of this process is expressed by the distribution coefficients 
of the two substances in the chosen solvents. For each 
substance, the distribution coëfficiënt is the ratio of its 
solubilities in the two solvents; two substances having 
widely different distribution coefficients can be separated 
readily by solvent extraction. Countercurrent distribution 
is essentially a method of repetitive solvent extraction, in 
which a stream of the extracting solvent, flowing in one 
direction, is continually mixed with and separated from 
a stream, flowing in the opposite direction, of a solution 
of the mixture of substances to be separated. Substances 
having distribution coefficients that differ only slightly can 
be separated by this procedure.
Chromatography—covered in detail in a later section of 

this article—is a technique for separating the components 
of mixtures by taking advantage of their different distribu­
tion coefficients between a continuously moving liquid or 
gaseous “mobile phase” and a “stationary phase,” which 
may be a solid, a liquid supported on a solid, or a gel.
The Separation process usually involves placing a suitable
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amount of the mixture at the top of the Chromatographie 
device (a paper strip or a column containing the stationary 
phase), then allowing a suitable solvent mixture or other 
mobile phase to flow through it. The separated compo­
nents emerge in the mobile phase.

3aper In paper chromatography a sheet or strip of porous paper
chroma- is the support for the stationary phase. The sample is ap- 
ography plied as a small spot on the paper, and the mobile phase 

can either descend or ascend through the paper, causing 
different components of the sample to separate, because 
they migrate at different rates. The choice of solvent sys­
tem is rather empirical, although effective mobile phases 
for most separations that have to be effected in analysis 
are now well known. Paper chromatography is sometimes 
carried out in two dimensions: after treatment with one 
mobile phase, the paper is dried, turned through 90°, then 
treated with a different mobile phase. Paper chromatogra­
phy is widely used for separating all types of organic and 
inorganic compounds.
In thin-layer chromatography, the stationary phase (often 

alumina) is applied as a slurry to glass plates, to which 
it adheres on drying. The sample is applied as a spot or 
streak and separated as in paper chromatography. Very 
sharp separations can be obtained in short times with sim­
ple apparatus, and the recovery of separated components 
from the alumina is easily achieved.

For column chromatography, a long, narrow, tubular col­
umn is packed with the stationary phase (cellulose powder, 
charcoal, alumina, ion-exchange resin, etc.). The Separa­
tion of some Classes of materials—e.g., polysaccharides— 
is difficult to detect, but a possible solution is to convert 
the substances to coloured forms by treatment with reac- 
tive dyestuffs prior to Chromatographie Separation, 

vlolecular- Molecular-sieve chromatography is a technique by which 
iieve substances can be separated on the basis of differences in
:hroma- their molecular size and shape. The column is packed with
ography a porous gel, glass, or silica preparation; these substances 

have pores of closely controlled size that act as sieves. The 
larger molecules cannot pass through the pores and travel 
down the column by the shortest route possible, emerging 
quickly. The smaller molecules can pass through the pores 
and gain access to internal volumes; they therefore per- 
colate down through the column by a longer path length 
and emerge more slowly. The technique is widely used for 
proteins, polysaccharides, and synthetic polymers.
Of all the Chromatographie techniques, gas chromatogra­

phy has probably made the greatest impact. Test mixtures 
are added as suitable Solutions to prepared columns (which 
may be of glass, copper, or stainless steel) positioned in 
a thermostatically controlled oven. An inert carrier gas 
sweeps the vaporized test mixture through the column, 
which is usually packed with a porous inert support 
coated with an involatile liquid (silicone oils, polyesters, 
polyglycols). The gas emerging from the column passes 
through a sensitive, high-speed detector that registers the 
presence of the separated components of the sample. For 
well-characterized Systems, the identity of a component 
can be correlated with the time required for it to appear 
under standardized operating conditions. Positive identi- 
fication, however, requires more rigorous evidence, such 
as that obtainable by subjecting the fractions to infrared 
spectrophotometry or mass spectroscopy.

Complex formation and masking. In its simplest terms, 
an interfering substance is excluded from Chemical ac­
tivity in solution by the addition of an ion with which 
it preferentially forms a complex ion; e.g., iron (III) can 
be masked by the addition of either fluoride or cyanide, 
which give the complex anions (FeF6)3 or [Fe(CN)6]3 , 
respectively, so that there is no longer free iron available 
to interfere with the analysis of some other component.

Other methods. Differences in partiele size, mass, and 
density give rise to separations by simple filtration, siev- 
ing, differential Sedimentation, flotation, centrifugation 
(the ultracentrifuge is important in the study of natu­
ral and synthetic polymers), dialysis, and molecular-sieve 
chromatography. Magnetic, thermal, and electrical meth­
ods have limited applicability. Simple illustrations are the 
Separation of magnetic from nonmagnetic metals and the 
analysis of copper in its alloys by electrodeposition on a

preweighed platinum cathode. Biological materials often 
can be separated by taking advantage of the different rates 
at which they migrate under the influence of an electric 
field.

PRINCIPLES OF ANALYTICAL METHODS 
Analytical methods can be classified most conveniently ac­
cording to whether they are (1) qualitative or quantitative, Types of 
(2) applicable to organic or inorganic substances, (3) based analytical 
on Chemical, physicochemical, or physical principles, (4) methods 
classical or instrumental, (5) carried out on samples that 
can be classified as macro (10-1 g), semimicro (ÏO '-IO -3 
g), micro (10-3— 10-6 g), submicro (10-6- 10 8 g), nanogram 
(10-9 g), or picogram ( 1 0 12 g), or (6) deal with major (great­
er than 1 percent), minor (0.01-1 percent), or trace (less 
than 0.01 percent) components of the sample. Authorities 
differ in the specific figures they quote for these scales of 
analysis. Other clarifications should also be made. Some 
tests can form the basis for both qualitative and quantita­
tive procedures; classical (e.g., Volumetrie or gravimetric) 
methods are also instrumental in the sense that at least a 
balance is usually required. By “instrumental analysis” is 
understood the use of a modem, sophisticated instmment, 
such as a spectrophotometer or a mass spectrometer.
Classical (or “wet”) methods, Inorganic qualitative anal­

ysis. There are separate systematic schemes for dealing 
with the Identification of cations (e.g., Fe3+, Ca2+, K+) and 
of anions (e.g., S042-, Cl- ). Because the schemes depend 
on Chemical processes occurring in Solutions, insoluble 
substances require pretreatment of some kind, such as 
fusion with oxidizing or nonoxidizing alkaline or acidic 
fluxes, to render them soluble before the schemes can be 
applied. There are many preliminary tests of great value: 
analysts can deduce much from what happens when a 
sample is heated alone or in the presence of simple 
reagents; from a visual or a microscopie study of the solid 
sample; and from flame tests, observed either with the 
naked eye or with the aid of a simple hand spectroscope.
After these preliminary tests, the sample must be prepared 
for series of Chemical treatments by dissolution in the least 
acidic solvent possible. There is the possibility of Chemical 
modification of the sample at this early stage; indeed, it 
is impossible to avoid on occasion. Sometimes Chemical 
modification is used deliberately to achieve solubility or 
effect a Separation.

The tests for anions are more difficult and less systematic 
than those for cations, yet successful analysis for cations 
is dependent on correct identification of the anions. The 
classical analysis for the common cations is based on their 
Separation into the following groups: Group I—Chlorides Group 
of lead, silver, mercury; Group II—sulfides of copper, Separation 
lead, mercury, bismuth, cadmium, arsenic, antimony, tin; of metals 
Group III—hydroxides of iron, chromium, aluminum;
Group IV—sulfides of cobalt, manganese, nickel, zinc;
Group V—carbonates of calcium, barium, Strontium. 
Subseparations within these groups are then possible, and 
discrete tests are applied finally for sodium, potassium, 
lithium, magnesium, and ammonium cations.

Inorganic quantitative analysis. This covers the deter­
mination of the percentage composition of inorganic ma­
terials; i.e., those based on any of the elements with the 
exclusion of carbon. It is therefore a vast part of Chemical 
analysis and virtually impossible to summarize briefly.

The main Chemical methods of quantitative analysis 
involve gravimetry and titrimetry (Volumetrie analysis).
Gravimetric methods have declined steadily in use since 
World War II; although accurate, they are slow. Basically, 
the constituent to be determined is precipitated from solu­
tion as an insoluble derivative that can be isolated, dried, 
and weighed. This insoluble derivative is preferably a com­
pound of definite composition, coloured, crystalline, very 
insoluble, and stable at an appropriate drying temperature.

Titrimetric methods are based on finding (by burette) the 
volume of a reagent of known concentration (a Standard 
solution) required to react quantitatively with a known 
amount of the substance being analyzed. A method of de­
tecting the end point (equivalence point) of a volumetric 
reaction is required. Some Systems are self-indicating; that 
is, some intrinsic change in colour occurs at the end point,
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as in titrations with potassium permanganate, when the 
first drop of titrant in excess imparts a permanent pale 
pink colour to the solution. More frequently, however, a 

Indicators Chemical indicator is required, such as phenolphthalein or 
methyl red for acid-base titrations or diphenylamine or 
phenanthroline for redox (oxidation-reduction) Systems. 
The function of an indicator is to give a sharp change in 
colour immediately after the true equivalence point has 
been reached. There are many special types of titration, 
but it is always essential that a quantitative relationship 
should exist between the titrant and the substance being 
determined and that the reaction be rapid.
Analysis for the rarer elements. Major technological 

changes in recent years have resulted in increased uti­
lization of many of what were known earlier as rare 
elements. Some examples are the use of titanium, zirco- 
nium, hafnium, niobium, tantalum, vanadium, tungsten, 
and molybdenum in metallurgical developments of special 
alloys for aeronautics and space exploration; boron, rare 
earth, and transuranic elements have been studied exten­
sively in atomic-energy programs and Silicon, germanium, 
gallium, and indium in modern electronics. Other rarer 
elements (e.g., beryllium) have been studied in connection 
with rocket-propellant research or research into aspects 
of pollution. The recent lunar-exploration programs have 
further stimulated analytical research.
Although there are classical Separation schemes for the 

analysis of rarer elements, more rapid and sensitive meth­
ods are now in demand: chromatography, ion exchange, 
solvent extraction, atomic absorption and other spec­
troscopie techniques, complexometry, polarography, and 
other electrochemical procedures are all used frequently 
in this field of analysis.

Organic qualitative analysis. Organic chemistry is the 
study of the numerous compounds of carbon (exclud- 
ing carbonates). Carbon combines very commonly with 
hydrogen, oxygen, and nitrogen; frequently with sulfur, 
phosphorus, and the halogens; and relatively infrequently 
with other elements.
Organic compounds are distinguished from inorganic by 

their behaviour on heating in air. The experienced analyst 
can teil much from the ease of initiation of combustion, 
smokiness of flame, formation of acidic reaction gases, 
and deposition of any residue.
The presence of carbon and hydrogen is most simply 

shown by heating a small amount of the substance being 
tested with an excess of dry, powdered copper(II) oxide in 
a large, dry test tube. Carbon dioxide and hydrogen are the 
primary products. The carbon dioxide is detectable by the 
formation of insoluble calcium carbonate with limewater; 
the hydrogen reacts with the copper oxide to form water, 
which condenses on the upper, cold, dry surface of the 

Nitrogen, tube. Lassaigne’s test, used to detect the presence of ni-
halogens, trogen, halogens, and sulfur, involves fusion with metallic
and sulfur sodium; sodium cyanide (nitrogen), sodium halide (halo­
in organic gens), or sodium sulfide (sulfur) is formed if any of these
com- elements is present. Standard inorganic tests for cyanide,
pounds halides, and sulfide are then applied. Phosphorus is de-

tected by fusing the organic substance with a mixture of 
sodium peroxide and carbonate. The phosphorus is con­
verted to phosphate, which is then detected by the Stan­
dard colorimetric reaction with ammonium molybdate in 
nitric acid. The presence of metals in organic compounds 
is determined by Standard inorganic tests.

Organic quantitative analysis. This falls into two dis­
tinct sections—elemental analysis and functional-group 
analysis.

The elemental analyses most often required are for car­
bon, hydrogen, nitrogen, sulfur, phosphorus, and the halo­
gens. The determination of metals is made by a quantita­
tive ashing technique. Carbon and hydrogen are analyzed 
by modifications of Liebig’s method (1831): combustion in 
excess of oxygen effects quantitative conversion to carbon 
dioxide and water, which can be determined by absorp­
tion in weighing tubes containing Chemical absorbents. 
Nitrogen is commonly determined by the Dumas method 
(combustion and conversion to elemental nitrogen, the 
volume of which is measured) or by the Kjeldahl method 
(conversion to ammonium sulfate, from which ammonia

is steam distilled and determined titrimetrically). Sulfur, 
halogens, and phosphorus are now commonly determined 
by the Schöniger oxygen-flask technique (combustion in 
a flask filled with oxygen); after combustion, the reaction 
products are dissolved by adding distilled water to the 
flask, in which the final titrimetric or colorimetric proce­
dure is carried out.

The most common functional group analyses involve the 
determination of alkoxy (e.g., methoxy, ethoxy), hydroxyl, 
acetyl, epoxy, amino, carboxyl, peroxy, nitro, cyano, and 
active hydrogen groups. These demand more analytical 
skill but give a more rigorous assessment of the percentage 
purity of a compound than can be obtained from elemen­
tal analysis. As an indication of a typical functional-group 
analysis, Zeisel’s method for alkoxy groups involves reac­
tion of the compound with hydriodic acid; the methoxy 
groups are converted quantitatively to methyl iodide, 
which can be absorbed and determined titrimetrically.

Instrumental methods. Optical methods. There are 
about 20 distinct analytical techniques based on optical 
phenomena: some are of such great importance in gen­
eral Chemical analysis that no modern laboratory could 
function without them; others are restricted in application 
to particular compound classes. Taken together, however, 
the optical methods of analysis form the most widely used 
group of instrumental physicochemical methods.

Given a good pair of eyes and natural daylight, any- 
one should be able to distinguish between a solution of 
copper(II) sulfate pentahydrate (blue) and sodium chloride 
(colourless); and anyone should be able to teil which of 
two copper(II) sulfate pentahydrate Solutions is the more 
concentrated; i.e., the more intensely coloured of the two.
These are applications of colorimetry; i.e., of optical phe- Color- 
nomena involving changes that are manifest in the visible imetry 
part of the spectrum. The basic requirements for this ap­
proach to analysis are a source of light (the sun in this 
case) and a detector (the human eye). Sunlight (white light) 
is composite—i.e., it contains light of many wavelengths 
(colours); these wavelengths can be separated from each 
other by dispersion devices (prisms, gratings). In many 
optical methods of analysis, Chemicals are studied with 
the aid of monochromatic radiation; e.g., the light from a 
sodium or mercury lamp, or from a laser.
Why do Solutions of copper(II) sulfate pentahydrate and 

sodium chloride have different colours when examined 
in sunlight? The sodium salt does not absorb any of the 
wavelengths in sunlight at all; the copper salt absorbs 
radiation of all wavelengths except the blue, so that only 
the blue component can be reflected or transmitted to 
the detector. This difference in absorption characteristics 
results from the different electronic structures of sodium 
and copper atoms. By replacing the human eye with an 
electronic device such as a photocell or the even more sen­
sitive combination of a photomultiplier and an amplifier, 
the sensitivity of measurement can be greatly increased.

The range of colours to which the human eye is sensi­
tive, from red to violet, is only a very narrow segment 
of the electromagnetic spectrum of radiation. Of progres­
sive^ decreasing wavelength (i.e., increasing frequency 
and, hence, more energy) are the ultraviolet, X-ray, y-ray, 
and cosmic-ray regions of the electromagnetic Spectrum.
Of progressively increasing wavelength are the infrared and 
microwave regions. All these regions are used in Chemical 
analysis: whether a molecule absorbs in the ultraviolet or 
microwave part of the spectrum depends on the structural 
features of the molecule; that is, on which elements are 
involved and on the structural arrangements of the atoms 
in the molecule.

Spectrochemical methods. Spectrochemical methods, 
which are important modern instrumental techniques, 
may involve examination of the emission of radiation by 
molecules that have been suitably excited by heat or some 
other form of energy; or the absorption of radiation of par­
ticular wavelengths by molecules; or, less commonly, the 
reflection of radiation. Radiant energy can be absorbed by 
certain molecules and subsequently reemitted in a modi­
fied form; as a result, fluorescence, phosphorescence, and 
Raman spectra (extra spectrum lines produced when light 
is scattered by passing through transparent substances)
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occur. These techniques are also useful analytically. (See 
also the section Spectroscopy below.)

The other optical phenomena of analytical use involve 
optical rotation (polarimetry), optical rotatory dispersion 
(o r d ), and refraction. Light-scattering measurements can 
be made on suspensions or colloidal Solutions by neph- 
elometry, in which the measurement is made at right 
angles to the incident beam, or by turbidimetry, in which 
the transmitted light is measured. By measuring the inten- 
sity of the scattered light at different angles to the incident 
beam, the molecular weights of polymers can be obtained. 
All these methods are important in certain fields of anal­
ysis, but they are not general, and space does not permit 
their further discussion.
When some elements are heated strongly, light having 

a unique distribution of wavelengths is radiated. This 
behaviour forms the basis of emission spectroscopy, an 
extremely sensitive, accurate, and rapid automatic method 
for the qualitative and quantitative analysis of mixtures of 
many nonmetallic and metallic elements.

A cheaper and more convenient form of emission spec­
troscopy is flame photometry, applicable to substances 
that emit visible or ultraviolet light when their Solutions 
are sprayed as a fine mist into a flame. The method is par­
ticularly suitable for the alkali and alkaline-earth metals, 
but a good-quality flame photometer can be used to deter- 
mine more than 30 of the elements, with detection limits 
frequently lower than one part per million. Colorimetry 
involves measurement of the intensity of absorption of 
visible light. It is therefore restricted to the analysis of 
coloured substances or substances that can be converted 
conveniently into coloured derivatives. Standard Solutions 
are prepared to find the concentration of solution that 
gives exactly the same colour intensity as the test substance 
under carefully standardized conditions. More accurate 
and sensitive results are obtained with simple instruments, 
such as the Duboscq Colorimeter, which requires only one 
Standard solution to be made up: colour match is achieved 
by a system of plungers that effectively change the depths 
of solution viewed in the comparison cells. The Lambert- 
Beer law relates the intensity of absoiption of a solu­
tion to the concentration and effective depth of solution 
in an absorption cell. Absorption of micro waves (radia­
tion having wavelengths between one centimetre and 100 
centimetres) is characteristic of some gaseous molecules. 
It gives valuable structural information but is not of gen­
eral analytical importance. Certain specific wavelengths 
that depend on the structure of the compound under test 
are absorbed when a beam containing all wavelengths of 
infrared radiation is passed through a suitably prepared 
specimen of almost any organic or inorganic compound 
(the main exceptions are diatomic gases such as oxygen, 
nitrogen, and hydrogen, and the alkali halides). The most 
useful range of wavelengths is that between 2.5 and 16 
micrometres, also called microns (one micrometre =  IO-6 
metre). (These wavelengths often are expressed by the 
wave number, the number of waves in one centimetre: ra­
diation having a wavelength of 10 micrometres has 1,000 
waves per centimetre, or a wave number of 1,000 cm-1.) 
Solids, liquids, and gases can be examined, and mixtures 
can be analyzed. Both carbon dioxide and water vapour 
absorb strongly in the infrared region and must be ex- 
cluded from the apparatus. Sensitive quantitative analyses 
can be carried out, but perhaps the greatest use of this 
technique has been in the qualitative identification of or­
ganic compounds. Structural information conceming the 
presence and, more importantly, absence of certain func­
tional groups is obtained; for example, hydroxyl groups 
absorb in the 3,300-3,600 cm-1 region, cyano groups in 
the 2,200-2,250 cm-1 region, and carbonyl groups in 
the 1,650-1,800 cm-1 region. From 650-1,500 cm-1 the 
absorption spectrum of a compound is a unique “finger- 
print” that differs from that of any other compound. The 
interpretation of spectra is a specialized skill that requires 
much experience.
Electrons in the molecules that have structures involving 

unsaturated bonds can absorb quanta of energy corre­
sponding to electromagnetic radiation in the region of the 
Spectrum from 180 to 400 nanometres (the ultraviolet

region). The major application of ultraviolet spectrome- 
try is in the analysis of aromatic compounds, vitamins, 
and other biochemical molecules, although the technique 
is useful for many inorganic molecules. As in the case 
of modern infrared instrumentation, ultraviolet spectrom- 
eters scan the entire spectrum range automatically and 
produce a graph of the intensity of absorption in relation 
to the wavelength.
Atomic-absorption spectroscopy was introduced in 1955, 

and applications of the technique have grown steadily 
since then. By 1971 it was possible to make very sensitive 
and specific analyses of about 60 elements by this method. 
A solution of the compound under analysis is sprayed 
into a flame, in which a reservoir of atoms in various 
energized States is formed. A beam of radiation is passed 
through the atom reservoir: if copper is being determined, 
a copper-containing source must be used to give a beam of 
radiation of exactly the same wavelengths as those emitted 
by the energized atoms. Absorption of energy therefore 
occurs; the amount of energy absorbed can be detected 
electronically and is directly proportional to the number 
of atoms present.

Atomic-fluorescence spectroscopy has become very im­
portant since 1955 and gives very sensitive analyses of 
metals such as zinc, mercury, cadmium, magnesium, and 
silver.

Raman spectroscopy is another technique, in which the 
radiation scattered in a direction perpendicular to that of 
the incident beam is measured. The spectra are comple­
mentary to infrared spectra, and the technique has expe­
rienced a revival and extension in recent years as a result 
ofthe development of laser sources of radiation.

X-ray and electron diffraction are specialized methods of 
great value in determining molecular structures. Electrons 
have a much more restricted Penetration than X-rays and 
can be used only to examine gases, very thin films, and 
surface layers. The introduction of computer techniques 
has allowed the X-ray method to be applied to very com­
plex protein and polysaccharide molecules.

X-ray fluorescence (x r f ) is a nondestructive method of 
elemental analysis widely used for metallurgical and ge- 
ological specimens. Qualitative and quantitative analyses 
are possible for elements with atomic number greater than 
12, although several lighter elements can be analyzed if 
ancillary equipment is available. When an element is ir- 
radiated with X-rays of appropriate wavelength, X-rays 
of a different wavelength, characteristic of the element, 
are emitted. Complex mixtures can usually be analyzed 
without prior Separation of the components, as in the 
determination of additives or contaminants in motor oils. 
Samples are best examined in solution, but very finely 
powdered samples can be used. There is, unfortunately, a 
lack of sensitivity for some elements, as compared with 
other methods.
Mass spectrometry. The principles of mass spectrome- 

try are described in detail in a later section. To summarize, 
molecular ions are produced from the sample by a beam 
of electrons produced by a hot filament. The ions are 
accelerated electrically to form a beam that is deflected 
magnetically into separate beams according to the mass- 
to-charge ratio of the ions involved. These beams can 
be made to pass through series of slits to reach the ion- 
collector electrode separately. The “time of flight” spec- 
trometer operates on a different principle: the charged 
particles are separated by their different velocity of escape 
from the accelerator stage.

Mass spectroscopy is an important analytical technique 
of great sensitivity and accuracy. It gives quantitative re­
sults for major and minor components of mixtures, gives 
determinations of molecular weights and of isotopic abun- 
dances, and is widely used in the analysis of complex 
organic molecules. It is one of the few techniques with 
the sensitivity required to analyze the very small fractions 
offen obtained from Chromatographie processes. The mass 
Spectrum (“cracking pattern”) of a compound, like the 
infrared Spectrum, is unique and gives unequivocal proof 
of the identity of a substance. Solid, liquid, and gaseous 
samples can be analyzed, and its rapidity makes it useful 
for monitoring process gas streams that alter rapidly.

Ultraviolet
spectrom­
etry
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Magnetic-resonance spectrometry. This technique has 
revolutionized, since about 1955, the structural analysis of 
organic compounds and certain classes of inorganic ma­
terials. The sample must be soluble in one of a range of 
solvents containing deuterium atoms in place of hydrogen 
in order to eliminate interference with the Signals from 
hydrogen atoms in the sample under test.

The nuclei of certain atoms (e.g., the common isotopes 
of hydrogen, nitrogen, fluorine, and phosphorus but not 
of carbon or oxygen) act as tiny bar magnets. These nuclei 
can therefore be influenced by strong external magnetic 
fields; quantum considerations dictate that they must be­
come aligned either toward or against the applied field. 
If radiation of the appropriate frequency for absorption is 
passed through the specimen, the energy absorbed causes 
transitions from the one alignment to the other; the nuclei 
are then said to be in resonance. Measurements of the 
frequency and extent of the absorption by the nuclei form 
the basis of analysis. The field strength of the magnet 
must be constant and uniform to within one part in IO8. 
Field strengths of 14,000 gauss (the electromagnetic unit 
of magnetic induction) or 23,500 gauss commonly are 
used; the corresponding irradiation frequencies required to 
produce resonances are approximately 60 megahertz (one 
hertz is one cycle per second) and 100 megahertz.
In a fixed external magnetic field, the exact radio fre­

quency at which a nucleus absorbs depends upon its 
stereochemical location in the molecule concerned, be­
cause the electrons in that molecule produce local fields 
that cause shielding effects, which vary from position to 
Position within the molecule. In essence, the different 
hydrogen nuclei, for example, in a complex molecule 
can be distinguished and the nature of their immediate 
environment identified in terms of a value termed the 
Chemical shift. For hydrogen atoms, distinction can be 
made among aliphatic, olefinic, acetylenic, aromatic, alde- 
hydic, amino, amido, hydroxylic, phenolic, and carboxylic 
environments.

Electron spin resonance (esr) spectroscopy is a reso­
nance technique (also known as electron paramagnetic 
resonance) applicable to species having unpaired (“odd”) 
electrons, and it is useful for the analysis of free radicals, 
molecules in triplet States (having two unpaired electrons), 
and certain transition metal ions and complexes.

Thermometric methods. When substances are heated, 
physical changes and Chemical reactions or decomposi- 
tions take place; the nature of these and the temperatures 
at which they occur are characteristic of the substances 
under test.

Differential thermal analysis is based on the change of 
temperature of a sample when heat is supplied at a con­
stant rate. Complex changes in the solid sample, which 
may either liberate heat (exothermic reaction) or abstract 
heat (endothermic reaction), can occur; the responses of 
many substances in this procedure are therefore fairly 
complex, characteristic patterns. This technique has the 
advantage that the data can be obtained automatically 
over long periods by continuously recording instruments, 
and it is used frequently in the analysis of metallurgical, 
mineralogical, and polymeric samples.
Thermogravimetry is based on the thermobalance, which 

records continuously the change in weight of a sample as 
it is heated. The temperature at which loss in weight oc­
curs and the extent öf that loss can give useful analytical 
data for polymers and other classes of material.

Pyrolysis has been used increasingly in recent years to 
characterize polymeric materials. The sample is heated to 
the temperature at which decomposition to simple gaseous 
compounds takes place: these products are analyzed by 
gas chromatography or mass spectrometry.
Calorimetry, cryoscopy, and ebulliometry are examples 

of other thermal methods available for analytical purposes, 
but they are not used extensively.
Radiochemical methods. The analytical aspects of ra- 

dioactivity are covered in the section Radiation measure­
ment.

Following the impetus given to nuclear energy programs 
and radiochemistry in the 1940s, analytical methods based 
on radioactivity have become widely used, because of their

unparalleled combinations of selectivity and sensitivity. It 
is not unusual for analysis to be performed on as little 
as 10'15 gram of material. Although the cost of radio- 
chemicals and of the irradiation of Chemicals in nuclear 
reactors is high, the cost of laboratory counting equipment 
is comparatively low. Safety precautions additional to 
those in any Chemical laboratory are always required; for 
many substances these precautions are easily met, but for 
the more dangerous isotopes very special remote-handling 
equipment and biological shielding are required.

Radiometrie analysis is used to analyze substances on 
the basis of their small natural content of some radioac­
tive isotope; e.g., natural samples of potassium contain a 
very small proportion of the isotope potassium-40, which 
is a ß emitter of long half-life (1.28 X 109 years). Another 
modification of this method is to analyze a nonradioac- 
tive substance by Converting it to a radioactive form; e.g., 
Chloride ions can be determined with great sensitivity by 
the addition of radioactive silver nitrate, which leads to 
the deposition of radioactive silver chloride. The analysis 
can be based on the radioactivity of the latter or on the 
decrease in radioactivity of the silver nitrate added.

Activation analysis takes advantage of the fact that many 
elements become radioactive when irradiated with neu- 
trons in a nuclear reactor. The active isotopes formed vary 
widely in terms of their half-lives, and a decay curve is 
obtained by plotting the intensity of radioactivity against 
time. From this and supplementary data (such as identify- 
ing the different y radiations present) the composition of 
the original mixture of elements can be found. The sen­
sitivity obtainable depends on the neutron-capture cross 
section of the element involved, the intensity of the neu­
tron source, and the half-life of the isotope produced.
The method of isotope dilutiön can be employed to de- 

termine the amount of some element, E, in a mixture. 
A small, known amount of a radioactive isotope of E  is 
incorporated into the mixture; the element E, including 
the added radioactive isotope, is then separated from the 
mixture, and its radioactivity is determined. It is then a 
simple calculation to establish the concentration of E  in 
the original mixture, on the assumption that there is no 
difference in the percentage recoveries of E  and its isotope 
from the mixture.

Electrochemical methods. In potentiometric analysis, 
the concentration of a solution is determined in terms of 
the measurable electrical potential; the electronic circuitry 
used is designed so that the measurement is made under 
conditions in which no current flows. The instrumental 
measurement of pH (the negative logarithm of the hydro­
gen ion, H+, concentration; i.e., a measure of the acidity 
or alkalinity of a solution) is based on potentiometry. Ion- 
selective electrodes, sensitive to the activity of a particular 
ion in solution, are available for hydrogen ions, fluorides, 
the alkali metals, calcium, silver, etc., and these have 
greatly extended the analytical utility of potentiometry. 
Potentiometric titration is frequently used to locate end 
points in terms of the change in electromotive force of a 
suitable galvanic cell caused by the addition of known vol­
umes of titrant. By means of simple electronic circuitry, 
this principle can be extended so that titrations can be 
done automatically.

The conductivity (reciprocal of resistance) of a solution 
depends on the identity of the ions present and their con­
centration. Analytical applications include the titration of 
mixtures of weak and strong acids, determination of rates 
of reaction, solubilities of slightly soluble salts, and the 
end points for titrations in which precipitates or slightly 
ionized compounds are formed.

Oscillometry (high-frequency titrimetry) determines 
changes in composition by measuring changes in dielectric 
constant or conductivity: these can be detected by applying 
high-frequency altemating signals to electrodes, which can 
be external to the cell containing the solution under test.

In voltammetry, a small, inert electrode (usually of gold 
or platinum) is used in conjunction with a larger elec­
trode, at which the corresponding current density is very 
small, so that the current flowing depends on the rate of 
transfer of electroactive material (ions or molecules that 
can be oxidized or reduced at the electrode) from the bulk

Neutron
activation
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of the solution to the smaller electrode. If a large excess 
of an inert electrolyte (e.g., potassium chloride) is present, 
the rate of transfer becomes almost completely diffusion 
controlled (limited only by the rate at which the particles 
move through the solution, rather than by the rate at 
which the electrochemical reaction occurs). Voltammetry 
is useful for the analysis of both organic and inorganic 
compounds, and it can be carried out (1) with variable 
voltage, (2) with variable current, or (3) at constant cur­
rent (a special case known as chronopotentiometry). For 
each of these methods, a graph of the relationship between 
current and voltage is an S-shaped curve from which the 
identity and the concentration of the electroactive sub­
stance may be determined.

Polarography is an important technique that can be 
regarded as a special case of voltammetry. A large, non- 
polarizable reference electrode is used in conjunction with 
a small, polarizable electrode of special design—a capil- 
lary tube—from which small drops of mercury emerge 
at regulär, short intervals into the solution. The voltage 
across these two electrodes is swept; the “halfwave poten­
tial” at which the required Chemical reaction begins and 
the magnitude of the resulting “diffusion current” give a 
basis for qualitative and quantitative analysis. Although 
either electro-oxidizable or electroreducible substances can 
be examined, the dropping mercury electrode usually is 
connected to form the cathode (the negatively charged 
electrode, at which electrons are available to reduce ox- 
idized substances); in the electrolysis of metal ions, the 
ions are reduced to the metal itself, which amalgamates 
with (i.e., dissolves in) the drops of mercury. This method 
is nondestructive and sensitive and applicable to inorganic 
and organic molecules. Only very small volumes of di­
lute Solutions are required, and the method is applicable 
to mixtures. Several instrumental variations of the basic 
principle have been developed.
Amperometry utilizes the principles of polarography and 

conductometry and is useful for detecting end points in 
slow or incomplete reactions involving precipitations and 
complexometric reactions. In an amperometric titration 
(sometimes called a poiarometnc titration because a sim­
ple polarographic dropping mercury electrode and refer­
ence electrode form the essential circuitry required), the 
change in the diffusion current at a convenient applied 
voltage is measured in relation to the volume of titrant. 
The diffusion current decreases linearly to a minimum at 
the equivalence point then increases as excess of titrant is 
added.

Coulometry involves the direct application of Faraday’s 
laws of electrolysis: when a single electrode reaction occurs 
at 100 percent current efficiency, the number of equiva­
lents ofthe substance involved is directly proportional to 
the number of faradays (one faraday is equal to about 96,- 
500 Coulombs) of electricity consumed. In direct (primary)

coulometry, the substance under test reacts directly at an 
electrode at a constant applied voltage. As the reaction pro- 
ceeds, the current decreases. It is frequently preferable to 
work at constant current. Indirect (secondary) coulometry 
is more widely used. The quantity of electricity required 
to generate a low concentration of a titrant is found, this 
titrant reacting stoichiometrically (i.e., quantitatively), as 
it is formed, with the substance being analyzed.

Electrodeposition (electrogravimetry) is a simple tech­
nique frequently used for copper, transition metals, and 
noble metals. The test solution is electrolyzed exhaus- 
tively at constant voltage or (more commonly) at constant 
current; the increase in weight of the working electrode 
(usually a mesh of platinum carefully prepared so that the 
metal will be electrodeposited in a firm layer) is deter­
mined. Efficiënt stirring is required to prevent concentra­
tion polarization. Metals can be separated if their Standard 
electrode potentials differ by about 0.25 volt and if the 
electrolysis is carried out at a voltage midway between 
those electrode potentials.

Physical methods. The determination of vapour den­
sity, vapour pressure, depression of freezing point, and 
elevation of boiling point, which lead to the determination 
of molecular weight, are important techniques, but they 
are not now used very frequently. The determination of 
viscosity and osmotic pressure also lead to the determina­
tion of molecular weight and are especially useful in the 
study of colloidal Systems such as natural polymers (starch, 
cellulose, pectin, proteins) or synthetic polymers (polyeth- 
ylene, nylon) of high molecular weight. Surface tension, 
Sedimentation rates, and partiele size distribution are also 
frequently determined for materials of these classes.
Electrical properties are also widely used; the dielectric 

constant and dipole moment are useful analytical prop­
erties for organic molecules. The refractive index can be 
measured very accurately and is a very useful way of 
testing the purity of compounds or measuring the concen­
tration of Solutions.

Optically active molecules have the ability to rotate the 
plane of polarized light. The magnitude and direction of 
the rotation can be measured with great accuracy by a 
polarimeter, and this form of analysis is widely used for 
sugars and polysaccharides.
Other important physical methods of analysis include 

the determination of calorific values, heats of combustion, 
activation energy, and reaction rates. Mixtures of similar 
components, which are difficult to separate conveniently, 
frequently, can be analyzed in terms of the different rates 
of reaction of the components. The rates of Chemical re­
actions can be increased by small amounts of catalysts, 
and a useful method of finding the concentration of some 
substances is to find a reaction for which the substance 
acts as a catalyst, then measure its concentration in terms 
of the increased rates of reaction. (D.M.W.A.)

CHEMICAL SEPARATIONS AND PURIFICATIONS
Since ancient times, man has used methods of separat­
ing and purifying Chemical substances for improving the 
quality of his life. The extraction of metals from ores and 
of medicines from plants is older than recorded history. 
In the Middle Ages the alchemists’ search for the philoso- 
phers’ stone (a means of changing base metals into gold) 
and the elixir of life (a substance that would perpetuate 
youth) depended upon separations. In the industrial and 
technological revolutions, separations and purifications 
have assumed major importance. During World War II, 
for example, one of the main problems of the Manhattan 
Project, which led to the atomic bomb, was the Separation 
of uranium-235 from uranium-238. Many industries now 
find separations indispensable: the petroleum industry 
separates crude oil into products used as fuels, lubricants, 
and Chemical raw materials; the pharmaceutical industry 
separates and purifies natural and synthetic drugs to meet 
health needs; the mining industry is based on Separation 
and purification of metals.
Separations and purifications also find their places in

medicine and the Sciences. In the life Sciences (biology, 
pharmacology, etc.) many advances can be directly traced 
to the development of each new Separation method. The 
first step in understanding the Chemical reactions of life is 
to learn what substances are present in samples obtained 
from biological sources. The complexity of these mixtures 
is shown by the fact that more than 300 compounds 
have been identified in urine. Identification first requires 
isolation by Separation. Modern medicine depends upon 
purifications, such as that performed by the artificial kid- 
ney, and separations, such as those involved in clinical 
analysis of biological fluids.

Basic concepts of separations

This section is concerned with separations of the small­
est subdivisions of matter, such as atoms, molecules, and 
small particles (sand, minerals, bacteria, etc.). Such pro­
cesses start with a sample in a mixed state (composed of 
more than one substance) and transform it into new sam-
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ples, each of which—in the ideal case—consists of a single 
Basic substance. Separation methods, then, can be defined as
factors processes that change the relative amounts of substances

in a mixture. In Chemical methods, one may start with 
a completely homogeneous mixture (a solution) or a het- 
erogeneous sample (e.g., solid plus liquid); in the act of 
Separation, some particles are either partially or totally 
removed from the sample.

Reasons for making separations. There are two general 
reasons why separations are performed. First, the mixture 
may contain some substance that it is desirable to Isolate 
from the rest of the mixture: this process of removing 
substances considered to be contaminants is called pu- 
rification. For example, in the manufacture of synthetic 
drugs, mixtures containing variable proportions of several 
compounds usually arise. The removal of the desired drug 
from the rest of the mixture is important if the product 
is to have uniform potency and is to be free of other 
components that may be dangerous to the body.

The second reason for performing separations is to alter 
the composition of a sample so that one or more of the 
components can be analyzed. For example, the analysis 
of air pollutants to assess the quality of the air is of great 
interest, yet many of the pollutants are at a concentration 
too low for direct analysis, even with the most sensitive 
devices. Pollutants can be collected by passing samples 
of air through a tube containing an adsorbent material. 
By this process the pollutants are concentrated to a level 
such that straightforward analysis and monitoring can 
take place. In a second example, several impurities in a 
sample may interfere with the analysis of the substance 
of primary interest. Thus, in the analysis of trace concen­
trations of metals in rivers, organic substances can cause 
erroneous results. These interferences must be removed 
prior to the analysis.
Classification of separations. There are a variety of cri­

teria by which one can classify separations. One is based 
on the quantity of material to be processed. Some methods 
of Separation (e.g., chromatography) work best with very 
small samples, while others (e.g., distillation) are more 
suited to large-scale operations.

One may also classify separations on the basis of the phys­
ical or Chemical phenomena utilized. These phenomena 
can be divided into two broad categories: equilibrium and 
rate (kinetic) processes. Table 1 lists a number of Chemi­

Table 1: Separations Based on Phase Equilibria

gas-liquid gas-solid liquid-solid liquid-liquid

distillation adsorption 
gas-liquid Sublimation 

chromatography 
foam fractionation

precipitation extraction
zone melting partition
crystallization chromatography
ion exchange
adsorption
exclusion
clathration

cal Separation methods based on equilibria, and Table 2 
indicates those methods based on rate phenomena.
Separations based on equilibria. All equilibrium meth­

ods considered in this section involve the distribution of 
substances between two phases that are insoluble in one 
another. As an example, consider two insoluble liquids 
(e.g., benzene and water). If a coloured compound is 
placed in the water and the two phases are mixed, colour

Table 2: Separations Based on Rate Phenomena

barrier separations field separations other

membrane 
filtration 

dialysis 
ultrafiltration 
electrodialysis 
reverse osmosis

electrophoresis
ultracentrifugation
electrolysis

enzyme
degradation

molecular
distillation

appears in the benzene phase, and the intensity of the 
colour in the water phase decreases. These colour changes 
continue to occur for a certain time, beyond which no 
changes take place, no matter how long or vigorously the

two phases are mixed. Because the dye is soluble in the 
benzene as well as in the water, the dye is extracted into 
the benzene at the start of the mixing. But just as the dye 
tends to move into the benzene phase, so it also tends 
to be dissolved in the aqueous phase. Thus dye molecules 
move back and forth across the liquid-liquid interface.
Eventually, a condition is reached such that the tendencies 
of the dye to pass from benzene to water and from water 
tó benzene are equal, and the concentration of the dye 
(as measured by the intensity of its colour) is constant 
in the two phases. This is the condition of equilibrium.
Note that this is not a static condition, but rather a dy- 
namic one, for many molecules continue to pass through 
the liquid-liquid interface (although of equal number in 
both directions).

The condition of equilibrium in this example can be Distribu- 
described in terms of the distribution coëfficiënt, K, by tion 
the equation coëfficiënt

_  concentration of dye in the benzene phase 
concentration of dye in the water phase

in which the concentrations in the equilibrium state are 
considered. For K =  1, there are equal concentrations of 
the dye in the two phases. If K  were larger, more dye 
would be found in the benzene phase at equilibrium. At 
K =  100, 99.01 percent is in the benzene, and only 0.99 
percent is in the water (assuming equal volumes of the 
two liquids). For certain purposes, this condition might 
be considered to represent essentially complete removal of 
the dye from water, but more often K  =  1,000 is selected 
(i.e., 99.9 percent removal).

Separation results when the distribution coëfficiënt val­
ues for two substances (e.g., two dyes) differ from one an­
other. Consider K =  100 for one substance and K  =0.01 
for a second substance: then, upon reaching equilibrium,
99 percent of the former substance will be found in the 
benzene phase, and 99 percent of the latter substance will 
be found in the aqueous phase. It is clear that this sam­
ple is rather easily separated by liquid-liquid distribution.
The ease of the Separation thus depends on the ratio of
the two distribution coefficients, a  (sometimes called the Separation
Separation factor): factor

X2

in which K x and K2 are the respective distribution coef­
ficients of components 1 and 2. In the above example, 
a =  10,000. In many other cases, a can be very small, 
close to unity (a is defined such that it is always unity 
or greater): then Separation is difficult, requiring very ef­
ficiënt methods. Part of the art of separations is finding 
conditions that produce large Separation factors of pairs 
of substances.

In Table 1 most of the important Chemical equilibrium 
Separation methods are subdivided in terms of the two 
insoluble phases (gas, liquid, or solid). The example previ- 
ously cited involved extraction (liquid-liquid). Each of the 
other methods is described in the course of this article.

Separations based on rates. Rate Separation processes 
are based on differences in the kinetic properties of the 
components of a mixture, such as the velocity of migra­
tion in a medium or of diffusion through semipermeable 
barriers.

The Separation of mixtures of proteins often is diffi­
cult because of the similarity of the properties of such 
molecules. When proteins are dissolved in water, they ion- 
ize (form electrically charged particles). Both positive and 
negative electrical charges can occur on various parts of 
the complex molecule, and, depending on the acidity or 
alkalinity of the solution, a protein molecule as a whole 
will be either positively or negatively charged. For a given 
set of solution conditions, the net charges on different 
proteins usually are unequal.

Electrophoresis takes advantage of these charge differ­
ences to effect a Separation. In this method, two electrodes 
are positioned at opposite ends of a paper, starch gel, or 
other appropriate supporting medium. A salt solution is
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used to moisten the medium and to connect the elec­
trodes electrically. The mixture to be separated is placed 
in the centre of the supporting medium, and an electrical 
potential is applied. The positively charged proteins move 
toward the negatively charged electrode (cäthode), while 
the negatively charged proteins migrate toward the pos­
itively charged electrode (anode). The migration velocity 
in each direction depends not only on the charge on the 
proteins but also on their size: thus proteins with the same 
charge can be separated.

This example demonstrates the Separation of charged 
species on the basis of differences in migration velocity in 
an electric field. The extent of such a Separation (based 
on the rate of a process) is time-dependent, a feature 
that distinguishes all such separations from those based 
upon equilibria.

The velocity can be either positive or negative: it depends 
not only on the size and electrical charge of the molecule 
but also on the conditions of the experiment (e.g., voltage 
between the two electrodes). In analogy to equilibrium 
methods, the Separation factor can be defined as the ratio 
of migration velocities for two proteins, 

v2
a =  —. 

v,
The extent of Separation (i.e., how far one protein is re- 
moved from another) depends on the different distances 
traversed by the two proteins:

extent =  v2t — vxt,
in which t is the time allowed for migration. Thus the 
extent of Separation is directly proportional to the time of 
migration in the electric field.
Another major category of rate Separation methods is 

based on the diffusion of molecules through semiperme­
able barriers. Besides different charges, proteins also have 
different sizes, and this latter property can be used as the 
basis of Separation. If a vessel is divided in half by a 
porous membrane, and a solution of different proteins is 
placed in one section and plain water in the other, some 
of the proteins will be able to diffuse freely through the 
membrane, while others will be too large to fit through 
the holes. Still others will be able to just squeeze through 
the holes and so will diffuse more slowly through the 
membrane. In reality there is distribution of hole sizes, 
so that most protein molecules can diffuse through the 
membrane if given sufficiënt time. In any event, the extent 
of Separation will be dependent on the time allowed for 
diffusion to take place.
Table 2 lists the various banier Separation methods 

discussed in this article. The differences in the meth­
ods involve the type of substances diffusing through the 
semipermeable banier and whether an external field or 
pressure is applied across the membrane.
Partiele separations. Up to this point, only separations 

at the molecular level have been mentioned. Separations 
of particles are also important in both industry and re­
search. Partiele separations are performed for one of two 
purposes: (1) to remove particles from gases or liquids or 
(2) to separate particles of different sizes. The first reason 
underlies many important applications. The electronics 
industry requires dust-free “clean rooms” for assembly of 
very small components; the household vaeuum cleaner 
uses a stream of air to pick up particles of dust and 
dirt, which are separated from the air prior to its release 
in the room. The second purpose deals with the Clas­
sification of particles from samples containing particles 
of many different sizes. Many technical processes using 
finely divided materials require that the partiele size be 
as uniform as possible. The more important partiele Sep­
aration methods are filtration, Sedimentation, elutriation, 
centrifugation, partiele electrophoresis, electrostatic pre­
cipitation, flotation, and screening, which are described in 
a later section.

Single-stage versus multistage processes. As shown 
earlier, ease of Separation in equilibrium methods is based 
on the value of the Separation factor, a. When this value 
is large, Separation is easy, requiring little input of work. 
Thus, if a lies between 100 and 1,000, a single equilibra-

tion in liquid-liquid extraction is sufficiënt to separate at 
the level of 90 percent or higher. This type of process is 
called a single-stage process.

If the Separation factor is smaller, Separation is more dif­
ficult: more work must be done on the System to achieve 
the desired Separation. This result can be accomplished 
by repeating the equilibration process many times, such a 
method being called a multistage process.
To better envision this, consider a liquid-liquid extrac­

tion experiment in which the volumes of the two liquid 
phases (A and B) are equal and in which equal amounts of 
two components, 1 and 2, are present in one of the phases 
(say A). If K x = 0.5 and K2 = 2.5, then a  =  5, according to 
the previous definition. After equilibration, 66.7 percent of 
component 1 and 28.5 percent of component 2 remain in 
the original liquid phase (A), because K x = 0.5 =  33.3/66.7 
and Ki =  2.5 =  71.5/28.5; so that the concentration ratio 
in this phase has gone from unity to 66.7/28.5, or 2.3. 
If the extracting liquid phase (B) is removed and replaced 
with an equal portion of fresh liquid (B) containing none 
of components 1 and 2, and a second extraction is per­
formed, 44.4 percent of component 1 and 8.1 percent of 
component 2 are left in the original phase (A). The con­
centration ratio has increased from 2.3 to 5.5; however, 
note that there is less of components 1 and 2 in the orig­
inal phase. If the equilibration is carried out again with 
fresh solvent (B), the original phase contains 29.6 percent 
of component 1 and only 2.3 percent of component 2, a 
concentration ratio of approximately 13. Thus the purity 
of component 1 is increased by repeating the process of 
equilibration.

Before examining multistage separations in more detail, 
consider an alternate procedure, by which component 2 
(with K = 2.5) could be removed from the original liquid 
phase. Three consecutive extractions with fresh solvent 
result in the removal of 100 — 2.3 =  97.7 percent of the 
component. Instead of three separate equilibrations, what 
would happen if one extraction were performed, using the 
same volume of liquid B  used in the three consecutive 
extractions? It can be calculated that only 88 percent 
of component 2 would be extracted in this case. Thus, 
repeated equilibrations with a small amount of solvent re­
move more material than a single extraction with a large 
amount. This fact has important practical application.

Returning to the Separation of two components, the ex­
periments described are quite wasteful of material. While 
the concentration ratio is 13, only 30 percent of the 
concentrated component remains in the original phase. It 
seems clear that the extracted phase should not be dis- 
carded. The Separation can be performed without loss of 
either component by employing a sequence of extractions: 
each vessel in a series is half filled with the denser, or 
lower, liquid phase (without components 1 and 2). The 
mixture is added to the lower phase (A in the above 
example) of the first vessel, and fresh upper phase (B) 
is added in the correct amount; after shaking to achieve 
equilibration, the upper phase is transferred to the second 
vessel, and fresh upper phase is added to vessel 1. Vessels 
1 and 2 are both equilibrated, and the upper phases are 
moved along the train, one vessel at a time.

In this experiment, component 2 (with K  =  2.5) will move 
more quickly down the train of vessels than component 
1. After a large number of transfers, the different migra­
tion velocities of the two components result in complete 
Separation. The number of transfers required to achieve 
complete Separation is dependent on the value of the Sep­
aration factor (a) of the two components; the smaller the 
value is, the larger must be the number of tubes.
This discontinuous, multistage, liquid-liquid extraction 

scheme has been highly refined: an especially designed 
apparatus is used to permit automatic Operation. This 
method has played an important role in biochemistry for 
preparation of purified materials. In advanced models of 
this machine, the lower phase is transferred to the left 
after each equilibration, and the upper phase is transferred 
to the right; the sample is initially placed in the central 
vessel of the train. Because flow of the two solvents oc­
curs in both directions, this mode of Operation is called 
countercurrent.

The multi­
stage 
process
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Principles of specific methods

Equilibrium separations. Distillation. Distillation is a 
method of Separation based on differences in the boiling 
points of substances. It has been known for centuries. The 
essential Operation in distillation is the boiling of a liquid; 
converting it into a vapour, which is then Condensed to 
a liquid that is collected separately rather than allowed to 
flow back into the original liquid.

Above the surface of any pure liquid (or solid) substance, 
a definite amount of its vapour is present. The concen­
tration of the vapour and, therefore, the pressure it exerts 
increase as the temperature is raised. When the pressure 
of the vapour equals the pressure of the surroundings (one 
atmosphere in an open vessel at sea level), the substance 
boils: bubbles of vapour form within the liquid and rise 
to the surface. Above the surface of a mixture, the vapour 
contains all the substances present in the mixture, each 
making a contribution to the total pressure exerted by the 
vapour. The boiling point of the mixture is the tempera- 

Liquid- ture at which the total vapour pressure equals the pressure 
vapour of the surroundings. In general, the composition of the
equilib- vapour above a liquid mixture differs from that of the
rium liquid: the vapour contains a larger proportion of the sub-

stance having the lower boiling point. This difference in 
composition of the two phases is the basis of separations 
effected by distillation. If the boiling points are widely dif­
ferent, only the Component of lowest boiling point makes 
an appreciable contribution to the vapour, and condensa- 
tion of the vapour provides practically pure material.
Separation by distillation, thus, is based on gas-liquid 

equilibrium, differing from the previously cited example 
of liquid-liquid extraction in that the phases are cbnsti- 
tuted from the components themselves. The ease of Sepa­
ration is obviously based on the differences in the boiling 
points of the substances; because boiling point is related, 
to a first approximation, to the molecular weight of the 
substance, distillation separates on the basis of weight (or 
size) of molecules. If the boiling points are close together, 
it is not possible to make a complete Separation of two 
components in a single stage process, as the component 
of higher boiling point enters the vapour phase before the 
lower boiling component is completely removed. Such a 
case necessitates a multistage Operation, which can most 
conveniently be achieved by placing a column above the 
boiling liquid solution. This glass column contains some 
loosely packed material (e.g., glass beads), and the hot 
vapours from the boiling solution partially condense on 
the surfaces. The Condensed liquid flows back toward the 
solution until it meets rising hot vapours, whereupon the 
more volatile portion of the returning liquid revaporizes, 
and the less volatile part of the rising vapour condenses. 
Thus in the column there occurs a multistage Operation, 
the eventual outcome of which is that the component of 
lower boiling point concentrates at the upper part of the 
column and that of higher boiling point in the lower part. 
Condensation of the vapour at the top of the column 
provides material much richer in the component having 
the lowest boiling point.

Distillation finds its greatest application in the large-scale 
Separation of liquid mixtures, as in petroleum-refining 
plants, where crude oil is distilled into fractions having 
various boiling points, such as gasoline, kerosene, and 
lubricating oils. The large towers in refineries are efficiënt 
distillation columns that effect sharp Separation of the frac­
tions. Distillation is a procedure essential to the chemist, 
who uses it to purify synthetic products. In general, how­
ever, because of its inability to handle small quantities of 
material or to separate closely similar compounds, the cur­
rent use of distillation for difficult separations is limited.

Chromatography. Chromatography is a Separation pro­
cess involving two phases, one stationary and the other 
mobile. Its principle is closely related to that of multistage 
liquid-liquid extraction, covered earlier in this article. 
Typically, the stationary phase is a porous solid (e.g., 
glass, silica, alumina) that is packed into a glass or metal 
tube. The mobile phase flows through the packed bed or 
column. The sample to be separated is injected at the 
beginning of the column and is transported through the

system by the mobile phase. In their travel through the 
column, the different substances distribute themselves ac­
cording to their relative affinity for the two phases. The 
rate of travel is dependent on the values of the distribution 
coëfficiënt, the components more soluble in the stationary 
phase requiring larger time periods for elution (complete 
removal from the column). Thus, Separation is based on 
differences in distribution behaviour reflected in different 
migration times through the column. As in repetitive ex­
traction, the larger that the Separation factor is for a pair 
of components, the shorter will be the column necessary 
to resolve them. Chromatography is analogous to multi­
stage extraction, except that in chromatography there are 
no discontinuous steps but rather a continuous flow.

By the mid-20th Century, gas chromatography probably Gas 
had become the principal Separation technique in the lab- chroma- 
oratory, as the result of its speed, resolving power, and es- tography 
pecially its sensitivity. Since both gas-liquid and gas-solid 
chromatography (glc  and g sc ) depend on vaporization, 
they are best suited to compounds that can be vaporized 
without suffering decomposition.
As already noted, g lc  involves vapour-liquid equilib­

rium but is unlike distillation in that the phases consist 
of components other than those to be separated. The 
gas phase is considered to be a carrier, transporting the 
components of the sample along the column in a manner 
analogous to the moving phase in liquid-liquid extraction.
Either helium or hydrogen usually is used as the carrier 
gas, although nitrogen is sometimes used. The stationary 
liquid phase is coated on a solid support that is packed 
into the column. Most frequently the solid support a di- 
atomaceous earth. (For further coverage of this topic, see 
the section Chromatography below.)

Special adsorbents called molecular sieves are used in 
certain separations. These materials contain pores of ap­
proximately the same dimensions as small molecules. Ad­
vantage can be taken of this property in the Separation of 
molecules having linear structures from molecules having 
bulky structures. The former can readily get into the pores, 
but the latter are unable to penetrate. This is an example 
of an exclusion mechanism of Separation (based on shape 
differences). Molecular sieves also play an important role 
in the drying of gases: water, a very polar substance (i.e., 
its positive and negative electrical charges are unevenly 
distributed within the molecule), is readily adsorbed on 
the particles, but less polar gases are not retained.

Sublimation, another method of gas-solid distribution, 
is not used very often. In Sublimation a solid evapo- 
rates without passing through the liquid state; thus it is 
somewhat analogous to distillation, in that both methods 
involve evaporation. In the case of a solution made up 
of two solids, it is possible to separate the two compo­
nents if the vapour pressures of the solids are different.
Since not all substances sublime, the applicability of the 
method is limited.

Crystallization and precipitation. Crystallization is a 
technique that has long been used in the purification of 
substances. Often, when a solid substance (single com­
pound) is placed in a liquid, it dissolves. Upon adding 
more of the solid, a point eventually is reached beyond 
which no further solid dissolves, and the solution is said 
to be saturated with the solid compound. The concentra­
tion (that is, the amount of the solid dissolved in a given 
volume of the solvent) of the saturated solution depends 
upon the temperature, in most cases a higher temperature 
resulting in a higher concentration.

These phenomena can be employed as a means of ef- 
fecting Separation and purification. Thus, if a solution 
saturated at some temperature is cooled, the dissolved 
component begins to separate from the solution and con- 
tinues to do so until the solution again becomes saturated 
at the lower temperature. Because the solubilities of two 
solid compounds in a particular solvent generally differ, it 
often is possible to find conditions such that the solution 
is saturated with only one of the components of a mix­
ture. Upon cooling such a solution, part of the less soluble 
substance crystallizes alone, while the more soluble com­
ponents remain dissolved.

Crystallization, the process of solidifying from solution,
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is highly complex. Seed particles, or nuclei, form in the 
solution, and other molecules then deposit on these solid 
surfaces. The particles eventually become large enough to 
fall to the bottom of the container. In order to achieve 
a high purity in the crystallized solid, it is necessary 
that this precipitation take place slowly. If solidification 
is rapid, impurities can be entrapped in the solid ma­
trix. Entrapment of foreign material can be minimized 
if the individual crystals are kept small. Best results are 
obtained by cooling the solution slowly while stirring the 
liquid. Stirring promotes the formation of many nuclei, 
so that many small crystals form, rather than a few large 
ones. It is sometimes necessary to add a seed crystal to 
the solution in order to begin the crystallization process: 
the seed crystal provides a solid surface on which further 
crystallization can take place. (Additional coverage of this 
topic appears in the article matter.)

The term precipitation sometimes is differentiated from 
crystallization by restricting it to processes in which an 
insoluble compound is formed in the solution by a Chem­
ical reaction. It often happens that several substances are 
precipitated by a given reaction. To achieve Separation in 
such cases, it is necessary to control the concentration of 
the precipitating agent, so that the solubility of only one 
substance is exceeded. Altematively, a second agent can be 
added to the solution to form stable, soluble products with 
one or more components in order to suppress their par­
ticipation in the precipitation reaction. Such compounds, 
often used in the Separation of metal ions, are called 
masking agents.
Precipitation was used for many years as a Standard 

method for Separation and analysis of metals. By the mid- 
20th Century, however, it had been replaced by selective 
and sensitive instrumental methods that directly analyze 
many metals in aqueous Solutions.

Zone melting. Another Separation procedure based on 
liquid-solid equilibria is zone melting, which has found its 
greatest use in the purification of metals. Purities as high 
as 99.999 percent often are obtained by application of 
this technique. Samples are usually in a state of moderate 
purity before zone melting is performed.

The zone-melting process is easy to visualize. Typically, 
the sample is made into the form of a thin rod, from 
61 centimetres to three metres (two to 10 feet) or more 
in length. The rod, confined within a tube, is suspended 
either horizontally or vertically, and a narrow ring that 
can be heated is positioned around it. The temperature of 
this ring is held several degrees above the melting point of 
the solid, and the ring is caused to travel very slowly (a 
few centimetres per hour) along the rod. Thus, in effect, 
a melted zone travels through the rod: liquid forms on 
the front side of this zone, and solid crystallizes on the 
rear side. Because the freezing point of a substance is de­
pressed by the presence of impurities, the last portion of 
a liquefied sample to freeze is enriched in the impurities. 
As the molten zone moves along, therefore, it becomes 
more and more concentrated with impurities. At the end 
of the Operation, the impurities are found solidified at the 
end of the rod, and the impure section can be removed 
by simply cutting it off. High purities can be achieved 
through multistage Operation, either by recycling the ring 
several times or by using several rings in succession.
Liquid-solid adsorption and ion exchange. Liquid­

solid adsorption is similar to gas-solid adsorption in that 
the equilibrium involves a distribution between a three- 
dimensional phase (gas or liquid) and a two-dimensional 
phase (solid surface). Thus, many of the types of sepa­
rations are similar for the two methods. Separations are 
based on the properties of classes of compounds; e.g., 
amines (alkaline) from alcohols (neutral), esters (neutral) 
from acids, etc. Because in liquid-solid adsorption there 
is no step (such as vaporization) strongly affected by 
molecular Weight, separations within a given class of com­
pounds are poor.

Liquid-solid chromatography is the oldest of the Chro­
matographie methods. Until the mid-20th Century, the 
experimental procedure had not changed much from its 
original form. A vertical tube one to two metres long and 
one centimetre wide was filled with adsorbent particles

roughly 100-200 micrometres in diameter. The sample 
was introduced at the top of the column, and the mo­
bile liquid phase was allowed to flow down the column. 
The solution emerging from the bottom of the tube was 
collected in fractions for analysis or subsequent use. In 
general, this method was characterized by poor efficiency, 
slow separations, and poor reproducibility. By means of 
later developments, including the use of smaller tubes, 
smaller adsorbent particles, and high liquid velocities, 
speeds and efficiencies comparable to those of gas chro­
matography have been achieved.

Liquid-solid adsorption chromatography also can be per­
formed on thin, flat plates (thin-layer chromatography, or 
TLcj. TLC is inexpensive and rapid but not as sensitive 
or efficiënt as column chromatography. In practice, the 
adsorbent is spread on a glass plate and dried. The sample 
is applied as a spot near one end of the plate, which is 
placed (vertically) in a shallow reservoir containing the 
mobile phase. As the mobile phase travels up the plate by 
capillary action, the sample dissolves in the liquid, and its 
components are transported up the plate to new positions 
at varying distances from the starting point.
Ion-exchange chromatography is a subdivision of liquid­

solid chromatography, but its importance is such that it
deserves special mention. As the namc implies, the process 
separates ions; the basis of the Separation is the varying 
attraction of different ions in a solution to oppositely 
charged sites on a finely divided, insoluble substance (the 
ion exchanger, usually a synthetic resin). In a cation- 
exchange resin all the sites are negatively charged, so that 
only positive ions (cations) can be separated; an anion- 
exchange resin has positively charged sites.
An important application of ion exchange is the removal 

of dissolved iron, calcium, and magnesium ions from hard 
water. The negative sites on a cation exchanger are first 
neutralized with sodium ions by exposure to a strong so­
lution of common salt (sodium chloride); when the hard 
water is passed through the resin, the undesirable ions in 
the water are replaced by sodium ions.

Exclusion and clathration. Differences in the sizes of 
molecules can be the basis for separations. An example 
of these techniques is the use of molecular sieves in gas­
solid chromatography. Exclusion chromatography (or gel- 
permeation chromatography) has proved effective for the 
Separation and analysis of mixtures of polymers (large 
molecules formed by combining many smaller molecules). 
In this method the largest molecules emerge from the Chro­
matographie column first because they are unable to pen- 
etrate the porous matrix of the support. Smaller molecules 
appear later because they can traverse the whole porous 
matrix. A column can be calibrated with polymer samples 
of known molecular weight so that the time required for 
emergence of the unknown mixture can be used to deduce 
the molecular weights of the components of the sample 
as well as their proportions; such molecular weight dis­
tributions are very important characteristics of polymers. 
Exclusion chromatography also finds use in the Separation 
of mixtures of proteins, which are natural polymers.

In clathration, Separation also is based on fitting molecules 
into sites of specific dimensions. Upon crystallizing from 
solution, certain compounds form cages (on the molecular 
scale) of definite size. If other substances are present in 
the liquid solution and they are small enough, then they 
will be entrapped in the cage; larger components will be 
excluded. This method has been used in large-scale pro­
cesses for separating Chemicals made from petroleum.

Rate separations. Field separations. Electrophoresis, 
described in an earlier section of this article, finds its most 
important application in the Separation of proteins for 
analysis. It is also possible to use it in a preparative mode. 
In this case, thé sample is continuously fed (with a salt 
solution) at the top centre of a vertically mounted sheet 
of paper. As the sample flows down the paper, it is sub­
jected to an electrical potential at right angles to the flow. 
The various species disperse across the paper depending 
on their charge and mobility and drop from the coarsely 
serrated bottom edge of the paper into receivers.

Ultracentrifugation involves Separation on the basis of 
the centrifugal force created by very rapid rotation (50,-
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000 revolutions per minute or more). Different species, 
depending on their masses, will settle at different speeds 
under these conditions. Ultracentrifugation finds its great­
est use in the Separation of polymeric materials, such as 
proteins and nucleic acids.

Electrolytic separations and purifications are effected by 
taking advantage of the different voltages required to con- 

Electrolyt- vert ions to neutral substances. A particularly important 
ic refining example of this method is the refining of copper. Copper 

ores typically contain minor amounts of other metals that 
are not removed by the initial processes that reduce the 
ores to the metal. A slab of the impure copper and a 
sheet of pure copper are placed in a vessel containing a 
solution of sulfuric acid in water, and the two pieces of 
copper are connected to a source of direct electric current, 
so that the pure copper becomes the cathode (negatively 
charged electrode) and the impure copper becomes the 
anode (positively charged). The anode dissolves, the metal 
atoms becoming positive ions that migrate through the 
solution to the cathode. The voltage between the elec­
trodes is regulated so that, as the metal ions arrivé at the 
cathode, only the copper ions are reduced to metal atoms, 
which deposit on the cathode. Some of the original impu­
rities, such as zinc and nickel, remain as their ions in the 
solution, because their conversion back to neutral metal 
atoms requires a higher voltage than that of the system; 
other impurities, such as silver and gold, never dissolve at 
all, but, as the atoms around them dissolve, they fall to 
the bottom of the vessel as a slime from which they can 
be recovered by other processes.

Barrier separations. Several Separation methods depend 
upon penetration of molecules through semipermeable 
membranes. Membrane filtration involves simple migra­
tion resulting from a concentration difference on the two 
sides of the membrane. In Ultrafiltration, this diffusion 
through the membrane is accelerated by means of a pres­
sure difference. In electrodialysis, an electrical field accel- 
erates the migration.

Unrestricted migration of the individual components of 
a solution results in equalization of the concentration of 
each component throughout the solution. All the com­
ponents take part in this process: there is just as much 
tendency for the solvent to diffuse from regions where 
its concentration is high (and the solution is therefore 
dilute) to regions where its concentration is low (and the 
solution is concentrated) as there is for the dissolved sub­
stance to diffuse from regions where it is concentrated to 
those where it is dilute. In many separations, attention 
is focussed on the tendency of the dissolved particles to 
migrate, while the corresponding tendency of the solvent 

Osmosis particles to migrate is largely ignored. Osmosis, however, 
is a phenomenon in which only the solvent is free to 
migrate through a membrane that separates two regions of 
different composition. The solvent, driven by its tendency 
to move from the region where its concentration is higher, 
passes from the dilute solution into the concentrated one 
and would continue to do so indefinitely if the liquid 
levels on the two sides of the membrane remained the 
same. But, as the solvent passes through the membrane, 
the amounts of the two Solutions become unequal, and 
the resulting difference in pressure eventually brings the 
migration to a stop. This pressure difference is called the 
osmotic pressure of the solution.
In a Separation technique called reverse osmosis, a pres­

sure is applied opposite to and in excess of the osmotic 
pressure to force the solvent through a membrane against 
its concentration gradiënt. This method is an effective 
means of concentrating impurities, recovering contami- 
nated solvents, cleaning up polluted streams, and desali- 
nizing seawater. Dialysis, a technique frequently used in 
biochemistry, is a membrane-separation method used for 
removing dissolved salts (small particles) from Solutions of 
proteins or other large molecules.

Enzyme-catalyzed reactions. Enzymes are highly spe­
cific biological catalysts capable of discriminating between 
molecules having similar structures. One compound may 
be chemically changed in the presence of an enzyme, 
while another, otherwise inseparable from the first, is not 
affected. This selectivity has been used as a basis of Sep­

aration; the method is not frequently used but may be 
invoked when two very closely related molecules cannot 
be separated by other means.

Partiele separations. Sedimentation. Particles such as 
viruses, colloids, bacteria, and small fragments of silica 
and alumina may be separated into different fractions of 
various sizes and densities. Suspensions of relatively mas­
sive particles settle under the influence of gravity, and the 
different rates can be exploited to effect separations. To 
separate viruses and the like, it is necessary to employ 
much more powerful force fields, such as those produced 
in an ultracentrifuge (500,000 times gravity).
Filtration and screening. In filtration, a porous material 

is used to separate particles of different sizes. If the pore 
sizes are highly uniform, Separation can be fairly sensitive 
to the size of the particles, but the method is most com­
monly used to effect gross separations, as of liquids from 
suspended crystals or other solids. To accelerate filtration, 
pressure usually is applied. A series of sieves is stacked, 
with the screen of largest hole size at the top. The mix­
ture of particles is placed at the top, and the assembly is 
agitated to facilitate the passage of the particles through 
successive sereens. At the end of the Operation, the parti­
cles are distributed among the sieves in accordance with 
their partiele diameters.

Elutriation. Elutriation is a method of Separation of 
particles. The particles are placed in a vertical tube in 
which water (or other fluid) is flowing slowly upward. The 
particles fall through the water at speeds that vary with 
their sizes and densities. If the flow rate of the water is 
slowly increased, the most slowly sinking particles will be 
swept upward with the fluid flow and removed from the 
tube. Intermediate particles will remain stationary, and 
the largest or densest particles will continue to migrate 
downward. The flow can again be increased to remove 
the next size of particles. Thus, by careful control of flow 
through the tube, particles can be separated according to 
sizes.

Partiele electrophoresis and electrostatic precipitation. As 
the name implies, partiele electrophoresis involves the 
Separation of charged particles under the influence of an 
electric field; this method is used especially for the Separa­
tion of viruses and bacteria. Electrostatic precipitation is a 
method for the precipitation of fogs (suspensions of parti­
cles in the atmosphere or in other gases): a high voltage is 
applied across the gas phase to produce electrical charges 
on the particles. These charges cause the particles to be 
attracted to the oppositely charged walls of the separator, 
where they give up their charges and fall into collectors.

Flotation. There are a few methods that use foams to 
achieve separations. In these, the principle of Separation 
is adsorption on gas bubbles or at the gas-liquid inter- Use of 
face. Two of these methods are foam fractionation, for foams 
the Separation of molecular species, and flotation, for the 
Separation of particles. When dissolved in water, a soap or 
detergent forms a foam, if gas is bubbled through the so­
lution. Collection of the foam is a means of concentrating 
the soap. Because proteins produce foams, foam fraction­
ation has also been used to concentrate these substances.
The value of the method lies in its speed and in the 
fact that no heat is applied during the process (proteins 
usually are damaged by heat). The method is not very 
selective, however.
Flotation is a process in which particles are carried out 

of a suspension by a foam. In this case, a soap or other 
Chemical agent first adsorbs on the surface of the partiele 
to increase its ability to adhere to small air bubbles. The 
clinging bubbles make the partiele light enough to float 
to the surface, where it can be removed. By proper se­
lection of the Chemical, particles having similar densities 
but different compositions can be separated. This method 
is extremely important in concentrating the valuable con- 
stituents of minerals before Chemical processing to recover 
the metals present. (B.L.K.)

Chromatography

As explained previously, chromatography is a technique 
for separating Chemical substances on the basis of rela-
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tive rates of adsorption from a moving liquid or gaseous 
stream. It is widely used in biochemical research for the 
Separation and identification of Chemical compounds of 
biological origin. In the Chemical industry the technique is 
employed to separate and analyze complex mixtures, such 
as petroleum. Because certain forms of chromatography 
are capable of detecting extremely small amounts of ma­
terials, they are used to identify trace contaminants, such 
as chlorinated insecticides, in biological materials.

As a Separation method, chromatography has a number 
of advantages over older techniques—crystallization and 
distillation, for example (see the section Chemical separa­
tions and purifications above). It is capable of separating 
a multicomponent Chemical mixture without requiring an 
extensive foreknowledge of the identity, number, or rela­
tive amounts of the substances present. It is versatile in 
that it can deal with molecular species ranging in size 
from viruses composed of millions of atoms to the small­
est of all molecules—hydrogen—which contains only two; 
furthermore, it can be used with large or small amounts 
of material. Some forms of chromatography detect sub­
stances present at the picogram (10~12 gram) level, thus 
making the method a superb analytical technique. It is 
also effective as a large-scale preparative method. Its re- 
solving power is unequalled among Separation methods; 
more than 100 constituents can be isolated from complex 
mixtures such as gasoline.
Chromatography is carried out by utilizing a gas or liquid 

(the mobile phase) flowing over or through an adsorbing 
material (the stationary phase) of high surface area. When 
the components of the mixture to be separated are intro­
duced into this system, they migrate in the direction of 
the flow at different rates, which are determined by their 
relative distributions between the mobile and stationary 
phases. Chromatography is thus a differential migration 
technique, along with electrophoresis (Separation in an 
electrical field) and Sedimentation (Separation in a gravi­
tational field). It depends for its separating ability on dif­
ferential retardation, or retention, caused by the unequal 
degree of adsorption of the solutes washed along by the 
fluid stream.

HISTORY
The first purely pragmatic applications of chromatography 
can be traced to the early dye chemists, who tested their 
dye mixtures by dipping strings or pieces of cloth or filter 
paper into the dye vat. The dye solution migrated up the 
inserted material by capillary action, and the dye compo­
nents separated into bands of différent colour. In the 19th 
Century, several German chemists carried out deliberate 
experiments to explore the phenomenon. They observed, 
for example, the development of concentric, coloured rings 
by dropping Solutions of inorganic compounds onto the 
centre of a piece of filter paper; a treatise was published in 
1861 describing the method and giving it the name “cap­
illary analysis.” For the following 50 years, the technique 
was used for the analytical Separation of a large variety of 
materials, including biological samples.

The discovery of chromatography, however, is generally 
attributed to the Russian botanist Mikhail S. Tsvet (also 
spelled Tswett) because he recognized the physicochem- 
ical basis of the Separation and applied it in a rational 
and organized way to the Separation of plant pigments, 
particularly the carotenoids and the Chlorophylls. Tsvet’s 
book, published in 1910, described a technique that is 
used today in essentially the same form. A vertical glass 
column is packed with an adsorptive material, such as 
alumina or powdered sugar; a solution of the plant pig­
ments is added to the top of the column, and the pigments 
are washed through the column with an organic solvent. 
The pigments separate into a series of discrete coloured 
bands on the column, divided by regions entirely free 
of pigments. After the column of adsorptive material is 
extruded carefully from the tube, the different zones of 
pigments are isolated by cutting the material into sections. 
Pigment is then washed off each section with a solvent. 
Because Tsvet worked with coloured substances, he called 
the method chromatography (from Greek words meaning 
colour writing). About 1900 an American chemist sepa­

rated the components of crude oil by passing the sample 
through a column of fuller’s earth; he was well aware of 
the analytical importance of this process, but his work was 
not widely followed outside the petroleum field. Tsvet’s 
development of Chromatographie procedures also was gen­
erally unknown to chemists in the Western world because 
he published either in German botanical journals or in 
Russian works. In 1931 chromatography emerged from 
its relative obscurity when the German chemist Richard 
Kuhn (who later received the Nobel Prize for Chemistry) 
and coworkers reported the use of this method in the res­
olution of a number of biologically important materials. 
Ten years later, two British chemists, A.J.P. Martin and 
R.L.M. Synge, began a study of the amino-acid compo­
sition of wool. Their initial efforts, in which they used a 
technique called liquid-liquid countercurrent distribution, 
failed to give them adequate Separation; they conceived, 
therefore, of an alternative method, in which one liquid 
was firmly bound to a finely granulated solid packed in 
a glass tube and a second liquid, immiscible with the 
first, was percolated through it. Silica gel served as the 
granulär solid, and Martin and Synge pictured the gel 
as composed of water tightly bonded to the crystals of 
silica; the mobile phase was chloroform. Their work with 
this technique was remarkably successful. Although their 
method was mechanically identical with the method of 
Tsvet, it was innovative in that it involved the concept of 
a stationary liquid (water) supported on an inert solid (sil­
ica), with the result that the solute molecules partitioned 
between the stationary liquid and a separate mobile liquid 
phase (chloroform). The new technique was called parti­
tion chromatography, and in 1952 Martin and Synge were 
awarded the Nobel Prize for their work.
The initial partition-chromatography system presented 

difficulties because of lack of reproducibility in the proper­
ties of the silica gel and lack of uniformity in the packing 
of columns. Partly for this reason, Martin, Synge, and 
their coworkers worked out a new procedure in which 
the stationary medium consisted of a sheet of filter paper. 
The paper was thought of as consisting of water bonded 
to cellulose, giving another partition method. The tech­
nique gave the desired reproducibility, and beginning in 
the 1940s paper chromatography found wide application 
in the analysis of biologically important compounds, such 
as amino acids, steroids, carbohydrates, and bile pigments. 
In this field it has replaced, to a large extent, the column 
technique initiated by Tsvet.

Motivated probably by the same drawbacks to column 
chromatography, two Russian pharmacists developed a 
technique for distributing the support material as a thin 
film on a glass plate. The plate and support material could 
then be manipulated in a fashion similar to that of paper 
chromatography. The results of the Russian studies were 
reported in 1938, but the potential of the method was not 
widely realized until 1956, when intensive research on its 
application was begun. The new Chromatographie system 
became known as thin-layer chromatography.

Still another Chromatographie technique, gas chromatog­
raphy, was first carried out in Austria, but the first exten­
sive exploitation of the method was made by Martin and 
A.T. James in 1952, when they reported the elution gas 
chromatography of organic acids and amines. In this work, 
small particles of support material were coated with a non- 
volatile liquid and packed into a heated glass tube. Mix­
tures injected into the inlet of the tube and driven through 
by compressed gas appeared in well-separated zones. This 
development was immediately recognized by petroleum 
chemists as a simple and rapid method of analysis of the 
complex hydrocarbon mixtures encountered in petroleum 
products. A major advance came with the elimination of 
the support material and the coating of the liquid on the 
wall of a long capillary tube. With this development, it 
has become possible to carry out such extraordinary sep­
arations as the identification of 350 different components 
of coffee flavour in a single Chromatographie experiment.
In the years since the rediscovery of chromatography 

by Kuhn, Chromatographie separations have contributed 
greatly to many fields and possibly have been the greatest 
single cause of the dramatic acceleration that occurred in
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biochemical research during this period. Discovery of the 
structure of insulin, for example, was made possible when 
the British biochemist Frederick Sänger rationally and me- 
thodically applied chromatography to the fragments of the 
ruptured insulin molecule. He received the 1958 Nobel 
Prize for Chemistry for his work.

METHODS
Classification, Classification of the various Chromato­

graphie techniques is somewhat confusing because the 
descriptive terms used may refer to the state of the ad­
sorptive material, the nature of the adsorptive force, the 
nature of the mobile phase, the method of Termination, 
the method of solute introduction, and the presence or 
absence of gradients. In column chromatography, the ad­
sorptive material is placed in a column of glass or metal, 
generally long and narrow in form. The adsorbent may 
be granulär and fill the column (packed column), or it 
may be a liquid coating the inside column wall (capillary 
column). The mobile phase is drawn through the column 
by gravity or forced through by pumps. In paper and thin- 
layer chromatography, the adsorptive material consists, 
respectively, of a sheet or a thin film. In either case, liquid 
is drawn over the initially dry film by capillary action.

If the adsorptive force is provided by molecules attach- 
ing tö the surface of a solid that is packed in a column* 
spread as a thin film on a glass or plastic sheet, or coated 
on the inside walls of a tube, the method is termed 
adsorption chromatography. If the solid is a polymeric 
material containing attached ions that can be exchanged 
for ions in the solution mixture, the method is termed 
ion-exchange chromatography (see Chemical reactions: 
lon-exchanging reactions). If the adsorptive force is pro­
vided by the molecules dissolving in a liquid coated on a 
granulär solid or on the walls of a column, the method is 
termed partition chromatography (meaning that the sol­
ute is partitioned between two liquid phases; in this case 
the term adsorption might be considered something of 
a misnomer). If the molecules diffuse into narrow pores 
within a solid, the process is termed molecular sieving, 
gel filtration, or gel-permeation chromatography. (Again, 
in these cases, it is questionable whether true adsorption 
is involved.) Regardless of the mechanism involved, in all 
types of chromatography the material that takes up the 
solute remains fixed and is called the stationary phase.
The method is further classified by the nature of the 

mobile phase. When this is a gas, the method is called gas 
chromatography; when it is a liquid, liquid chromatogra­
phy. Adsorption chromatography, then, can be either gas­
solid chromatography or liquid-solid chromatography, de­
pending upon whether the mobile phase is a gas or a 
liquid. Similarly, partition chromatography can be gas­
liquid or liquid-liquid chromatography.

Chromatographie methods also can be classified accord­
ing to the method used to terminate a single Chromato­
graphie procedure, or “run.” In development chromatog­
raphy, the flow of the mobile phase simply is halted after 
a certain time interval. Because the average velocities of 
the solutes differ, depending upon their retardation, each 
is displaced a different distance. The distance moved by 
a solute relative to the distance moved by the solvent is 
a measure of the retention and is called the Rf value. 
Slightly retained solutes move a large distance (that is, 
have a large Rf value), whereas strongly retained solutes 
remain close to the site of sample introduction (that is, 
have a small R f value). In elution chromatography all of 
the solutes migrate through the entire adsorptive bed and 
appear at its terminus at different times. Solutes that are 
slightly retained by the stationary phase have small reten­
tion times, whereas those more tenaciously retained have 
large retention times. (Retention times can be converted 
to retention volumes by multiplying the times by the Vol­
umetrie flow rate of the mobile phase.)

In zonal chromatography, the most common form, the 
mixture of solutes to be separated is introduced as a nar­
row zone, or spot, either added to the incoming mobile 
phase or applied directly to the adsorptive material. In the 
method called frontal analysis, by contrast, the mixture 
to be resolved is introduced as a continuous stream or

“train.” If the letters A, B, and C represent the solutes in 
order of increasing affinity for the stationary phase, then 
the first zone to appear is the front of the A solute train, 
the second zone consists of part of the A train and the front 
of the B  train, and the final zone contains the remainder 
of all three solute trains. The zones are contiguous.
When A, B, and C are strongly retained, and a large, 

but discrete, sample of the mixture is placed at the top of 
an adsorptive bed, the solutes come to occupy contiguous 
bands. The top band is almost exclusively C because it 
has the greatest affinity for the adsorptive sites and is con­
centrated enough to displace the more weakly adsorbed 
A and B from these sites. The next band consists almost 
exclusively of B, for the same reasons. The lowest band 
consists of A. If a fourth substance, D, which is the most 
strongly adsorbed of all, then is introduced continuously 
into the column, it displaces C, which in turn displaces 
B, which displaces A. The zones then migrate through the 
medium in this order. This procedure is called displace­
ment chromatography. It is not widely used because there 
is no space between zones and it is, therefore, difficult to 
achieve separations.

Quite often, gradients—smooth changes in temperature 
or in composition of the mobile phase—are used in 
elution chromatography to speed up sluggish zones. If 
temperature is varied steadily during the run, the pro­
cess is called programmed temperature chromatography. 
If mobile-phase composition is changed, it is gradiënt elu­
tion chromatography.

Technique. Gas chromatography. In gas chromatogra­
phy, helium, hydrogen, nitrogen, or some other inert gas is 
employed as the mobile phase. With gas-solid chromatog­
raphy, a stationary phase of an adsorptive solid, such as 
carbon, alumina, or silica, either is packed in the column 
as small particles or is coated on the inside wall as a film. 
Retention, in either case, is by weak adsorptive forces 
between the solute molecules and adsorptive sites on the 
solid material. The solid support also can be a porous, 
relatively nonadsorptive material, as is the case with the 
so-called molecular sieves, and the molecules then are 
separated on the basis of molecular size rather than degree 
of adsorption. Small molecules diffuse preferentially into 
the small regulär pores of the sieve and thus are retarded 
relative to larger molecules, which are not so trapped. In 
gas-liquid chromatography, a nonvolatile liquid is coated 
on a finely divided solid, the support, and these particles 
are packed in the column, or the liquid may be coated on 
the inside wall of a small diameter tube. The stationary 
liquids include high-molecular-weight hydrocarbons and 
complex polymers, such as the polyesters.

An important consideration in gas chromatography is 
detection of the material as it comes off the column in 
the carrier gas. Thermal-conductivity detectors compare 
the heat-conducting ability of the exit gas stream to that 
of a reference stream of pure carrier gas. To accomplish 
this, the gas streams are passed over heated filaments in 
thermal-conductivity cells. Measured changes in filament 
resistance of the cells reflect temperature changes caused by 
increments in thermal conductivity. This resistance change 
is monitored and registered continuously on a recorder. 
An alternate type of detector is the flame-ionization detec­
tor, in which the gas stream is mixed with hydrogen and 
burned. Positive ions and electrons are produced in the 
flame when organic substances are present. The ions are 
collected at electrodes and produce a small, measurable 
current. The flame-ionization detector is highly sensitive 
to hydrocarbons, but it will not detect carrier gases, such 
as nitrogen and oxygen, or highly oxidized materials, such 
as carbon dioxide, carbon monoxide, sulfur dioxide, and 
water. In another device, the electron-capture detector, a 
stream of electrons from a radioactive source is produced 
in a potential field. Materials in the gas stream containing 
atoms of certain types capture electrons from the stream 
and measurably reduce the current. Most important of 
the capturing atoms are the halogens—fluorine, chlorine, 
bromine, and iodine. This type of detector, therefore, 
is particularly useful with chlorinated pesticides. Other 
important detector Systems are: the helium-ionization de­
tector, the flame-photometric detector, and the micro-

Methods of 
detection
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coulometric detector. The effluent gas from the gas Chro­
matograph also can be led directly to the inlet port of a 
mass spectrometer, a device that separates materials on the 
basis of their masses. This procedure not only teils when 
materials come off the column, but also identifies them.
Liquid-solid chromatography. Liquid-solid chromatog­

raphy is carried out with a liquid mobile phase and a 
solid stationary phase. In liquid-solid chromatography, 
as it is generally practiced, the solid is packed into a 
vertical tube, the sample is introduced onto the top of 
the packing bed, and a solvent is added continuously to 
the top of the column to wash the mixture through by 
gravity flow. Results from gas chromatography suggested 
that Separation could be improved in liquid chromatog­
raphy if the diameter of the tube and the sizes of the 
solid particles were reduced and if the pressure driving 
the liquid through were increased. A number of instances 
of improved separations using long, narrow columns and 
high inlet pressures, in fact, have been reported. The ca­
pacity of such columns is reduced, however, and sensitive 
detectors must be employed to locate the small amounts 
of material in the effluent.

If the solute components are coloured, their position on 
the column, or their appearance in the effluent, is easily 
determined. In early work employing development chro­
matography with colourless solutes, the column packing 
was extruded to yield a long cylinder; a colour-developing 
reagent was then streaked along the column to indicate the 
presence of a solute band. In elution chromatography, suc- 
cessive samples of the effluent are collected in tubes held 
in a mechanically driven rotating tray, called a fraction 
collector. Reagents are added to the sequential fractions 
to determine the presence of a solute, perhaps by produc- 
ing a coloured product or a precipitate; or the fractions 
can be examined by a spectrophotometer, which detects 
substances by their light-absorption properties. This time- 
consuming process has now been automated. With solutes 
(such as amino acids) that respond to the Chemical reagent 
ninhydrin the effluent is automatically mixed with the 
colour-developing reagent, and the solution continuously 
passed through a spectrophotometer cell. The absorption 

Automated of light is recorded on a photoelectric tube connected to 
methods a recorder. A tracing then records the solutes as they pass 

off the column. Solutes absorbing light in the ultraviolet 
region can be similarly monitored. In another detection 
method, dissolved solutes produce a change in the refrac- 
tive index of the effluent, another light effect that can be 
continuously monitored.

Populär adsorbents for liquid chromatography are alu­
mina and silica. Ion exchange columns employ both pos- 
itively charged (cationic) and negatively charged (anionic) 
exchangers. The column may be packed with a porous 
polymer, a porous glass, or a gel (modified cellulose or 
agarose) for molecular-sieve chromatography.

Thin-layer chromatography. In thin-layer chromatogra­
phy, the adsorbent is mixed with a binder, such as calcium 
sulfate, and a slurry of adsorbent, binder, and water is 
coated on a glass plate. As the plate dries, the binder and 
adsorbent particles together form a thin film. The thin- 
layer plate is then heated to drive off water and activate 
the adsorbent. The sample mixture is placed on one edge 
of the plate as a spot, a row of spots, or a continuous 
streak. The plate is clamped vertically between two other 
glass plates with the lower edge of the adsorbent exposed 
in a trough of solvent. The solvent rises up through the 
adsorbent by capillary action to produce the mobile-phase 
flow. Altematively, the loaded edge can be placed in the 
upper position and solvent can be fed to the plate by wick 
Systems, with the result that flow is down ward by gravity, 
as well as by capillary action. In any case, flow is normally 
halted before the solvent progresses to the other edge. For 
uncoloured solutes the plate is sprayed with a colour- 
developing reagent, or the presence of solutes is detected 
by ultraviolet absorption or fluorescence. No matter which 
method is used, the result is a series of spots or bands 
arranged in the direction of flow.
Liquid-liquid chromatography. In liquid-liquid chro­

matography, both the stationary and mobile phases are 
liquid. When hydrated silica gel and powdered cellulose

are used in columns, the stationary phase, in both cases, 
is presumed to be water bonded to the solid support. The 
mobile phase is normally a liquid immiscible with water. 
Sheets of filter paper are used in the same manner as that 
described for thin-layer chromatography, but, in this case, 
the stationary material is the liquid (water) bonded to the 
cellulose support. This is paper chromatography. Reversed- 
phase paper chromatography involves impregnation of the 
paper with an organic fluid, which adheres firmly to the 
paper. The mobile phase is then water or a water-miscible 
liquid. Paper also can be chemically modified so that it 
acts as an ion exchanger, or it can be impregnated with 
a liquid exchanger. Another technique sometimes used 
consists of passing a solution of two liquids through a 
column packed with a solid. One of the liquids shows 
preferential adsorption to the solid, with the result that 
there are effectively two liquid phases, the adsorbed liquid 
and the equilibrium solution that remains unadsorbed.

THEORETICAL CONSIDERATIONS
Retention. The rates of migration of substances in Chro­

matographie procedures depend on the relative affinity of 
the substances for the stationary and the mobile phases. 
Those solutes attracted more strongly to the stationary 
phase are held back relative to those solutes attracted more 
strongly to the mobile phase. The forces of attraction are 
usually selective; that is, stronger for one solute than an­
other. At least one of the two phases must exert a selective 
effect, and very often both phases are selective. In gas 
chromatography, the mobile phase is ordinarily a gas that 
exerts essentially no attractive force on the solutes at all. 
In this case the mobile phase is entirely nonselective.
The forces attracting solutes to the two phases are the 

normal forces existing between molecules—intermolecu- 
lar forces. There are five major classes of these: (1) 
the universal, but weak, interaction between all electrons 
in neighbouring atoms and molecules, called dispersion 
forces; (2) the induction effect, by which polar molecules 
(those having an asymmetrical distribution of electrons)
V u r i n o  a h n m t  a  p h a r a p  a c \ i ’i n i n g t p j  i n  o t h e r  m o l e c i ï l e s *  H lAtA V/ilAVl IIIVIVVUIV'Ô  \^/

an orientation effect, caused by the mutual attraction of 
polar molecules resulting from alignment of dipoles (pos­
itive charges separated from negative charges); (4) hydro­
gen bonding between dipolar molecules bearing positive 
hydrogen ions; and (5) acid-base interactions in the Lewis 
acid-base sense; that is, the affinity of electron-accepting 
species (Lewis acids) to electron donors (Lewis bases). In 
the special case of ions, a strong electrostatic force exists, 
in addition to the other forces; this electrostatic force 
attracts each ion to ions of opposite charge. This is an 
important element of ion-exchange chromatography.
In studies of Chromatographie behaviour, the retention 

ratio, the relative speed of solute and mobile phase, is a 
quantity of major significance. It is approximately equal to 
the experimentally determined Rf  value described above. 
lts value never exceeds one, because the solute can never 
move faster than the mobile phase that carries it along. 
The retention ratio is inversely related to the distribution 
coëfficiënt, a factor that describes the relative distribution 
of solute between the mobile and the stationary phases. 
The precise relationship of the retention ratio and the 
distribution coëfficiënt is expressed in the following equa­
tion: R  =  (1 +  K  Vs /  V„)~l, in which R  is the retention 
ratio, K  is the distribution coëfficiënt, and Vs /  Vm is the 
ratio of the amount of stationary phase present (Vs) to the 
amount óf mobile phase (Vm).

The versatile Operation of chromatography requires that 
solute velocity, and thus the retention ratio, be subject 
to control. As the above equation suggests, partial control 
can be gained by altering the ratio of stationary phase to 
mobile phase (Vs/  Vm). Greater control can be gained by 
manipulating the distribution coëfficiënt (K ), because there 
are many factors that affect it. Changes in the Chemical 
nature of the stationary and mobile phases, for example, 
alter the distribution coefficients of different solutes in the 
solvent system. This provides selectivity control; that is, it 
makes it possible to separate solutes by changing solvent 
systems. Changes in the Chemical nature of the phases also 
cause gross shifts in individual distribution coëfficiënt,
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because the intermolecular forces involved are altered. 
Increased temperature generally decreases the distribution 
coëfficiënt, drastically so in gas chromatography, in which 
a 20° C rise in temperature may halve the distribution 
coëfficiënt and, as a consequence, double the retention 
ratio. Variations in mean pressure affect the distribution 
coëfficiënt if they are high enough—tens and hundreds of 
atmospheres of pressure are necessary to influence gas and 
liquid chromatography, respectively.

Local changes in distribution coëfficiënt may occur as 
“pulses” of solute in high concentration appear. Very low 
solute concentrations do not affect the distribution coëffi­
ciënt, but at high concentrations solute molecules interact 
with one another as well as with the constant background 
presented by the mobile and stationary phases. In adsorp­
tion chromatography, the interaction takes the form of a 
competition for adsorption sites on the stationary phase. 
The limited sites available accommodate only limited 
amounts of solute and, as these sites are filled, the amount 
adsorbed finally becomes independent of the amount pres­
ent. For all such interactions, the distribution coëfficiënt 
changes with concentration in a nonlinear fashion. In 
modern Chromatographie practice, nonlinear distribution 
is avoided when possible, because it distorts and broadens 
Chromatographie zones, making separations less sharp.

Resolution. Chromatography separates complex mix­
tures into individual solute zones; a written, or traced, 

The record of a Chromatographie procedure is a chromatogram.
chromato- For development chromatography, as in paper chromatog- 
gram as a raphy, the final chromatogram consists of a series of 
record spots or zones arranged along the migration coordinate.

In elution chromatography, when a detector is used, the 
chromatogram is a trace on a recorder chart of the sol­
ute concentration plotted against the time. This yields a 
concentration profile, exhibiting discrete peaks at points 
where zones of solute appear. A similar profile can be pro­
duced from a development chromatogram by recording 
the concentration of the solute along the migration path, 
using a radioactive detector or an optical densitometer (a 
device that is used for detecting solutes optically).

There are two features of the concentration profile im­
portant in the Separation or resolution of solute zones. 
Peak position, the first, refers to the location of the max­
imum concentration of a peak. To achieve satisfactory 
resolution, the maxima of two adjacent peaks must be 
disengaged. Such disengagement depends upon the iden­
tity of the solute and the selectivity of the stationary and 
mobile phases.
The second feature important to resolution is the width 

of the peak. Peaks in which the maxima are widely dis­
engaged still may be so broad that the solutes are incom- 
pletely resolved. For this reason, peak width is of major 
concern in chromatography. It is infrequently measured as 
such, however, but rather is reflected in a quantity called 
the plate height, or the height equivalent to a theoretical 
plate. (These phrases are borrowed from the Separation 
procedure called fractional distillation, in which Separation 
is achieved by distillation and condensation on obstruc- 
tions called plates.)

Chromatographie peaks ordinarily are bell-shaped. Math- 
ematically, they present the profile shown in Figure 1. 
The so-called Standard deviation (represented by sigma,

peak width, w

Figure 1: Peak shape, peak width, and piate height 
parameters in elution chromatography.

o) is one-quarter of the baseline width (w) between lines 
drawn tangent to the points of inflection of the peak.
Either the Standard deviation or the baseline width may 
be taken as a measure of peak width in comparing peaks 
for various purposes.

In chromatography, peak width increases in proportion 
to the square root of the distance that the peak has mi- 
grated. Mathematically, this is equivalent to saying that 
the square of the Standard deviation is equal to a constant 
times the distance travelled. The height equivalent to a 
theoretical plate is defined as the proportionality constant 
relating the Standard deviation and the distance travelled.
Thus, the defining equation of the height equivalent to 
a theoretical plate is as follows: hetp =  o 1/  L, in which 
hetp is the height equivalent to a theoretical plate, a  is 
the Standard deviation, and L  the distance travelled. The 
use of the plate height is superior to the use of peak width 
in evaluating various Chromatographie Systems, because it 
is constant for the Chromatographie run, and it is nearly 
constant from solute to solute.

In elution chromatography, in which the peak develops 
on a time scale, an equivalent form of the above equation 
is: hetp =  L ot2/ t 29 in which L  is now the column length, 
tr the time of retention of the peak by the column, and a, 
the Standard deviation of the peak in time units. (Several 
other equivalent equations exist, some of them using the 
baseline width rather than the Standard deviation of the 
peak.)

Three basic processes contribute to plate height (hetp):
(1) Molecular diffusion, in which solute molecules diffuse Processes 
outward from the centre of the zone. This effect is in- contrib- 
versely proportional to the flow velocity, because rapid uting to 
flow reduces the time for diffusion. Mathematically, the plate 
contribution to plate height of this factor is expressed B /v  heights 
in which B  is a constant. (2) Eddy diffusion, in which 
solute is carried at unequal rates through the tortuous 
pathways of the granulär bed. The contribution to plate 
height is a constant factor, A, independent of velocity. (3) 
Nonequilibrium or mass transfer, in which the slowness of 
diffusion in and out of the stationary and mobile phases 
causes fluctuations in the times of residence of the solute 
in the two phases and a consequent peak broadening. The 
effect is proportional to velocity and is expressed as Csu 
and Cmo, in which C, and Cm are constants relating to the 
stationary and mobile phases, respectively.

The function of Chromatographie theory has been two- 
fold: (1) to evaluate B, A, Cm, and Cs, in terms of under­
lying diffusivity and flow processes, and (2) to assemble 
them into a total plate height equation.

The general equation used is hetp =  A +  5 / u  +  Csu.

This is inadequate at high velocities, however, and is re­
placed by the equation

HETP =  ( \/A  +  1 / C » - 1 +  B/\) +  Csl).
Knowledge of the component terms in such equations 
allows one to optimize Chromatographie operating condi­
tions.

Chromatographie columns are often characterized by the 
total number of theoretical plates, N, often also called col­
umn efficiency. This is defined as N  =  L/hetp. Typically, 
the total number of theoretical plates (N) is about 102, but 
it ranges from 10 to 106.

APPLICATIONS
Chemical Separation problems are enormous in scope.
More than 1,000,000 known Chemical compounds exist 
and are found primarily in the form of mixtures; these 
must be separated if the individual components are to 
be either characterized or utilized. In biological Systems 
alone, thousands of known compounds, and undoubtedly 
thousands more that are unknown, require Separation if 
they are to be detected and isolated in a pure state for 
characterization. Chromatography bears the main burden 
of such separations. The multitude of possible Chromato­
graphie techniques, and the variations possible within each 
technique, provide the flexibility needed to meet extreme 
demands. A few general principles govem the strengths 
and weaknesses of the various techniques and determine 
their suitability for different applications.
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Figure 2: Com posite of two gas chromatograms of hydrocarbon auto-exhaust pollutants.
From J. Giddings and R. Keller (eds.), Advances in Chromatography, vol. 8, p. 338; Marcel Dekker, Ine., N.Y. (1969)

As pointed out earlier, gas chromatography is faster 
than liquid chromatography, Separation times usually be­
ing seconds or minutes with the former and minutes or 
hours with the latter. Detection sensitivity also is superior 
with gas chromatography. The fundamental limitation of 
the method, however, is that solutes must be reasonably 
volatile, so that a finite fraction of solute is distributed 
in the gaseous phase. For organic substances, volatility 
is rarely adequate if the molecular weight of the com­
pound exceeds 500. High temperatures, often up to 300° 
C (572° F), enhance volatility, but decomposition of the 
substance can result. High pressures, ranging from 50 to
1,000 atmospheres, also enhance volatility, but this tech­
nique is not widely used. Nonvolatile compounds often 
are converted to volatile derivations so that they can be 
separated by gas Chromatographie techniques. Fatty acids, 
for example, are converted to their volatile methyl esters 
for gas chromatography. These considerations generally 
make gas chromatography the method of choice for most 
organic substances used and produced in industry and 
research. Common solvents, petroleum products, flavours, 
pollutants, and insecticides are examples (see Figure 2 
for an example of a practical Separation achieved with 
this technique). Gas chromatography also has invaded 
biochemistry, serving ideally for small- and medium-sized 
molecules, such as amino acids, fatty acids, essential oils, 
simple sugars, Steroids, and alkaloids. For larger molecules 
(many steroids and some alkaloids), and particularly for 
natural and synthetic macromolecules (polymers), gas

chromatography is entirely inappropriate. In these fields, 
liquid chromatography comes into widest use.
In gas chromatography, the partition method (gas-liquid 

chromatography) is generally chosen over the adsorption 
method (gas-solid chromatography). A bigger sample ca­
pacity, an improved reproducibility, and a wider range in 
solute type and molecular weight are possible with the for­
mer method. Gas-solid chromatography, however, often 
is more selective in separating molecules with only slight 
geometrical differences. Analysis of complex samples of 
natural products with a wide range of molecular weights is 
generally carried out using programmed-temperature gas- 
liquid chromatography m order io hasten ihe elution of 
retarded components.
Molecules of moderately large size can be treated con- 

veniently by either liquid-liquid chromatography or liq­
uid-solid chromatography. Ion-exchange chromatography 
is generally applied to substances with ionic groups. As 
molecular size increases, retention becomes more difficult 
to regulate by the partition and adsorption methods. Gel­
permeation and gel-filtration methods are then preferred. 
Macromolecules, such as synthetic polymers and proteins, 
are separated mainly by these techniques.
Column chromatography has a better inherent resolution 

than does thin-layer or paper chromatography. Nonethe­
less, the latter methods are widely used for biochemical 
applications because of their speed, convenience, and low 
cost.

(J.C.Gi./Ro.A.K.)
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Spectroscopy is the study of the absorption and emission 
of light and other radiation, as related to the wavelength 
of the radiation. Light from natural sources (such as the 
Sun, stars, fireflies, flames, and lightning) and from man- 
made sources (such as incandescent lamps, arcs, lasers, 
and fluorescent lamps) is generally composed of many 
colours. This composite nature of light is not usually evi­
dent to the casual observer, but it can be shown by passing 
light through a prism or other device that splits it into 
its constituent colours. A display or description of these 
colours emitted by a source of light is called the spectrum 
(plural: spectra) of the source (see Figure 3).

Spectroscopy is the Science that deals with the sources, 
measurements, analyses, and uses of spectra. It has prac­
tical application in almost every technical field, especially 
for identifying constituents and processes in any source 
that emits light. With spectroscopie methods, one can an­
alyze in the laboratory, for example, the composition of

a small amount of material with an accuracy and speed 
that cannot be achieved by Chemical processes. Samples 
can be compared to test their identity. A continuous flow 
of products can be monitored for variations or pollu­
tants. Apparatus to measure temperatures in controlled 
thermonuclear fusion (the uniting of certain atoms so 
that part of their mass is converted to energy) is another 
special application of spectroscopy. Still another type of 
spectroscopie observation makes possible detailed studies 
of atomic and molecular structures. In astronomy, solar 
magnetic storms can be predicted and the Chemical Con­
stitution of stars can be analyzed by spectroscopy.

Introductory survey of optical spectroscopy
GENERAL PRINCIPLES
Basic features of light. The term electromagnetic radi­

ation describes the transfer of energy through space by
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Figure 3: Emission and absorption spectra of various light sources.
(1) Continuous-em ission spectrum from an ordinary incandescent lamp. (2,3) Spectrum of 
the Sun showing an absorption (dark-line) spectrum characteristic of the cooler outer layers 
of the Sun superimposed upon the continuous-emission spectrum of the hotter inner layers. 
The Fraunhofer lines (marked by letters) are characteristic of sodium (D), iron and magnesium 
(b4), hydrogen (F), iron and calcium (G), and calcium (H,K). On the negative film (3), the film is 
darker where it has been more exposed; hence an absorption line appears white.
(4) Emission-Iine spectrum of sodium showing a closely spaced pair of lines in the yellow. 
Other lines in this spectrum are much weaker than these and hence do not appear. (5,6) 
Emission-Iine spectrum of a discharge lamp containing mercury and cadmium as registered 
on colour positive film (5) and schematically as registered by a scanning spectrometer in 
which the height of the curve at any particular wavelength is the line intensity at that 
wavelength (6).
By courtesy of John O. Stoner, Jr.

electric and magnetic fields without the transfer of matter. 
Light is properly designated as that range of electromag­
netic radiation that is visible to the human eye, although 
the term sometimes is used to include regions that are 
invisible.

Light, as well as other electromagnetic radiation, has a 
wave character, and specification by wavelength (distance 
between successive crests of a light wave) can be made 
far more precisely than specification by colour. In early 
spectrometers, each wavelength absorbed or emitted by a 
source was displayed as the image of a slit, with images 
side by side for many wavelengths; such images are called 
lines, and so each line represents a wavelength or fre­
quency, and the series of lines is called a spectrum. Some 
modern spectrometers use electrical devices for detectors, 
and the Spectrum is displayed as a series of peaks on a 
graph of line intensity versus wavelength; these peaks by 
convention are also called lines.
Because the shortest wavelengths of electromagnetic ra­

diation are on the order of atomic diameters, special units 
are employed to specify them. The angstrom unit, symbol­
ized by Ä, named after a Swedish physicist, Anders Jonas 
Ängström, is equal to IO" 10 metre; and one nanometre, 
abbreviated nm, is equal to 10- 9  metre. The micrometre, 
or micron, symbolized by the Greek letter mu, p, is equal 
to 1 0 - 6  metre (equal to 1 0 , 0 0 0  Ä or 1 , 0 0 0  nm) and is 
frequently used in the infrared region. Visible light has a 
wavelength range of about 400 nanometres (violet) to 700 
nanometres (deep red).

It is often convenient to specify an electromagnetic wave 
by the frequency at which it oscillates, or vibrates, rather 
than by wavelength. Frequency (v) and wavelength, sym­
bolized by the Greek letter lambda, X, are inversely pro­
portional to one another, and their product is equal to a

constant (vA, =  c), in which v is defined as the frequency, 
or number of oscillations per second, usually expressed 
in hertz (Hz), one hertz being equal to one cycle per 
second, or megahertz (1,000,000 Hz). The constant, c, is 
equal to the speed of light in a vacuum, 2.997925 X 108 

metres per second. Electromagnetic phenomena with their 
approximate wavelength and frequency ranges are shown 
in Table 3.

Basic properties of atoms. An isolated atom can exist 
as a stable structure only in certain discrete (distinct) 
States, called energy States or stationary States, and a mea­
surement of the energy of the atom will result in one of 
the values characteristic of that atom. In principle, the so- 
called allowed States for any atom can be found from the 
laws of quantum mechanics. Under ordinary conditions, 
an atom is almost always in its lowest possible energy state 
(its ground state, in which it possesses the minimum pos­
sible energy). Energy can be added only in those amounts 
that will just raise the energy to one of the other allowed 
values. The atom will not absorb an amount of energy

Table 3: Electromagnetic Phenomena
approximate 
wavelength range 
(metres)

approximate 
frequency range 
(hertz)

Radio waves 
Television waves 
Microwaves, radar 
Infrared 
Visible light 
Ultraviolet 
X-rays
Gamma rays ( 7  rays) 
Cosmic rays

10-1,000
1-10
1 X 10-3-1 
8 X 10-7-1 X IO"3
4 X 10-7-7 X 10-7 
1 X 10-8-4 X 10-7
5 X IO-12-I X IO"8 
1 X 10-13-5 X IO- 1 2  

less than 1 X 10“i3

3 X 105—3 X 107 
3 X 107-3 X 108 
3 X 108-3 X IO»!
3 X 1011-4 X ion
4 X 1014-7 X 1014 
7 X 1014-3 X 1016 
3 X 10i6-6 X IO«
6 X 10i9-3 X IO21 

greater than 3 X 102i
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0.312 0.387 0.531
wavelength (angstroms)-»- frequency deviation from the H109« line (megahertz)

Figure 4: E m is s io n  a n d  a b so r p tio n  s p e c tr a  o f  va rio u s  X -ra y  a n d  ra d io - fre q u e n c y  s o u r c e s .
(A) X-ray em ission from an X-ray tube with a rhodium anode operated at three different 
voltages, showing characteristic spectrum (a and ß lines) of rhodium superimposed upon 
broad continua due to bremsstrahlung. (B) The absorption of magnesium versus incident 
X-ray photon energy, showing the abrupt increase in absorption as the energy becomes 
sufficiënt to remove an electron from the L Shell. (C) Characteristic fluorescence line spectrum 
of tungsten, recorded with a bent crystal spectrometer. (D) Radio-frequency spectrum 
of centre of Orion Nebula; centre of largest peak is at frequency of 5008.9 MHz, which 
corresponds to a hydrogen transition.
From (A,B) S. Flügge (ed.), Encyclopaedia of Physics, (D) P.G. Mezger and P. Palmer, “Radio Recombination Lines: A New Observational Tool in 
Astrophysics," Science, vol. 160, pp. 29-42 (April 5, 1968). Copyright 1968 by the American Association for the Advancement of Science
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combina­
tion
principle

that would make its fmal energy some intermediate value. 
An atom that has absorbed energy and is in one of its 
higher States is said to be in an excited state. The energy 
levels are identical for identical atoms; allowed energies of 
a particular atom of silver are the same as those for any 
other atom of the same isotope of silver (isotopes are all 
atoms of an element that have unequal mass but the same 
atomic number).

Other small Systems, including molecules, ions (charged 
atoms or molecules), atomic nuclei, and elementary (sub- 
atomic) particles, have discrete allowed energies.

If an atom in its ground state is given some amount of 
energy so that it then exists in an excited state, the atom 
will give off that extra energy spontaneously as it moves 
back into lower States, ending in the ground state again. 
The energy is often emitted as electromagnetic radiation, 
hence it appears as light if the wavelength falls within the 
appropriate range. In the process of a single transition 
from some upper state to a particular lower state the 
energy given off is found from the combination principle: 
emitted energy (E) equals upper state energy minus lower 
state energy; this energy is usually carried by a single 
group of light waves (a photon) having a frequency (v) in 
which photon energy (E) is equal to a constant times the 
frequency, or, E = hv, in which h is Planck’s constant, 
which is defined as a unit of action (work times time), 
6.6256 X 10-3 4  joule second. This relationship determines 
frequencies (and wavelengths because X = c/v) of light 
emitted by atoms if the energies of the States are known; 
conversely, the relationship allows finding the energy States 
of an atom from measurements on the spectrum of that 
atom. The allowed energies of an atom are discrete and 
therefore its spectrum consists of discrete wavelengths. Be­
cause of the appearance of a given wavelength when seen 
through a prism or grating spectroscope, these discrete 
emitted (or absorbed) wavelengths are called spectral lines 
(see Figures 3 and 7).

Historical survey. The basis for spectroscopie research 
and for analytical spectroscopy is the discovery, made by

a German physicist, Gustav Kirchhoff, in 1859, that each 
pure substance has its own characteristic Spectrum. An­
other German physicist, Joseph von Fraunhofer, repeating 
more carefully an earlier experiment by an English sci- 
entist, William Hyde Wollaston, had shown in 1814 that 
the spectrum of the Sun’s electromagnetic radiation does 
not grade smoothly from one colour to the next but is 
crossed by many dark lines, indicating that light is missing 
at certain wavelengths because of absorption (see Figure 
3 above). These lines are still called Fraunhofer lines, 
and the spectrum containing them is called a darkline, 
or absorption, spectrum. The spectra of some metals and 
compounds when heated in flames and the spectra ob­
tained from electric discharges in gases were studied by 
many scientists during the 18th and 19th centuries; these 
spectra were seen to be composed of numerous bright dis­
crete lines indicating that only certain wavelengths were 
present in the emitted light. These are called brightline, 
or emission, spectra. Although the possibility of the ex­
istence of characteristic spectra, a spectrum unique for 
each Chemical element, had been considered by numer­
ous investigators, the early studies were hampered by 
the difficulty of obtaining relatively pure substances and 
the fact that even slightly impure substances could yield 
many spectra simultaneously. By using carefully purified 
substances, Kirchhoff demonstrated characteristic spectra 
and initiated the technique of spectroscopie analysis of 
the Chemical composition of matter. The technique was 
applied by Kirchhoff and his colleague Robert Bunsen in 
1861 to the analysis of the Sun’s electromagnetic spectrum 
and the identification of the Chemical elements in the Sun.

Before the 20th Century, there was no theory that could 
explain satisfactorily how spectra are formed or why dif­
ferent elements have different spectra. Some of the princi­
pal discoveries leading to present understanding of spectra 
were: the discovery of infrared radiation by an English 
astronomer, William Herschel, in 1800 and of ultraviolet 
radiation by a German physicist, Johann Wilhelm Ritter, 
in 1801; the recognition of a series in the spectrum of hy-
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drogen in 1885 by a Swiss scientist, Johann Jakob Balmer; 
the discovery of the electron, the basic negatively charged 
constitutent of atoms, by a British physicist, Joseph John 
Thomson, in 1897; the beginnings of quantum theory by 
a physicist in Germany, Max Planck, in 1900; the for­
mulation of the combination principle; the experimental 
proof that atoms are composed of tiny, massive, posi- 
tively charged nuclei surrounded by electrons, by a British 
physicist, Emest Rutherford, in 1911; the first theoretical 
calculations of the discrete energy States of atoms and the 
wavelengths of light given off by atoms, by the Danish 
physicist Niels Bohr in 1913. Quantum mechanics was de­
veloped by the physicists Erwin Schrödinger and Werner 
Karl Heisenberg of Germany to describe the detailed prop­
erties of atoms. This theory, extended by the physicists 
Wolfgang Pauli of Austria and Paul Adrieh Maurice Dirac 
of England, and others, now provides methods for calcu- 
lating energy States and spectral lines emitted by atoms, 
ions, and simple molecules.

Applications. In chemistry and physics, spectroscopy is 
used as a tool for studying the structures of atoms and 
molecules. The large number of wavelengths emitted by 
these Systems makes it possible to check theories of their 
structure in detail, including the electron configurations of 
ground and various exited States.

Use of Spectroscopy provides a precise analytical method for
spectros- finding the constituents in material having unknown 
copy as an Chemical composition; in typical analyses, a concentra- 
analytical tion of a few parts per million of a trace element in a 
tool material can be detected when the material is vaporized

and caused to emit light (as in an electric arc) to produce 
an emission spectrum, the bright lines that identify the 
element causing the spectrum. The absorption spectra of 
Solutions containing inorganic or organic Chemicals show 
dark lines and bands (close groups of lines) characteristic 
of the molecules, radicals (molecular fragments), and ions 
present in the solution. Emission and absorption spectra 
of the atmosphere are thus used for monitoring trace el­
ements and compounds (e.g., mercury or the compound 
dichlorodiphenyltrichloroethane [d d t ]) in pollution con­
trol, the sensitivity of these techniques sometimes ap- 
proaching a few parts per 1 ,0 0 0 , 0 0 0  in concentration.

In astronomy, the spectra of the Sun and other stars 
show lines characteristic of the atoms, ions, and radi­
cals in them, plus lines characteristic of materials in the 
nearby empty space between the source and the Earth, 
and materials in the Earth’s atmosphere. Spectra of the 
light reflected from planets other than the Earth show, in 
addition, lines caused by absorption by their atmospheres. 
Thus Chemical analyses can be made of these distant ob­
jects. (For detailed coverage of the topic, see the section 
Astronomical spectroscopy below).

Data on spectroscopie properties of atoms, ions, and 
molecules are used in the design of lasers (devices that 
operate on the principle of stimulating the emission of 
stored energy in atoms), which have wide scientific, in­
dustrial, and military application. Fluorescent lamps make 
practical use of the absorption of ultraviolet radiation with 
subsequent emission of visible light. High-purity spectral 
lines are used in metrology (the Science of measurement), 
particularly for measurement of fundamental physical 
constants, such as the electron’s charge and mass; the 
fundamental metric unit of length, the metre, is in fact 
defined as 1,650,763.73 wavelengths of a particular unper- 
turbed line in the Spectrum of krypton gas. Spectroscopie 
analyses are used in criminology, archaeology, medicine, 
agriculture, the biological Sciences, and engineering.

PRACTICAL CONSIDERATIONS
General methods of spectroscopy. Production and anal­

ysis of a spectrum usually require four components: ( 1 ) a 
source of light (or other electromagnetic radiation), (2 ) a 
disperser to transmit different wavelengths differently, (3) 
a detector to sense the presence of light where it appears 
after dispersion, and (4) a recorder to make a spectrogram, 
a temporary or permanent copy of the spectrum.

An apparatus intended to accept light, separate it into 
its component wavelengths, and detect the spectrum is 
called a spectrometer; a spectrograph is a spectrometer

that also records spectra. A spectroscope is a combination 
of disperser and associated opties for visual Observation 
of spectra. A monochromator consists of a disperser and 
associated optical components arranged to accept light 
from an external source and transmit only a small range 
of wavelengths. A spectrophotometer is a spectrometer 
used to record quantitatively the amount of light emitted 
or absorbed by a sample of material according to the 
wavelength.

Processes in spectral sources and types of spectra. Two
kinds of electromagnetic spectra can be distinguished: 
emission spectra, which show one or more bright lines 
or bands on a dark background, and absorption spectra, 
which have a continuously bright background except for 
one or more dark lines (Figure 3).

A spectral line is emitted from atoms (or other particles) 
when they are excited by some means to the upper energy Electron 
state responsible for the transition and then decay to the excitation 
lower energy state. The required initial excitation can be 
accomplished in a variety of ways. A collision between an 
electron with high energy (energetic electron) and an atom 
can impart energy to the atom to elevate it to an excited 
state. Electron impact is the principal basis for excitation 
in electric discharges (see below Laboratory sources o f spec­
tra). Excitation of atoms to higher energy States can also be 
accomplished by irradiating atoms with electromagnetic 
radiation that the atoms can absorb. Fluorescence spectra 
are produced when atoms become excited by absorbing 
radiation (often in the ultraviolet region) and then emit 
radiation as the atoms decay to lower States. Impacts on 
atoms by energetic atomic nuclei, ions, and molecules 
produce excited atomic States in special applications.
An incandescent liquid or solid, such as a lamp filament, 

emits a broad, continuous range of wavelengths. In these 
sources, the atoms may be excited both by electron and 
by atom impact. Because the atoms are packed closely, 
their individual energy levels merge together into over­
lapping levels; the emitted lines then overlap and merge 
into a continuous—i.e., nondiscrete—spectrum. Similar 
phenomena occur in the interiors of stars and in high- 
pressure arcs, in which broadening of spectral lines occurs 
because of the high collision rates.

So-called bound-free or free-free transitions occur, with 
resulting emission of radiation, when an electron makes a 
transition in its energy level to an unbound state from a 
bound or from another unbound state. These transitions 
also give rise to continuous spectra.

Before radiation reaches an observer, it may pass through 
a medium, usually consisting of a vapour of unexcited 
atoms (or ions or molecules), in which specific wave­
lengths are absorbed; these absorbed waves correspond to 
transitions by the vapour atoms from their ground States 
to higher States. As a result, the absorbed wavelengths are 
missing in the spectrum of radiation transmitted through 
the vapour. This phenomenon is the origin of the Fraun­
hofer lines in the solar spectrum; light emitted by the 
hotter, deeper layers within the Sun is partially absorbed 
by atoms in the cooler, outer layers before it reaches 
Earth. Flames are often used as sources of spectra. Tem­
perature and composition vary throughout a flame; hence 
flames can be used as absorption sources or as emission 
sources.
An emitting atom moving toward an observer (or instru­

ment) compresses the light waves emitted in that direction.
The light then has shorter wavelengths than it would have 
if the emitter were at rest; i.e., its Spectrum is shifted toward 
the blue. Similarly, light emitted by atoms moving away 
from the observer has longer wavelengths, hence appears 
redder. This phenomenon is called the Doppler effect. As 
a result, light that would have a well-defined wavelength 
if emitted by atoms at rest has a spread or broadening 
caused by their ordinary random thermal motion toward 
and away from the observer. This Doppler broadening 
restricts the useful resolving power (ability to distinguish 
between two adjacent lines) of spectroscopie instruments.
The average speeds of atoms in a source increase with 
temperature; so the widths of spectral lines indicate the 
temperature of the source. The shifts of spectra with rela­
tive velocities of source and observer are sometimes used
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to measure velocities of sources, especially in astronom­
ical spectra.

Laboratory sources of spectra. In atomic spectroscopy, 
a few sources of spectral emission lines serve for most pur­
poses. These sources are: the hollow cathode; the Geissler 
tube invented by Heinrich Geissler, a German physicist; 
carbon arc; sparks; electrodeless lamps; and flames (see 
Figure 5).

The hollow cathode discharge lamp (Schüler tube after 
Hermann Schüler, a German physicist) consists of two 

The hollow electrodes mounted inside a glass or ceramic envelope. 
cathode The cathode (negative electrode) is usually formed as a
discharge cup or hollow cylinder constructed of, or coated with,
lamp the material the spectrum of which is to be investigated.

The gas within the envelope is usually one of the inert 
gases—helium, neon, or argon—at a pressure of roughly 
1 torr (the torr is a unit commonly used in specifying gas 
pressures; sea-level atmospheric pressure is approximately 
760 torr). A direct electric current, typically one to 100 
milliamperes, at several hundred volts, is passed through 
the tube; the spectrum appears most brightly within the 
cathode.
The Geissler discharge tube, the archetype of the neon 

signs used extensively in advertising, consists of a sealed, 
hollow glass tube having an electrode at each end and 
filled with a gas at pressure typically 0.1-10 torr. Often a 
portion of the glass tube is constricted to provide greater 
current density (hence greater brightness) in that region. 
Electric transformers operating typically at voltages from 
1,500-10,000 volts and currents from 10-50 milliamperes, 
altemating current (ac), power these tubes. A modification 
of the Geissler tube is used to provide the metric Stan­
dard of length.

Electrodeless lamps consist of glass tubes, usually about 
one centimetre in diameter and a few centimetres long, 
filled with a gas at 0.1-10 torr pressure. Spectra of materi­
als other than gases cän be obtained by adding to the gas 
a few milligrams of a volatile compound containing the 
element of interest; e.g., uranium chloride for the spec­
trum of uranium. The power source is a high-frequency 
oscillator, typically 25-2,500 megahertz. (Current within 
the lamp may be induced by wrapping wires leading 
from the oscillator around the lamp or by placing the 
lamp inside an appropriate resonant cavity connected to 
the oscillator.)

For rapid spectroscopie processing and analysis of solid

Figure 5: Sources of laboratory spectra.
All of these sources, except for the X-ray tube, generate 
visible and ultraviolet light.

materials, arcs are convenient sources. Graphite and cop­
per are typical electrode materials. A small amount of 
the material of interest may be powdered, mixed with 
powdered electrode material, and pressed into a shape 
convenient for use as one electrode of an arc. Other meth­
ods can be used to incorporate the material within an 
electrode. Arcs can be run with a wide range of voltages 
(perhaps 1 0 - 1 0 0  volts) and currents in the range of 1 

to 1 0 0  ampères, in an atmosphere of air or some other 
gas. Usually the current is direct current (dc), with the 
powdered material in the cathode. Effective temperatures 
in arcs often range from 3,500° to 5,000° C (6,300° to 
9,000° F). At such temperatures, little ionization of the 
atoms occurs, and mainly the spectra called the first, or 
neutral, spectra of elements are observed.

Figure 6: Refraction of light by a prism having index n2 
immersed in a medium having refractive index nv The 
angles / and r that the rays make with the normal are the 
angles of incidence and refraction. Because n2 depends 
upon wavelength, the incident white ray separates into its 
constituent colours upon refraction, with deviation of the red 
ray the least and the violet ray the most.

Spark sources are often used when higher excitation is Use of 
required than is available in an arc. The simplest spark spark 
source consists of the discharge of a strong current at a sources 
potential of around 5,000 volts across a gap between two 
electrodes. Effective temperatures for these sources can 
range into the tens of thousands of degrees Celsius; the 
materials within the spark are often ionized, sometimes 
highly so, and the dominant spectra are the second (II, 
sirigly ionized, or one electron missing from each atom), 
third (III, doubly ionized, or two electrons missing from 
each atom), etc., depending upon the power released in 
the spark, the materials and spacings of the electrodes, and 
the surrounding atmosphere.
The first man-made spectroscopie sources consisted of 

flames to which small amounts of substances were added, 
to be vaporized and excited by collisions with the con- 
stituents of the flame. Flame sources are used extensively 
in analytical chemistry; in these, the materials are formed 
into an aerosol so that they can be injected into the flame 
conveniently at a controlled rate.
Transparent chambers or containers with Windows at 

both ends serve as absorption cells for the production of 
absorption spectra. Light having a continuous distribution 
of wavelength is passed through the cell. When a gas 
or vapour is introduced into the cell, the change in the 
transmitted spectrum can be interpreted as the absorption 
spectrum of the gas. Often, absorption cells are enclosed 
in ovens because many materials of spectroscopie interest 
vaporize significantly only at high temperatures.
Methods for dispersing spectra. Refraction. Histori­

cally, glass prisms were first used to break up or disperse The 
light into its component colours. The path of a light refracting 
ray bends (refracts) when it passes from one transpar- prism 
ent medium to another; e.g., from air to glass. Different 
colours (wavelengths) of light are bent through different 
angles; hence a ray leaves a prism in a direction depending 
upon its colour (see Figure 6 ). The amount of bending 
of a ray at each interface can be found from Snell’s law 
(Willebrord van Roijen Snell of Holland, c. 1600), which 
States that if nx and n2 are the refractive indices of the 
medium outside the prism and of the prism, respectively, 
and the angles i and r are the angles that the ray of a 
given wavelength makes with a line at right angles to the 
prism face, as shown in Figure 6 , then the equation nx sin 
i =  n2 sin ris  obtained for all rays. The refractive index of 
a medium, indicated by the symbol n, is defined as equal 
to the speed of light in vacuo divided by the speed of light 
in the medium. Typical values for n range from 1.0003 
for air at 0° C (32° F) and atmospheric pressure, to 2.3 
for thin layers of zinc sulfide.
For typical optical glasses, the refractive index is in the 

neighbourhood of 1.5-1.9 and varies by 2 to 4 percent 
across the visible spectrum, with the refractive index 
greater for violet light than for red light. Because the 
Variation of the refractive index is small, the spectrum is 
spread over a relatively small range of angles; thus prism 
instruments are generally used in applications for which 
low spectral resolution (ability to separate wavelengths) 
is sufficiënt.
In order for a prism to produce a large number of exit 

light beams having different, well-defined wavelengths, it 
is necessary that the incident light beam composed of 
these same wavelengths falls upon the prism as a set of
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parallel rays. This condition is conveniently accomplished 
by a collimator, a combination of lens and aperture (in 
this case a slit). Light rays from the source pass through 
the slit at the focus of the collimator lens, which then ren- 
ders the rays nearly parallel (see Figure 7). After the light 
is refracted by the prism, it is focussed by a lens, usually 
called the camera lens; if a viewing screen is placed at the 

Camera focus, an image of the slit is seen for each wavelength of
lens light present. Because the image of a slit is a line, each

wavelength forms its own line. The lines can be observed 
by the eye or by placing photographic or photoelectric 
detectors at the focal position.
There are other devices besides prism instruments that 

can be used to break up light into its constituents. A col- 
limated beam of light may be considered as a collection 
of parallel wave fronts advancing in the direction of travel 
of the light. Just as a water wave breaks up into ripples 
moving in all directions when it strikes a barrier, a light 
wave breaks up into waves travelling in all directions when 
it meets a barrier. This is the phenomenon of diffrac- 
tion. Where the sizes of optical components approach 
the wavelength of light, diffraction phenomena become 
predominant.

Diffraction. Diffraction gratings are composed of closely 
spaced transmitting slits on a flat surface (transmission 
gratings) or alternate reflecting and nonreflecting grooves 
on a flat or curved surface (reflection gratings). A typi­
cal grating might be ruled on an aluminum coating on 
a piece of glass having dimensions from 2 X 2  centime­
tres (0.8 X 0.8 inches) up to 15 X 30 centimetres ( 6  X 12 
inches) and consist of equaliy spaced parallel lines, as few 
as 1 0 0  lines per millimetre of width or as many as 6 , 0 0 0  

lines per millimetre. The close spacing of lines requires 
that the wave picture of light be used to describe the 
interaction of light with a grating.

Secondary If collimated light falls upon a transmission grating,
waves the wave fronts, or crests, successively pass through and

spread out as secondary waves from the transparent parts 
of the grating. Most of these secondary waves, when they 
meet along a common path, interfere with each other 
destructively, so that light does not leave the grating at 
all angles. At some exit angles, however, secondary waves

Figure 7: P rin c ip le s  o f  a p r is m  sp e c tro g r a p h .
Light from a point on entrance slit (illuminated by a light 
source) is formed into parallel rays by the collimating lens. The 
light is refracted by the prism, then focussed by the camera 
lens. Violet light from the point is brought to focus; the slit 
is imaged as a line at the focal surface. Red light from slit is 
imaged as a different line. A spectrum thus appears at the 
focal surface.

from adjacent slits of the grating are delayed by exactly 
one wavelength, and these waves reinforce each other 
when they meet; that is, the crests of one fall on top of the 
other. In this case, constructive interference takes place 
and light can leave the grating. Constructive interference 
occurs also for delays of 0, 2, 3, 4 . . .  wavelengths. The 
grating equation describes this phenomenon for both the 
transmission and reflection grating and gives the relation­
ship between the incident angle, i; exit, or reflection angle, 
r; spacing between grating slits, d; wavelength, X; and the 
integer, m (usually called the order of interference): the 
product of order and wavelength is equal to the product 
of slit spacing and the difference between the sines of 
the angle of incidence and exit; i.e., mX = d (sin / — sin 
r). If light having several constituent wavelengths falls 
upon a grating at a fixed angle, i, different wavelengths 
are diffracted in slightly different directions and can be 
observed and recorded separately. Each wavelength is also 
diffracted into several orders (or groupings); gratings are 
usually blazed (engraved) so that a particular order will be

the brightest. A lens or concave mirror can then be used 
to produce images of the spectral lines.
A simplification is obtained when a concave grating is 

used as a disperser. This device is formed by ruling on a 
concave mirror parallel lines equaliy spaced along a geo­
metrical chord of the surface. Because a concave mirror 
has focussing properties, it can replace both collimator The 
and camera lens (see Figure 8 ). Henry Augustus Row- Rowland 
land, a physicist in the United States, showed (1882) that mount 
if entrance slit, grating, and photographic plate lie on a 
circle the diameter of which is equal to the radius of 
curvature of the grating, all spectral lines can be made to 
focus. Many large, high-resolution grating spectrographs 
have been built on the basis of the Rowland circle, and 
most tabulated data on wavelengths have been obtained 
with such instruments.

In any grating spectrometer, if a slit aperture is moved 
along the surface where the spectral lines are focussed, the 
lines are transmitted successively through the aperture.
A detector placed behind the aperture then responds to 
the spectrum, line by line; the output of such a detector 
can then be amplified and recorded. These scanning tech­
niques have some advantages over photographic record­
ing: because the detection efficiencies of some electrical 
detectors (see below Detectors) are greater than efficiencies 
of photographic detectors, the method provides greater 
sensitivity and greater speed. Many photoelectric detectors 
respond nearly linearly— i.e., with response proportional 
to the amount of light received—so the recorded bright- 
ness is simply related to the characteristics of the source.

In some arrangements, it is more convenient to tilt the 
grating (or prism) about its axis that is parallel to the 
slit than to move the slit. Typically, the grating may be 
rotated so that the angles of incidence and diffraction 
change, hence changing the wavelength of light reaching 
the fixed exit slit.

Interference. A third class of devices for dispersing spec­
tra consists of interferometers, which divide a wave front by Inter- 
semitransparent surfaces, allow the beams thus produced ferometers 
to travel different paths, and then recombine the beams.
Variants of this method are used in testing of optical 
components. In spectroscopy, the principal interferome­
ters are those developed by a United States physicist, A. A.
Michelson (1881), in an attempt to find the luminiferous 
ether—a hypothetical medium then thought to pervade 
all space—and by two French physicists, Charles Fabry 
and Alfred Pérot (1897), specifically for high-resolution 
spectroscopy (see Figure 9).
In the Michelson interferometer, an incident beam of 

light strikes a tilted semitransparent mirror and divides, 
weaker waves being reflected and transmitted. These con­
tinue to their respective mirrors, are reflected, and return 
to the semitransparent mirror. The two waves finally 
moving toward the observer have travelled different path 
lengths, hence interfere and are transmitted preferentially 
only if their path difference is 0, 1, 2, 3 , . . .  wavelengths.
This device then acts as a filter that transmits preferen­
tially certain wavelengths and reflects others back to the

Figure 8: E sse n tia ls  o f  a  c o n c a v e -g r a tin g  s p e c tr o g r a p h  b a s e d  
o n  th e  R o w la n d  c ircle .
Light from source is imaged onto the entrance slit by the lens. 
Light having wavelength X will be diffracted by the concave 
grating shown in its holder, at angles r fixed by the grating 
equation and imaged on the photographic plates arranged in 
an arc around the circle to accept one of the various orders.
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light source, resulting in a visible interference pattern. The 
Fabry-Pérot interferometer (Figure 9A) consists of two 
parallel glass plates coated with highly reflecting, slightly 
transparent films on their inner faces. When the interfer­
ometer is placed in a beam of light from a spectrometer, 
multiple reflections take place between the two faces, 
producing concentric interference rings. Even if there are 
two spectral lines so close together that they cannot be 
resolved by an ordinary spectroscope, the Fabry-Pérot in­
terferometer will produce rings of slightly different radii, 
depending on the wavelengths of the two lines, which can 
be distinguished from one another.

Instruments for obtaining high resolving power often use 
interferometers in series with grating instruments. The 
grating preselects the line or lines of interest, which are 

Multiplex further analyzed by the interferometer. 
spectrom- Beginning about 1960, instruments known as multiplex 
eters spectrometers found considerable use, especially in record­

ing astronomical infrared spectra. The prototype of this 
kind of instrument is the Michelson interferometer (Fig­
ure 9B), with one mirror mounted upon a carriage so 
that length of the light path in that branch of the light 
path can be varied. A spectrum is obtained by record­
ing photoelectrically the light intensity of the interference 
pattem as the carriage is moved. Little preselection of 
wavelength is done, and so the resulting signals, contain-

Figure 9: Interferometers often used in spectroscopy.
(A) Fabry-Pérot interferometer; the plates are wedged to 
aid in the removal of spurious reflections. (B) M ichelson 
interferometer, showing the path of a light ray through a beam 
Splitter, which transmits and reflects approximately equal 
amounts of light, and a compensating plate to make the paths 
in g lass equal for both arms of the instrument.

ing information simultaneously about many wavelengths, 
are complicated. A mathematical transformation (called a 
Fourier transform) must be performed on the data to yield 
the spectrum (see o ptics). The principal advantage of this 
method is that the entire spectrum is recorded simulta­
neously with one detector. With the use of these Fourier 
spectrometers and other types of multiplex spectrometers, 
the spectra obtained are less affected by electronic noise 
originating in the detectors than are the spectra obtained 
by conventional scanning spectrometers.

Detectors. The principal detection methods used in 
spectroscopy, to be described below, are: photographic 
(plates and films), photoemissive (photodiodes, photomul- 
tipliers, image tubes), radiometric (bolometer, thermocou- 
ple, thermopile, Golay cell), and semiconductor (photo- 
conductive and photovoltaic cells).

In most investigations before about 1940, and in many 
current applications, a strip of photographic film or a 
photographic plate records the pattem of spectral lines. 
This method has several advantages over other methods 
of recording: the source brightness need not be constant; 
information over the entire spectrum is recorded simul­
taneously; a permanent record results, detailed studies of 
which can be made later.

Photoemissive detectors have replaced photographic 
plates and films in many applications. When a photon 
(quantum of light) having sufficiënt energy strikes a metal 
surface, it can cause the ejection of an electron from the 
surface. A stream of photons releases a series of electrons, 
hence produces an electric current. A photoemissive diode 
(photodiode) consists of a surface (the cathode) appro- 
priately treated to permit the ejection of electrons and

a separate electrode (the anode) on which electrons are 
collected, both often sealed within an evacuated glass en­
velope. A photomultiplier (or multiplier phototube) has a 
cathode, a series of electrodes (dynodes), and an anode 
sealed within a common evacuated envelope. Some pho­
toemissive detectors use continuous-strip or continuous- 
tube dynode structures. Appropriate voltages applied to 
the cathodes, dynodes, and anode cause electrons that 
are ejected from the cathode to make collisions with the 
dynodes in succession, knocking out more electrons upon 
each collision. The current is thus multiplied by the tube 
and is then more easily amplified and recorded. A single 
photon ejecting a single electron from the cathode can be 
detected as a pulse of 1 0 0 , 0 0 0  to 1 0 ,0 0 0 , 0 0 0  electrons at 
the anode; for some applications, these single pulses are 
counted directly. Photomultipliers are useful primarily in 
the wavelength range 1,050-12,000 angstroms, from far 
ultraviolet to near infrared; the lower wavelength limit is 
set by light-transmission properties of optical materials, 
whereas the upper limit is set by the requirement that the 
photon must have enough energy to eject an electron from 
the cathode.

Image intensifier tubes contain a sensitive photocathode 
and Provision for accelerating the ejected photoelectrons 
so that they strike a phosphor screen, causing many pho­
tons to be emitted; alternatively, the electron may pass 
through a thin film, ejecting more electrons, which are 
accelerated in turn and detected, or may strike a photo­
graphic plate, causing its exposure. Such devices are often 
used in night-vision devices. They have found some ap­
plication in spectroscopy because they maintain to some 
extent the sensitivity of photoelectric detection while pre­
serving the information about the location at which the 
initial photon arrived.

A bolometer is a device the electrical resistance of which 
changes when it becomes warmer as a result of its absorb- 
ing light. A thermocouple junction is a junction between 
dissimilar metals. If an electrical circuit is made using 
two dissimilar metals, and if the junctions are at different 
temperatures, current flows in the circuit. A junction that 
absorbs light can thus be used as a detector, because its 
temperature generally increases when it absorbs light. A 
thermopile is a set of thermocouples mounted in series in 
order to obtain sensitivity greater than that obtained with 
a single junction. Golay cells detect light by the expansion 
of a gas when it is warmed by incident radiation. The four 
detectors described here have the common characteristic of 
responding to incoming energy of any wavelength; hence 
they can be used for detection in the far infrared where 
photographic and photoemissive detectors are insensitive.

Photoconductive cells contain thin semiconductor lay­
ers in which electrical resistance varies with illumination. 
Geiger-Müller tubes, proportional counters, and ioniza- 
tion chambers that depend on the release of electrons by 
incoming photons are used for detecting radiation from 
far ultraviolet to gamma rays (see below X-ray detectors).
When a spectrum is detected photographically, the spec- 

trogram serves also to record the results. In order to 
produce a nonphotographic permanent record, as with a 
scanned spectrum, the output signal current or voltage 
from the detector may be amplified and fed into an 
auxiliary output device. The simplest such device is a 
galvanometer that deflects an amount proportional to the 
input signal; a chart recorder can be used to draw an 
ink record of deflection versus wavelength on a moving 
strip of paper, or the amplified signal may be digitized 
and printed or recorded on magnetic tape, paper tape, or 
punched cards for later handling by computer.

Foundations of atomic spectra
BASIC ATOMIC STRUCTURE * 2
Because the emission of spectral lines depends on the elec­
tron structure of atoms, it is apropos here to show how the 
periodic table of elements is organized. This will require 
definitions of the following quantum numbers: principal, 
orbital, spin, and magnetic. An atom, the smallest stable 
partiele of neutral matter, has a diameter of approximately
2 X 10~ 10 metre. It consists of a core, or nucleus, which

Recording 
of spectra
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De Broglie 
waves

contains most of the mass ofthe atom, and a collection of 
electrons surrounding the nucleus. The nucleus contains 
a certain number (Z) of protons and a generally different 
number (N) of neutrons; the diameter of a nucleus de­
pends upon the number of protons and neutrons and is 
typically in the range 1.5 to 10 X 10-1 5  metre (.000015 to 
. 0 0 0 1  angstrom); i.e., much less than an atomic diameter. 
Each proton has one unit of positive electric charge (+c). 
Because each electron carries the basic unit of negative 
electric charge, and because opposite charges attract one 
another, in a neutral atom the total charge of the nu­
cleus, +Zc, is balanced by Z  electrons surrounding the 
nucleus. An atomic ion is an atom having either more 
or fewer electrons than protons {i.e., more or fewer than 
Z electrons); an ion thus has a net negative or positive 
electric charge.

The Chemical and spectroscopie properties of atoms and 
ions are primarily determined by their electronic struc­
tures; i.e., by the numbers and arrangements of electrons 
surrounding their nuclei. Typical energies of electrons 
within an atom range from a few electron volts (eV) to 
a few thousand electron volts. (One electron volt, equal 
to 1.60 X10 -1 9  joule, is the kinetic energy gained by an 
electron when it is accelerated by a one-volt potential dif­
ference.) Chemical reactions and other processes occurring 
in spectroscopie sources usually involve energy exchanges 
of this order of magnitude. Processes that occur within 
nuclei to produce electromagnetic radiation and other 
forms of radioactivity typically involve energies ranging 
from thousands to millions of electron volts; hence nuclei 
are nearly unaffected by the usual processes occurring in 
Chemical reactions, light absorption, and light sources.

The forces holding an atom together are primarily elec­
trostatic— i.e., the mutual attractive electric force between 
the positive charges in. the nucleus and the negative charge 
of each electron. Because like charges repel one another, 
there is a significant amount of electrical repulsion of each 
electron by the Others. Also, two principles not usually 
apparent in the macroscopic world of everyday experience 
become important in atomic phenomena. The Pauli ex- 
clüsion principle (1925) States that no two electrons can 
exist in the same energy state. The Heisenberg uncertainty 
principle (1925) predicts that it is impossible to measure 
accurately both the position and momentum of an elec­
tron simultaneously. A more useful approximate picture 
of an atom is that of a massive nucleus concentrated at a 
point surrounded by an electron mist or cloud, the density 
of which is proportional to the probability that an electron 
can be found there.

To a rough approximation, the electrons within an atom 
or ion move independently of one another. It is often 
possible first to calculate the properties of an atom on 
the basis of independent motions of the electrons rather 
than to make corrections for the correlations in electron 
motion caused by their forces on each other. Calculations 
begin with finding the possible States of atoms (and ions) 
that have just one electron outside a closed Shell (see 
below The periodic table)— i.e., hydrogen-like atoms and 
ions. The electron States in a complex atom are built up 
of electrons in these “one electron” States, and then cor­
rections are made for the interelectronic forces.

HYDROGEN ATOM STATES
Principal quantum number. A hydrogen atom is com­

posed of a nucleus (a proton) and a single external electron. 
The electron has wave properties in addition to parti­
ele properties. (Experiments show that atoms, molecules, 
and other microscopie particles also have wave proper­
ties.) Its wavelength is specified by the de Broglie relation 
(1924): partiele wavelength, symbolized by the Greek let­
ter lambda, X, is equal to Planck’s constant, h, divided by 
momentum (mass times velocity), or X =  h/p, in which p 
is the momentum of the partiele. This wave then travels 
around the nucleus of the atom. In order that the wave not 
cancel itself, it must travel at the appropriate distance from 
the nucleus so that the circumference of the orbit is equal 
to n times the electron wavelength, in which n is a positive 
integer equal to 1, 2, 3 , . . .  . The electron wave will then 
be stable. The motion of the electron is also limited by the

requirement that the force on the electron is equal to the 
electron’s mass times its acceleration (Newton’s second 
law). The result is that the electron can exist stably only 
at certain average distances from the nucleus, and these 
distances are specified by giving n, the integer mentioned 
above. The electron’s average distance from the nucleus 
is equal to the square of this integer times a constant, or 
n2a0, in which a0 (equal to .525 angstrom) is known as the 
first Bohr radius (because Niels Bohr first calculated it on 
the bases outlined here). The number n is usually called 
the principal quantum number for the orbit. Thé energy 
of an electron in a hydrogen-like atom or ion is equal 
tö minus the atomic number (Z) squared times Planck’s 
constant (h) times the speed of light (c) times a constant 
divided by the principal quantum number squared—i.e., 
—Z  2hcR/n2. The constant R  is called the Rydberg con­
stant, and its product with Planck’s constant and the speed 
of light (hcR) is approximately 13.6 electron volts. The 
energy is negative, indicating that the electron is bound to 
the nucleus. The algebraic value of the energy increases 
as n increases; hence the principal quantum number n 
equals one for the ground state of hydrogen. As the in­
teger n takes on larger values toward infinity, the energy 
approaches zero. As this happens, the electron’s average 
distance from the nucleus increases without limit and the 
atom becomes more nearly ionized (an ion approaches 
further ionization). The energy that is added to an atom 
or ion in its ground state just to cause the removal of an 
electron is called the ionization potential.
The combination principle suggests that the energies, 

frequencies (v), and wavelengths (X) of photons emit­
ted by hydrogen atoms (Z =  1 ) should be expressed by 
E  =  hf=  hcR(\/nx2 — \/n 22) and l/X =  R (l/n x2 — l/n22), in 
which nx and n2 take on the values of the principal quan­
tum number for the final and initial States, respectively. 
The latter formula (with nx =  2 ) was found empirically 
by Balmer in 1885 to fit the wavelengths of the visible 
spectrum in hydrogen if n2 =  3, 4, 5 , . . . .  This was the first 
discovery of a spectral series. It was found in 1890 by the 
Swedish physicist Johannes Robert Rydberg that numer­
ous data for the other spectra of atoms could be fitted by 
series formulas that are a slight modification of Balmer’s 
formula, 1 /X =  R [l/ (nx — a)2 —1/ (n2 — b)2], in which nx 
is held fixed for each series, n2 takes on integer values 
greater than nx, and a and b are nearly constant numbers 
for a given series and are called quantum defects. In each 
series, as n2 becomes much larger than nx, the wavelength 
approaches the series limit given by the wave number, 1/ 
X, equal to RJ (nx — a)2.

Orbital quantum number. The second quantum number 
to be considered is the orbital quantum number. Although 
classically an electron’s orbit may be elliptical with any 
ratio of major to minor axes, solution of the quantum me­
chanical equations shows that only certain distributions of 
the electron cloud exist in space and these depend on the 
angular momentum of the electron. Angular momentum 
is a concept applied tö a body that is moving in an orbit or 
rotating on its own axis; it depends on the angular velocity 
and distribution of mass about an axis; it has the property 
of direction, being at right angles to the plane of motion. 
The orbital angular momentum of the atom is equal to 
the square root of a positive integer times the next succes- 
sive integer, multiplied by the quantity Planck’s constant 
divided by two pi— i.e., V/(/ +  1 ) (h/2n), in which / is a 
positive integer and h is Planck’s constant. The number 
/, called the orbital quantum number, is restricted to be 
less than the principal quantum number; so if n is equal 
to one, / can only be zero, and hence the orbital angular 
momentum is equal to zero. If n = 2, / can be 0 or 1, 
yielding orbital angular momentum =  0 or yf2 {h/2n). If 
n — 3 ,l  can be 0, 1, or 2, etc.

Magnetic quantum number. The third quantum num­
ber is the magnetic quantum number. The tilt of an elec­
tron’s distribution will be restricted to certain values when 
it is surrounded by a magnetic field. This phenomenon, 
the restriction of allowed directions for the atomic angular 
momentum, is known as space quantization and was first 
demonstrated in 1922 by two German physicists, Otto 
Stern and Walther Gerlach. The component (value) of the
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angular momentum of the atom along any given direction 
is equal to integral units of a quantity, Planck’s constant 
divided by 2n—that is, m, (h/ 2 tc), in which ml is another 
integer, being positive or negative so long as its magnitude 
does not exceed /. For instance, if /=  1, m, can have the 
values +1, 0 , or — 1 . The number mt is usually called the 
magnetic quantum number.

Spin quantum number. The fourth quantum number is 
concerned with the spin of electrons. Experiments show 
that an electron has a further characteristic, its spin, which 
affects its motion and hence its possible energies. The 
electron behaves as if it were a spinning top, with its 
own intrinsic angular momentum having magnitude that 
can be obtained from the expression for orbital angular 
momentum by substituting xh  for /—i.e., V( V2 XV2 -1- 1 ) 
(h/2k) = yfVÄ (h/2n)—one says that the electron has spin 
s  =  V2 . Whether this angular momentum is directed to­
ward or opposite a particular direction is indicated by 
giving the component of s along that direction. The al­
lowed values are equal to ms{h/2%\ in which ms is either 
+  V2 or — V2 .
Spin-orhit interaction. These four quantum numbers, 

n, l, mh ms, specify the state of a single electron completely; 
each number implies a particular wave function (equa­
tion) describing that aspect of the electron’s motion. The 
description of an electron’s motion can be done entirely 
mathematically using these numbers and the functions 
they represent.

The energies of the electron in a hydrogen-like atom or 
ion are fixed primarily by the mutual electrostatic attrac- 
tion of the electron and the nucleus; there are, however, 
significant magnetic effects affecting the energies. An elec­
tron has an intrinsic magnetic dipole moment; that is to 
say, it behaves in some ways as a small bar magnet aligned 
along its spin axis. Also, because of its orbital motion 
within the atom, the electron creates a magnetic field in 
its vicinity. The interaction of the electron’s magnetic mo­
ment with the magnetic field created by its motion (the 
spin-orbit interaction) modifies its energy to depend upon 
n, the principal quantum number, and another quan­
tum number, j ,  representing a combination of its orbital- 
angular-momentum quantum number, /, and its spin- 
angular-momentum quantum number, s. In keeping with 
the requirement that energy and angular momenta can 
have only discrete values within an atom, the quantum 
number, j,  can take on positive values only between / +  s 
and / - 5  in integer steps; because s is V2 for the single 
electron in a hydrogen-like atom, j  is V2 for 1 =  0  States, 
j  = V2 or V2 for / =  1 States, j  = V2 or V2 for / =  2 States, 
etc. The magnitude of the total angular momentum of 
the atom, then, can be expressed in the same form as for 
the orbital and spin momenta: V/C/+ 1) ih/2n\ and the 
component of angular momentum along any direction is 
a multiple of Planck’s constant divided by 2tc, namely, 
mj (h/2n), in which m} can have any value between +7' and 
—j  in integer steps (e.g., V2 , 3/2 , V2 , —72, —V2 , —5/i). The 
quantum numbers n, l, j ,  mj are often used to specify a 
state in the hydrogen atom. Small differences in energies 
of levels because of the spin-orbit interaction sometimes 
cause complexities in spectral lines that are known as the 
fine structure of spectral lines.

THE PERIODIC TABLE
Although there seems to be no simple justification for the 
fact, it is found that in any atom no two electrons have 
the same set of quantum numbers n, /, mh ms (or n, l, j,  
ra7), defined above. Even when interactions between the 
electrons occur, and when magnetic interactions between 
an electron’s spin and its orbital motion occur so that 
a new state of an electron is specified by a different set 
of four quantum numbers, no two electrons in an atom 
have the same set. This is the Pauli exclusion principle; 
its most direct application involves the explanation of 
the periodic table of the elements first developed by two 
chemists, Dmitry Ivanovich Mendeleyev of Russia and 
Lothar Meyer of Germany (c. 1869). This table (see Fig­
ure 1 0 ) lists the elements in rows in order of increasing 
atomic number Z; it is found that the elements in the 
same column have similar Chemical properties.

To see how elements fit into the periodic table, it is 
helpful to start with a hydrogen atom—a singly charged 
atomic nucleus and one electron—-then add exterior elec­
trons and positive charges to the nucleus one by one for 
successive elements. Each electron will make transitions 
to its lowest possible energy state. For hydrogen, this is 
the state with n = 1 , / =  0 , m, = 0 , ms = l/i or — V2 ; these 
numbers specify the resulting configuration, or arrange­
ment, of electrons of a hydrogen atom in its ground state.
If a positive charge is added to the nucleus and a second 
external electron is added, it too will go to its lowest state, 
again n=  1 , / =  0 , mt = 0 , and with ms different from that 
of the first electron (otherwise both electrons would have 
the same set of quantum numbers n, l, mh ms and this 
would violate the Pauli exclusion principle). The resulting 
configuration is that of helium in its ground state. There The 
are only two possible electron States with n = 1, and these helium 
are now occupied by electrons. It is said that the n — 1 configura- 
shell (or orbital) is filled or closed. This closed Shell is tion 
relatively stable and difficult to excite; helium is the first 
of the inert, or noble, gases.
If a third electron is added (to make a lithium-like atom), 

it cannot occupy the n = 1, / =  0 Shell with the others, be­
cause its quantum numbers would then be identical with 
those of one of the other electrons. This electron has its 
lowest possible state with n = 2. For this value of n, the 
orbital quantum number / can be either 0  or 1 ; a state 
for / =  0 has slightly lower energy. The quantum numbers 
of this electron are then n = 2 , / — 0 , m, = 0 , ms =  +  V2 or 
—V2 . The inner n = 1 Shell is relatively stable and remains 
inert in Chemical processes; the Chemical and spectroscopie 
behaviour of this atom is similar in many ways to that 
of hydrogen, since lithium and hydrogen both have one 
external electron free to move (valence electron).

Addition of the next electron to produce a beryllium 
atom completes the partial Shell or subshell n = 2, / =  0.
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Figure 10: Periodic table of the elements.
Left column indicates the subshells that are being filled as 
atomic number Z  increases. The body of the table shows 
element symbols and Z. Elements with equal numbers of 
valence electrons— and hence similar spectroscopie and 
Chemical behaviour— lie in columns. In the interior of the table, 
where different subshells have nearly the same energies and 
hence compete for electrons, similarities often extend laterally 
as well as vertically.

A subshell consists of all electrons of the same principal 
and orbital quantum numbers. The atom is analogous to 
helium in that both atoms have two outer electrons. The 
n = 2 shell is not filled, however, because an electron with 
n = 2 can have 1= 1. Outside the inner shell n = 1, there 
are six possible electron States with / =  1 because an elec­
tron can have any combination of m =  1 , 0 , or — 1 , and 
ms = +  V2 or — V2 . As successive electrons are added to 
yield boron, carbon, nitrogen, oxygen, fluorine, and neon, 
the electrons take quantum numbers n = 2 , 1= 1 , and all 
possible different combinations of ml and ms, until a total 
of six with n = 2, / =  1 have been added. This completes 
the n = 2 shell, having a total of eight electrons in two 
subshells. The resulting atom is neon, the second of the 
noble gases.

When the next ( 1  Ith) electron is added, it cannot go into 
any state with n = 1 or n = 2 because these are already 
filled by electrons. The lowest available state is now n = 3,
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Table 4: Ground Gonfigurations of the Elements

ls 2s 2p 3s 3 P 4s 3 d  4p  5s 4 d  5p 6s 4ƒ 5 d 6p  7s 5 / 6 d

1 H 1 55 Cs 1
2 He 2 56 Ba 2
3 Li 1 57 La 2 1
4 Be 2 58 Ce 2 1 1
5 B 2 1 59 Pr 2 3
6 C 2 2 60 Nd 2 4
7 N ü*2) +  2 3 61 Pm 2 5
8 O 2 4 62 Sm 2 6
9 F 2 5 63 Eu 2 7
10 Ne 2 6 64 Gd 2 7 1
11 Na 1 65 Tb 2 9
12 Mg 2 66 Dy 2 10
13 Al 2 1 67 Ho 2 11
14 Si (ls2 2 2 68 Er (ls2 2 12
15 P 2s22p8) + 2 3 69 Tm 2s22p6 2 13
16 S 2 4 70 Yb 3s23p83d18 2 14
17 CI 2 5 71 Lu 4s24p64d10 2 14 1
18 Ar 2 6 72 Hf 5s25p8) -j- 2 14 2
19 K 1 73 Ta 2 14 3
20 Ca 2 74 W 2 14 4
21 Sc 2 1 75 Re 2 14 5
22 Ti 2 2 76 Os 2 14 6
23 V 2 3 77 Ir 2 14 7
24 Cr 1 5 78 Pt 1 14 9
25 Mn 2 5 79 Au 14 10
26 Fe (ls* 2 6 80 Hg 2 14 10
27 Co 2s22p8 2 7 81 TI 2 14 10 1
28 Ni 3s23p8) + 2 8 82 Pb 2 14 10 2
29 Cu 1 10 83 Bi 2 14 10 3
30 Zn 2 10 84 Po 2 14 10 4
31 Ga 2 10 1 85 At 2 14 10 5
32 Ge 2 10 2 86 Rn 2 14 10 6
33 As 2 10 3 87 Fr 1*
34 Se 2 10 4 88 Ra 2
35 Br 2 10 5 89 Ac 2 1
36 Kr 2 10 6 90 Th 2 2
37 Rb 1 91 Pa 2 2 1
38 Sr 2 92 U 2 3 1
39 Y 2 1 93 Np (ls2 2 4 1
40 Zr 2 2 94 Pu 2s22p8 2 6
41 Nb 1 4 95 Am 3s23p83d10 2 7
42 Mo 1 5 96 Cm 4 s H p H d x °4/i < 2 7 1
43 Tc 2 5 97 Bk 5s25p65d10 2 9
44 Ru (ls2 1 7 98 Cf 6s26p6) + 2* 10
45 Rh 2s22p8 1 8 99 Es 2* 11
46 Pd 3s73p*3d10 10 100 Pm 2* 12
47 Ag 4s24p8) + 1 10 101 Md 2* 13
48 Cd 2 10 102 No 2* 14
49 In 2 10 1 103 Lr 2* 14 1
50 Sn 2 10 2 104 Rf ?
51 Sb 2 10 3 105 Ha ?
52 Te 2 10 4
53 I 2 10 5
54 Xe 2 10 6

*Unverified predictions or not wholly confirmed data.
Source: Data compiled by J.E. Mack with the help of C.E. Moore.

Electron
nomen-
clature

1 = 0, m ,=  0, ms = x/i or — x/i. This atom is sodium; its 
outer structure is analogous to those of lithium and hydro­
gen, and so it has similar spectroscopie and Chemical prop­
erties. Addition of another electron, which takes quantum 
numbers n = 3, / =  0, mr= 0, ms = xh  or — xh  (ms opposite 
to that of the 1 Ith electron) yields magnesium, similar in 
structure and properties to beryllium, which lies above it 
in the periodic table. Addition of another electron yields 
aluminum, similar to boron. As more electrons are added, 
the elements Silicon, phosphorus, sulfur, chlorine, and ar­
gon are produced. The spectra, structures, and Chemical 
behaviour of these are similar to those of the elements 
carbon through neon, respectively, because the numbers 
of outer (valence) electrons are the same. In a similar 
fashion, the remainder of the periodic table is constructed, 
with some irregularities caused by different subshells hav­
ing nearly the same energies (see Table 4).

As a shorthand method of indicating the electron config- 
urations of atoms and ions, the letters 5 , p, d, f  g, h, . . .  
are used to denote electrons having, respectively, / =  0, 
1, 2, 3, 4, 5 , . . . .  (The letters s, p, d, ƒ  originate from 
spectral series that had the designations sharp, principal, 
diffuse, and fundamental before their origins were fully 
understood.) A number prefixed to the letters gives the 
value for n, and a superscript to the right of each letter 
indicates the number of electrons with those values of n 
and /. The configuration 2sx represents a single electron 
with n = 2, 1 = 0 (the superscript 1 is usually omitted). 
The configuration \s22s22p3 represents two electrons with

n = 1, / — 0, two electrons with n = 2, / =  0, and three 
electrons with n = 2, 1=1. The ground state configura- 
tions for the known atoms are given in Table 4.
For the atoms in the first third of the periodic table, one 

can often specify both the total orbital angular momen­
tum and the total spin angular momentum in a given 
state. The total orbital angular momentum is the sum of 
the orbital angular momenta from all the electrons, taking 
into account their quantized values and their signs (plus 
or minus); it has magnitude y/L(L +  1) (h/2n), in which 
L  is an integer. The possible values for L  depend upon 
the individual / values and the Orientations of their orbits 
for all the electrons comprising the atom. The total spin 
momentum has magnitude ds(s +  1) (h/2n), in which S  is 
an integer or half an odd integer depending on whether 
the number of electrons is even or odd. The possible value 
of the total spin angular momentum can be found from 
consideration of all the possible Orientations of electrons 
within the atom. (Usually, in taking the L  and S  values, 
only the valence, or outer shell, electrons are considered, 
because in a closed subshell, there are as many electrons 
quantized in one direction as there are in the opposite 
direction, with the result that their orbital and spin mo­
menta add up to zero. Thus only the valence electrons 
contribute angular momenta to the whole atom.) The total 
of orbital plus spin angular momentum has the magnitude 
V-/(./ +  1) (h/2n), in which J  can take any positive value 
from L  +  S  to L — S  in integer steps; i.e., if L = 1 and 
S  = V2 , J  can be V2 , V2 , or V2 . The remaining quantum
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number, rrij, specifies the orientation of the atom as a 
whole; m, can take any value from + /  to -J in integer 
steps. A term is the set of all States with given configu­
ration, L, S, and J. If this specification can be made, it 
is called LS, or Russell-Saunders coupling (1925), after 
an astronomer, Henry Norris Russell, and a physicist, 
Frederick A. Saunders, both of the United States. Energy 
levels are plotted as bars on a vertical energy scale. Atomic 
levels are labelled S, P, D, F  for F  =  0, 1, 2, 3 , . . . .  The 
designation of such a level is written as 2S+lL; i.e., the 
level 3D, has S  = 1, L  =  2, J =  1. Sometimes the term is 
preceded by the principal quantum number to indicate in 
which shell the state occurs—e.g., 5 3D X. A multiplet is the 
set of all transitions between two terms.

For heavier atoms, magnetic interactions among the elec­
trons often contrive to make L  and S  poorly defined, 
although J  and rrij still remain constant quantities for 
a given state of an atom, a coupling scheme known as 
j - j  coupling.

‘rinciple A simple unifying principle underlies all the internal 
overning structures of atoms: atoms or ions having the same num- 
nternal ber of electrons outside the same, closed electron shell, 
tructures called an isoelectronic sequence, have quite similar spec­

tra. This similarity is illustrated in Figure 11, which shows 
drawings to scale of some of the energy levels of one elec­
tron near the ground States of a hydrogen nucleus Z =  1), 
a helium nucleus (Z =  2), and a calcium nucleus (Z =  20). 
Similarities in spectra for ions having the same number of 
electrons are sufficiently close that the spectral lines from 
a highly ionized (multiple loss of electrons) element can 
often be identified by extrapolation from known isoelec­
tronic spectra.

TRANSITIONS
An isolated atom or ion in some excited state sponta- 
neously transfers to a lower state with the emission of one 
or more photons, thus ultimately going into its ground 
state. The time required for such a transition varies greatly 
according to the wavelength of the photon to be emit­
ted; for a transition in which a photon of visible light 
(wavelength typically 500 nanometres or 0.5 micrometre) 
is emitted, a characteristic average emission time is 1- 
10 nanoseconds (1-10 X 10-9 second). The emission time 
is proportional, approximately, to the cube of the wave­
length; i.e., a transition giving rise to a photon having 
wavelength 5 micrometres will occur in a time character- 
istically 1-10 microseconds.

Not all conceivable transitions, however, are possible 
within an atom. Theoretical and empirical selection rules 
restrict the kinds of transitions that may occur. The first 
selection rule found (1924, by Otto Laporte, then a physi­
cist of Germany) that all States of an atom can be divided 
into two sets: odd and even. A transition may take place 
from an odd to an even state or vice versa, but not be­
tween States in the same set.

Another selection rule States that during a transition, only 
one electron changes values of n and /. Other selection
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Figure 11: Level diagrams (Grotrian diagrams) for isoelectronic 
atom and ions, showing similarities in their level structure.
The values for the principal quantum number n are for the 
electron in each case. The numbers at the left of the levels are 
the binding energies for the outermost electron, in electron 
volts; the electron is freed from the atom (or ion) at binding 
energy = zero.

rules state that J  can change only by unity or zero in a 
transition, and that if L  and S  are well defined within the 
atom, L  can change by not more than unity (A — 0, ±  1) 
and S  cannot change at all during a transition.

Although these rules are not exact, and violations of them 
occur, the corresponding transitions for the violations are 
usually relatively slow and the spectral lines resulting are 
relatively weak. Such transitions are called forbidden tran­
sitions. For atoms in about the first third of the periodic 
table, the L  and S  selection rules provide useful criteria 
for the Classification of unknown spectral lines. In heav­
ier atoms, greater magnetic interactions among electrons 
cause L  and S  to be poorly defined, and these selection 
rules are less applicable. Occasionally, excited States are 
found that have lifetimes much longer than the average, 
because selection rules prohibit all transitions between 
levels. Such States are called metastable.
The transition rates from one state to another in all but 

the hydrogen-like atoms can be calculated only with dif­
ficulty. Accurate theoretical values can be obtained only 
with sophisticated computer routines, paying careful at­
tention to the detailed structure of the atom. Experimental 
values for state lifetimes are of great importance in check- 
ing the accuracy of atomic theory.

PERTURBATIONS OF LEVELS
The energies of atomic levels are affected by external mag­
netic and electric fields in which atoms may be situated. 
The effect of a magnetic field (the Zeeman effect, after 
Pieter Zeeman, a Dutch physicist) is to cause an atomic 
level to split into its States of different mJf each with 
slightly different energy. The result is that each spectral 
line separates into several closely spaced lines. The num­
ber and spacing of such lines depend upon the J  values for 
the levels involved; hence the Zeeman effect is often used 
to identify the J  values of levels in complex spectra. The 
required magnetic field is usually provided by a massive 
electromagnet that nearly surrounds the light source.

The corresponding effect of line Splitting caused by the 
application of a strong electric field is known as the Stark 
effect (after Johannes Stark, a German physicist).

Small modifications to electronic energy levels arise be­
cause of the finite mass and nonzero volume of the atomic 
nucleus and the distribution of charges and currents within 
the nucleus. The resulting small energy changes, called 
hyperfine structure, are used to obtain information about 
the properties of nuclei and the distribution of the electron 
clouds near nuclei. Systematic changes in level positions 
are seen as the number of neutrons, N, in a nucleus is 
increased; these effects are known as isotope shifts. The 
principal isotope effects are: for light atoms (Z less than 
about 20), increased binding of electrons to nuclei oc­
curs, and decreased effects are seen caused by correlations 
in electron motion as the number of neutrons increases. 
For heavier atoms, a decreased binding of the electrons 
to the nucleus results as the neutron number increases, 
because the nuclear volume increases. The isotopic effects 
are so small that they are of no concem in molecular 
spectroscopy. The nucleus may behave as a small mag- 
net because of circulating currents within; the magnetic 
fields produced in this way may affect the levels slightly. 
If the electric field outside the nucleus differs from that 
which would exist if the nucleus were concentrated at 
a point, this difference also can affect the energy levels 
of the surrounding electrons (see Radio-frequency spectra 
below). (J.O.S.)

Molecular spectra

There are several major divisions of molecular spec­
troscopy. They include nuclear quadrupole resonance, 
nuclear magnetic resonance (nmr), electron paramagnetic 
resonance (epr), gas phase microwave spectroscopy, elec­
tron spectroscopy, Raman spectroscopy, and infrared, vis­
ible, and near and far ultraviolet spectroscopy.

EXPERIMENTAL PRINCIPLES
The experimental arrangements for observing absorption 
spectra will normally involve a source of radiation; a de-
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vice for selecting a narrow wavelength range, unless the 
source itself is monochromatic—i.e., emits a single wave­
length that can be changed at will; a cell for containing the 
sample of matter to be studied; and a radiation detector for 
measuring and recording the amount of radiation trans­
mitted, both with the matter present and with it removed.

In the different spectral ranges, the sources of radiation 
for absorption spectroscopy will vary as will the detectors. 
In the microwave and radio-frequency regions, powerful 
monochromatic sources of controllable frequency have 
been available for some time. With the advent of the tun- 
able laser (a monochromatic source of variable frequency 
in the optical regions), such sources became available in 
the early 1970s for the production of infrared, visible, and 
near ultraviolet. Otherwise, sources having a natural broad 
range of wavelengths combined with some optical device 
for selecting the desired monochromatic wavelengths, such 
as a prism or diffraction grating, are needed.

T he photographic plate, the eye, photocells and photo- 
m ultipliers, therm al detectors, and Silicon rectifier crystals 
are am on g  the detectors em ployed .

The molecular spectra of various substances are observed 
under a variety of conditions. Depending in part on the 
type of spectroscopy, the substances may be studied as 
gases, liquids, or solids, or in liquefied or solid Solutions, 
as single crystals, polycrystals, glasses, or as solid mixtures 
with other crystals. Similarly, circumstances make it ad- 
vantageous to work in certain temperature ranges, some­
times at extremely low temperatures. Interesting work has 
been done with materials in unusual, possibly transient 
States, for example, molecules that are ionized, parts of 
molecules that have been broken (i.e., free radicals), highly 
reactive species trapped and preserved at low temperatures 
in inert, unreactive media such as frozen argon, special im- 
purity centres in crystals, and molecules passing through 
a vacuum as a molecular beam. Each of these special 
circumstances confers advantages in particular cases.

THEORY OF MOLECULAR SPECTRA
Origins of molecular spectra. The spectra emitted by 

molecules can be much more complicated than those 
emitted by atoms because there are not only energy con­
tributions from the electrons but also from the relative 
motions of the atomic nuclei. Molecules are made up of 
two or more atoms and hence consist of atomic nuclei 
surrounded by clouds of electrons. The moving electrons 
are attracted by the nuclei and thereby bind the latter 
together.

The energy of a molecule can be usefully divided into 
parts. The electrons have kinetic energy of motion and 
potential energy because of their attraction to the nuclei 
and repulsion by each other. Another potential energy 
originales in the mutual repulsions of the positive nuclei. 

Electronic These parts together constitute the electronic energy of the 
energy of a molecule, energy that is changed under electron or molec- 
molecule ular impact, or when X-rays, ultraviolet, or visible light is 

absorbed, processes called excitation. X-rays primarily af­
fect the inner atomic electrons; visible light or impact en­
ergy mainly excites the outer, so-called valence electrons.

The nuclei also can m ove, particularly in a back and 
forth vibrational m otion  w ith respect to one another. A 
m olecule w ith several nuclei can display various patterns 
o f  Vibration. R adiation in  the infrared region m ay excite 
som e o f  these vibrations.

Molecules also rotate about their centres of mass and 
thus possess rotational energy, at least when the substance 
exists in the gas phase. Finally, in a gas they are normally 
moving about as a whole— i.e., executing translational 
motion.
The magnitude of these energies can be ordered, with the 

electronic energy of the inner electrons the greatest, that 
of the outer electrons next, followed by changes in vibra­
tional energy, and, finally, by those in rotational energy. 
Changes in translational energy usually are not involved 
in spectra except for certain effects connected with the 
breadth of spectral lines.

There are som e interactions, or interdependence, be­
tw een these different kinds of energies, but the Separation 
into kinds o f  energy, or energy parts, is nevertheless a

concept of great practical importance. It is also true that 
changes in the smaller energy terms usually accompany 
changes in the larger ones. Thus, absorption of ultraviolet 
or visible light will normally change the vibrational and 
rotational energies as well as the electronic energy of a 
molecule. Similarly, in gases at least, rotational changes 
usually accompany vibrational changes brought about by 
absorption of infrared radiation.

Quantization of molecular energy. One consequence of 
quantum mechanics is that the energies of a molecule 
(except the translational energy) are quantized; i.e., a 
molecule is not allowed by nature to possess an arbitrary 
amount of electronic, vibrational, or rotational energy; in­
stead, only certain restricted discrete values of the energy 
are allowed.

Figure 12 shows the allowed values—that is, the energy 
levels—of the vibrational energy of a molecule composed 
of two atoms. The lower levels, designated as Ev, are 
nearly equaliy spaced as is predicted by quantum me­
chanics for a hypothetical case in which the force between 
the atoms of a molecule increases linearly (at a constant 
rate) with the increase in internuclear distance. For such a 
vibrating molecular system, called a harmonie oscillator, 
theory gives an energy for each level equal to a factor of 
some integer plus x/i (by substituting for v its values 0, 
1, 2, etc., one gets xh , 3h , 5h , etc.) times a constant (v0), 
the Vibration frequency calculated according to ordinary 
or classical mechanics and Planck’s universal constant (h): 
Ev =  (i) +  x/i) h \Q, u =  0, 1, 2 , . . . . ,  in which u, an integer, 
is called the vibrational quantum number. The actual lev­
els converge upon one another as this quantum number 
increases, because the Chemical bond (the force holding the 
molecule together) weakens and ultimately breaks when 
it is stretched sufficiently—i.e., the constituent atoms are 
separated. Beyond the dissociation energy, when the bond 
breaks, all values of the relative translational kinetic en-
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of a diatomic molecule. Levels are labelled with the
quantum v = 0, 1 ,2 .......The zero energy (dashed
line) is not an allowed value. The point D0 is the 
dissociation limit, above which the molecule breaks 
into two separate atoms.

Allowed 
energies for 
a harmonie 
oscillator



552 Analysis and Measurement

lelection
ules

ergy of the atoms are allowed without any restriction from 
quantum mechanics.
When a molecule is exposed to radiation, it is found 

from both theory and experiment that it will not effi- 
ciently absorb radiation and thereby undergo a transition 
from one energy level to another unless the energy of a 
quantum of radiation (which has the value hv, the product 
of the frequency of radiation v, and Planck’s constant h) 
matches the energy difference between the energy level 
initially occupied by the molecule and some higher level. 
If, on the other hand, the value of hv matches the en­
ergy difference to a lower energy level, the molecule may 
be caused to emit the frequency v. This phenomenon is 
called induced emission.

Not only* must energy be conserved (i.e., ±  hv = 
-Efinai — Finitiai) but also there may be additional restric- 
tions, called selection rules, on what changes of energy 
level may occur. Thus for a polar diatomic molecule (a 
molecule with an unsymmetric charge distribution), vi­
brational transitions from one energy level to the adjacent 
level symbolized as Au =  1 are much more probable than 
changes in the quantum number u by 2, 3, etc. These 
rules have a sound theoretical foundation, and often it is 
possible to make firm predictions regarding selection rules 
and intensities.

APPLICATIONS
The most obvious application of many of the branches of 
molecular spectroscopy is for characterizing and identify- 
ing specific Chemical species—i.e., for Chemical analysis, 
either qualitative or quantitative. The infrared spectra of 
materials in the gaseous, liquid, or solid state at moderate 
resolution are highly characteristic of individual species— 
a sort of molecular fingerprint that, once taken, usually 
permits the same substance to be identified if encountered 
again. Raman spectra (after Sir Chandrasekhara Venkata 
Raman, a physicist of India) are similar in their utility. 
Pure rotational spectra (microwave spectra) are even more 
characteristic but are obtainable for far fewer species. Vis­
ible and ultraviolet spectra are usually considerably less 
structured than infrared spectra but are easy to observe, 
quantitatively measurable, often obtainable on tiny sam­
ples, and have been of great importance in chemistry. In a 
similar way, the closely related fluorescence spectra are of 
wide utility for analysis. X-ray spectra are mostly useful 
for identifying the atoms that are present. One of the most 
useful branches for these Chemical applications is that of 
nuclear magnetic-resonance spectroscopy.

Besides these im portant analytical uses— im portant in 
Controlling m anufacturing processes as w ell as in the lab­
oratory— spectroscopy has been one o f  the m ajor sources 
o f  scientific inform ation about the geom etry o f  m olecular  
structure, including m uch o f  the data on  the way electrons 
are distributed in m olecules and how  they bring about 
Chemical b inding o f  the atom s. Som e o f  these applications 
will be discussed below.

FIELDS OF MOLECULAR SPECTROSCOPY
Microwave spectroscopy. (See also Radio-frequency 

spectra below.) Microwave radiation is electromagnetic 
radiation with wavelengths of a few millimetres to several 
centimetres (see Table 3). The region is differentiated from 
its neighbours (the far infrared at shorter wavelengths, 
ultrahigh frequency radio at longer wavelengths) only by 
the practical techniques of generation, transmission, and 
detection used. Microwaves can be generated by special 
electronic vacuum tubes—e.g., klystrons—or by backward 
wave oscillators, and more recently by certain solid-state 
devices such as the Gunn effect diode. These sources can 
be made highly monochromatic.

Microwaves can be transmitted through hollow metal 
tubes, often of rectangular cross section (wave guides) 
and can be detected by a Silicon diode rectifier crystal 
connected to a suitable amplifier and recording or dis­
play device.

If a wave guide w ith m ica W indows at the ends is ar­
ranged to form  an absorption cell and then evacuated and 
filled to  a low  pressure (perhaps one hundred thousandth  
o f  atm ospheric pressure) w ith a suitable gas, such as car-

bonyl sulfide (COS), certain frequencies in the microwave 
region are weakly but sharply absorbed by the gas. Fig­
ure 13 shows the signal strength versus frequency of p- 
bromotoluene. In practice, some form of modulation of 
the absorption is generally used in order to increase the 
sensitivity. In almost all such cases, the molecule absorbs 
a photon or quantum of microwave energy and converts it 
to increased molecular-rotational energy; i.e., the molecule 
undergoes a transition from one specific, quantized dis- Rotational 
crete rotational level to another. levels
In order to display a sharp microwave spectrum, a 

substance normally must have a nonvanishing, perma­
nent electrical dipole moment (an electric dipole moment 
means that the electric charge is not symmetrically dis­
tributed over the molecule); it must be in the vapour 
state at a low pressure; and its molecules must not be 
too large and complicated. Many thousands of kinds of 
molecules have already been found suitable for producing 
microwave spectra.

Detailed information about individual molecules that 
can be obtained from microwave spectroscopy includes 
quantitative molecular structures, electrical dipole mo­
ments, magnetic moments, nuclear-electrical quadrupole 
moments that measure the deviation of the nuclear charge 
from sphericity, nuclear spins, low Vibration frequencies, 
barriers to internal rotation, molecular quadrupole mo­
ments, and information about Chemical bonds. The spec­
tra are highly characteristic of each kind of molecule and 
hence can be used for analysis. Some transient species, such 
as the free radicals hydroxyl (OH), sulfur monoxide (SO), 
bromine monoxide (BrO), and others, have been studied.

Astronomers have used special radio telescopes to discover 
the presence in interstellar space of certain molecules— 
hydroxyl, water, ammonia, formaldehyde, and others—by 
means of characteristic, recognizable microwave lines (see 
below Radio spectroscopy).

A simple example of how structures can be obtained is 
provided by diatomic molecules, consisting of two atomic 
nuclei and linear molecules, for which an adequate model 
is provided by the linear-rigid rotor—a rotating rigid body 
made up of a set of mass points (each representing a 
nucleus) arranged in a straight line. The orientation is 
measured with the two polar angles of the axis, and the 
only parameter, or characteristic quantity, required is the 
moment of inertia (I) specified as a sum of terms, each 
of which is equal to the mass of a nucleus (electrons are 
not considered because of their relatively negligible mass) 
times the square of its distance along the axis from the 
centre of mass; i.e., I  =  ra,z,2 -f m2z22, in which m, and 
m2 are the masses and z( and z2 are their distances. For 
this model system, quantum mechanics leads to the result 
that the energy is inversely proportional to the moment

By courtesy of Dr. L.H. Schärpen, Hewlett-Packard Co., Palo Alto, California

frequency

Br
Figure 13: Microwave spectrum of />-bromotoluene at low 
resolution. Signal strength in absence of electric field is 
upward, in presence of field downward. Note pairs of peaks 
arising from two isotopes of bromine.

of inertia ( I ) and dependent on a quantum number ( J ) 
that takes on integral values; i.e., Ej =  J (J -F l)(h2/Sn2I), 
in which 7 =  0, 1, 2 , . . .  for the allowed values of the 
rotational energy Ej. Here h is Planck’s constant.

Although this system provides a good model for the ro­
tational energy levels of diatomic and linear molecules, it 
is not perfect; for example, molecules are not really rigid 
but stretch because of the centrifugal force of the rotation.
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T his characteristic and other interactions o f  rotation and 
Vibration are observable but n o t large. In addition, elec­
trons contribute a sm all am oun t to  the m om en t o f  inertia.

Quantum mechanics also provides selection rules {i.e,, 
prescribes the energy levels involved) for transitions in 
this case. If the molecule has a permanent dipole mo­
ment, emission or absorption of radiation can occur be­
tween adjacent levels; that is, the selection rule is obeyed 
by a difference in quantum numbers AJ = 1 for a pure 
rotational transition. Consequently, the spectrum should 
consist of a series of lines, equaliy spaced in frequency 
vy, which follows from the energy equation and se­
lection rule: hvj = EJ+l — E} =  [ ( /+  1) ( / +  2) — J  (J+  1)] 
h2ß n 2I  =  2 ( /  +  1) h2ß n 2I, in which the term ( / +  1) takes 
on the values 1, 2, 3, etc. This equation means that the 
transitions have frequency spacings 2hßn2I. From a mea­
sured frequency of known quantum number J, the mo­
ment of inertia, I, for the particular kind of molecule can 
be obtained. For a diatomic molecule consisting of two 
nuclei of masses, m l and m2i with internuclear distance r, 
the moment of inertia expression reduces to the product 
of the masses times the Separation squared, divided by the 
sum of the masses, or, 1= m xm2r2/ (mx +  ra2); so that a 
knowledge of the moment of inertia obtained from spec­
tral measurements leads to a value for the internuclear 

Nonlinear Separation. For nonlinear molecules, molecules having 
molecules their nuclei arrayed other than in a straight line, the ex­

pressions for the rotational energy levels and transitions 
in terms of the moments of inertia are more complicated, 
but they have been developed and are widely applied.

For molecules with more atoms, the structure involves 
more parameters (internuclear distances) and the infor­
mation from one microwave spectrum is not sufficiënt. 
The internuclear distances of molecules that differ only 
in that one or more nuclei are replaced by other isotopes 
are found to change but slightly, however, so that thé mi­
crowave spectra of a number of such isotopic species can 
be used in order to provide sufficiënt information for the 
complete structure of a simple molecule. Figure 14 shows 
an example.

Infrared spectroscopy. Infrared radiation has a range 
of wavelengths from about 8 X 10-4 millimetre (0.8 mi- 
crometre) to about 10-1 millimetre (100 micrometres)— 
i.e., from that of visible light down to that of microwaves. 
It is customary to divide the infrared region into near, 
medium, and far infrared domains. Photography can still 
be used out to about .0012 millimetre (1.2 microme­
tres) wavelength (the near infrared), and various special 
photoconductive detectors are available for part of the 
medium region, but at longer wavelengths one must use 
much less sensitive thermal detectors, such as thermo- 
couples, bolometers, or Golaycell detectors, all of which 
use the radiation to produce a temperature rise in some 
temperature-sensitive element.

Heated objects were the primary sources of infrared 
radiation before the discovery of lasers. The latter be­

came available in the early 1970s for many specific sharp 
frequencies (narrow lines), whereas the thermal sources 
used theretofore gave radiation spread continuously over 
a broad range of wavelengths.

Present-day infrared spectrometers still use thermal 
sources, a prism of special material or a diffraction grat­
ing to select out narrow ranges of wavelength, mirrors 
instead of lenses for focussing the radiation, and either 
photoconducting or thermal detectors. Depending on the 
wavelength range, prisms and Windows may be made of 
rock salt (sodium chloride), potassium bromide, quartz, or 
other materials chosen because they are transparent to the 
desired rays. Glass does not transmit except in the visible 
and adjacent infrared. The difficulty of finding suitable 
transparent materials for the remainder of the infrared re- 
gion explains the use of concave mirrors instead of lenses 
and also favours the use of gratings over prisms. Grating 
instruments are commonly used in infrared studies (see 
Methods for dispersing spectra above).

A type of spectrometer different from those employihg 
prisms and gratings uses the interferometric principle and 
has the advantage of large aperture; i.e., it accepts a large 
cone of light from the source and hence is particularly 
advantageous in the infrared where sources are weak and 
detectors are of low sensitivity.

Lasers are useful sources, and some spectroscopy is being 
done with them, but lasers tunable over an adequate range 
became feasible only in the early 1970s.

The main impact of infrared spectroscopy is probably 
in the medium region, say from 0.003 millimetre to per­
haps 0.025 millimetre (or 3 to 25 micrometres), because 
most of the Vibration frequencies of not too complicated 
molecules fall in this range.

The vibrational behaviour of a molecule is quite well sim- 
ulated by a model consisting of point masses (the atomic 
nuclei) held together by weightless springs (representing 
the chemical-valence bonds). These binding forces are re- 
ally caused by the electrons, which, being many thousands 
of times lighter than the nuclei, can be treated as approxi­
mately massless. If a macroscopic, mechanical model of a 
molecule made of steel balls (nuclei) and springs (bonds) is 
vibrated at a slowly increasing frequency, it will display a 
series of resonances (i.e., certain frequencies at which the 
model will respond fairly sharply and vibrate in a partic­
ular way) with specific ratios of the amplitudes of motion 
of the different balls. Each resonance involves a different 
pattern of motion, these patterns being the normal modes 
of motion, each with its own frequency (see Figure 15).

Figure 15: Normal modes of Vibration (v  ̂v2, v3) of the linear 
molecule carbon dioxide, C 0 2. Arrows represent the relative 
displacements of the three atoms in each of the modes.

From A.P. Cox and J.M. Riveros, The Journal of Chemical Physics, vol. 42, p. 3109 (1965)

b

Figure 14: Structure of nitric acid molecule, determined by 
microwave spectroscopy. Principal axes a and b, and direction 
of dipole moment p are also shown. Interatomic distances are 
in units of 10~8 centimetre (see text).

Such mechanical models are not actually used, because 
classical mechanics permits the ready calculation of the 
frequencies and modes of motion of an idealized model 
with point masses and weightless springs. A molecule 
is much closer to this idealization than any achievable 
mechanical model. Actually, of course, a molecule obeys 
quantum mechanics and not classical mechanics. Fortu- 
nately, the quantum-mechanical results for the molecular 
model are closely related to the classical ones. Calcula- 
tions for the infrared spectrum show absorptions only at 
frequencies equal to certain of the classical resonant fre­
quencies discussed above. The frequencies that can appear 
are those for which the electrical dipole moment of the 
molecule changes during the normal mode of motion.
Further refinement of the calculations shows that other 

frequencies may occur weakly, for example, at twice those 
of certain classical frequencies. In addition, these infrared 
absorptions are not extremely sharp and for light gases 
under high resolution are seen to consist of bands of many 
sharp lines. This fine structure arises from simultaneous 
changes in rotational energy.

The infrared spectrum of a molecule is highly charac-

Resonant
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teristic and hence is widely used by chemists to identify 
substances by comparing the substance to be identified 
with an authentic sample (see Figure 16). Moreover, it is 
found that certain groups within the molecule, such as

From L. Bellamy, The Infrared Spectra of Complex Molecules, 2nd ed.
(1958); Barnes & Noble Publishers, New York, and Methuen & Co. Ltd. 
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individual peaks are characteristic of the various structural 
features of the styrene molecule shown along the bottom 
edge of the figure. The hexagons represent the benzene ring 
of s ix carbon atoms present in the structure; X represents the 
entire group of carbon and hydrogen atoms attached to the 
benzene ring.

the hydroxyl (OH), lead to the appearance of frequencies 
that are rather constant from one molecule to another and 
hence can be used to indicate the presence of the group 
in the molecule. Other groups that show their own fre­
quencies include carbon-hydrogen (CH), sulfur-hydrogen 
(SH), double bonded carbon-oxygen C =  O, and carbon- 
carbon double bond C =  C. A great deal of empirical in­
formation of this nature has been accumulated.

From a more theoretical viewpoint, infrared vibrational 
frequencies can be used to determine the forces between 
the atoms within a molecule, and they can also provide 
information about molecular symmetry.

The rotational fine structure, when observable, provides 
much the same kind of structural information as does the 
pure rotational spectra studied in the microwave region. 
The frequency resolving power in the infrared region is a 
great deal lower than in the microwave regions at present; 
on the other hand, nonpolar (uniform-charge distribution) 
molecules can be studied.
Raman spectroscopy. Raman spectroscopy makes use 

of the fact that photons can be scattered by molecules 
(whether in the gaseous, liquid, or solid state), with or 
without a change in frequency—i.e., loss or gain in energy. 
Most scattered photons continue on with the same energy; 
a small percent lose some of their energy to the Scattering 
molecule as additional vibrational or rotational energy;

the remainder of the photons gain energy at the expense 
of the vibrational or rotational energy of the Scattering 
molecule. Because the vibrational energy of a molecule is 
quantized (as is the rotational energy of a gas molecule), 
the changes in energy or frequency that occur are limited 
to a few discrete values. When using photons initially of a 
single frequency, the scattered radiation contains a small 
number of discrete frequencies corresponding to energies 
that have been shifted by rotational or vibrational en­
ergy intervals.

Experimentally, modern Raman spectrometers use a 
strong monochromatic, visible laser beam to illuminate 
the sample, which can be quite small. The light scattered, 
usually at right angles to the incident beam, is passed into 
a spectrometer (normally of a grating type) that is scanned 
over the desired spectral range, and the spectral output is Laser 
detected with a phototube and recorded as a function of beams for 
frequency and intensity (see Figure 17). Raman
If a Raman line has frequency v resulting from incident Scattering 

radiation of frequency v0, the frequency shift v — v0 (or 
v0 — v if v is less than v0) is the frequency of a transition, 
usually vibrational, in the sample. The Raman effect there­
fore provides information about Vibration frequencies, as 
does infrared spectroscopy. If the Scattering molecule has 
any symmetry. however, the selection rules for the Raman 
and infrared transitions may differ.

Pure rotational Raman spectra have been observed in 
gases for small molecules and have provided structural 
information. For the Raman effect, the molecule can be 
polar or nonpolar.
Visible and ultraviolet spectra. Coloured substances ab­

sorb radiation having frequencies in the visible portion 
of the spectrum. Thus a solution that looks blue when 
viewed by transmitted white light does so because the 
material absorbs yellow light from it. Other materials may 
be transparent in the visible region but may or may not 
absorb in the near ultraviolet region. More and more sub­
stances show absorption bands as the region considered is 
moved farther into the ultraviolet.
These particular absorptions are almost always due to 

the excitation of electrons. As in atoms, the electronic 
energy in a molecule is quantized, so that certain dis­
crete values are allowed. If the quantum of radiation is 
energetic enough to remove an electron or an atom from 
the molecule, however, the resulting system can have any 
relative translational energy (nonquantized) so that part of 
the Spectrum can show regions of continuous absorption.

An approximate way of describing the behaviour of the 
electrons in a molecule has been found to be useful, 
though not exact. Whereas each electron is actually influ­
enced in its motion by the instantaneous position of every 
other electron, an approximation is made by replacing this 
complicated interaction by an interaction that has been 
averaged over the motions of the other electrons. In this 
way, it is possible to treat the complex problem in a cer-

By courtesy of the Pennsylvania State University, University Park
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Figure 17: Pure rotational Raman spectrum of gaseous oxygen, 0 2. Rayleigh line is light 
scattered without change of rotational or vibrational energy. Stokes lines involve an increase 
in rotational energy of the molecules.
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tain sense as if the electrons acted independently of each 
other. In quantum mechanics, the location of an electron 
in a molecule is determined by specifying the probability 
of its presence at any point. Thus a plot of the probability 
would have the appearance of a cloud. This probability 
distribution in space of a particular electron in the present 
approximation is then govemed by a single-electron func­
tion called a molecular orbital. For a given molecule there 
exists a whole set of these molecular Orbitals (of various 
cloudlike shapes); and for the state of lowest energy for the 
whole molecule (called the ground state), the electrons are 
assigned to the molecular Orbitals of lowest energy, two 
at a time. Two electrons can occupy a single molecular 
orbital if the two electrons have opposite electron spin Ori­
entations; the Pauli exclusion principle forbids occupancy 
of an orbital by more than two. In the simplest form of 
the theory, the electronic energy is then considered to be 
twice the sum of the energies of these occupied molec­
ular orbitals.

Besides the filled molecular orbitals, there are others that 
are not filled when the molecule is in its ground state. A 
molecule, however, may be raised to an excited electronic 
state by absorption of radiation or by a collision. The 
excited States can be approximately described by assigning 
one or more electrons to previously unfilled molecular 
orbitals (MO’s) of higher energy, leaving a correspond­
ing number of holes among the previously fully occupied 
lower MO’s. The transition of lowest frequency would 
involve transferring one electron from the highest MO 
occupied in the ground state to the lowest empty MO. 
See Figure 18.

This method of labelling and classifying excited States 
and electronic transitions is of enormous value, but the 
mathematical approximations related to it do not al­
ways give good quantitative results. The missing energy 

Correlation correction, called the correlation energy, arises from the 
energy difference between the actual instantaneous repulsions of 

the electrons and the averaged interaction, and this energy 
can be large.
Frequently, the additional approximation is made by de­

scribing a molecular orbital as a combination of two or 
more atomic orbitals from different atoms of the same 
molecule. The electronic orbitals of lowest energy are 
usually in fact describable as essentially pure inner-shell 
atomic orbitals. On the other hand, the highest occupied 
molecular orbitals, in a covalently bound molecule (each 
atom contributes one electron to the mutual bond) at least, 
will involve outer-atomic orbitals of more than one atom. 
Some of the MO’s are largely responsible for the Chemical 
binding energy of the molecule because they have lower 
energy than the atomic orbitals into which they transform 
when the atoms separate.

Molecules with simple, covalent electron-pair bonds with 
all inner-electron orbitals fully occupied tend to be trans­
parent to visible radiation. In other words, there is a fairly
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Figure 18: Example of an energy occupancy diagram 
for molecular orbitals (MO ’s). (A) For ground 
electronic state; each lower MO is occupied by a 
pair of electrons with opposite spins (arrows). (B)
For lowest excited singlet state, in which an electron 
has been excited to a previously empty MO. Vertical 
Position of bars indicates energy, Emo, of individual 
M O ’s. Second level shows two M O ’s of same energy 
(degeneracy).

large energy gap between the completely filled MO’s and 
the lowest unfilled one.

There are two classes of molecules, on the other hand, 
that tend to be coloured (i.e., to absorb in the visible re­
gion). One class consist of compounds of such transition- 
group metals as iron, nickel, platinum; that is, those with

H
I

ll l

h ^ c \ c ^ C " h

I
H

A

H
I

H ^

I II

I
H

B

H

H

Figure 19: Two classic Kekule structures for 
benzene, C6H6, which show two equivalent ways of 
drawing alternate single and double bonds between 
neighbouring pairs of carbon atoms. In the actual 
molecule all six bonds are equivalent, and the 
bonding is approximately the average of the two 
Kekule structures.

partially filled atomic orbitals. In many cases, electrons can 
undergo transitions to low-lying (inner-electron) orbitals 
of the same shell. (When the probability distributions in 
space of all the electrons of an atom in the ground state 
are considered, it is found that the electrons are grouped 
more or less in shells around the nucleus.) Another class 
contains molecules for which the simple bonding diagrams 
are inadequate; but there are several alternate ways of 
drawing in the lines representing Chemical bonds, and the 
more correct representation (called conjugation or reso­
nance) is a kind of of quantum-mechanical Superposition 
of the several bond structures. The two classic Kekule 
structures of benezene (Figure 19) provide a good exam­
ple of resonance. The six carbon atoms of the molecule 
form a closed, six-sided structure that has six-fold sym­
metry (all sides equal, all angles equal) with all carbon- 
carbon bonds identical and with properties intermediate 
between those of double and single bonds. Theory shows 
that molecules displaying resonance should have low-lying 
empty MO’s and therefore the possibility of visible or 
near-ultraviolet absorption bands. Organic dyes are in this 
category. Sometimes the MO’s responsible for absorption 
are quite localized in part of the molecule. Such groups of 
atoms are called chromophores.

T he fact that an electron is endow ed w ith an intrinsic  
angular m om en tum  (spin) that can display only  tw o Orien­
tations, roughly speaking, in  space g ives rise to  a num ber  
o f  spectroscopically interesting effects. T he Pauli exclusion  
principle requires that i f  tw o electrons are in the sam e  
m olecular (or atom ic) orbital, they m ust have opposite  
spin Orientations, cancelling their spin angular m om enta, 
so that a majority o f  m olecules exist in  ground States w ith  
the electron spins com pletely  paired. I f  on e o f  these elec­
trons is excited to another orbital that happens to  have a 
vacancy, the atom  or m olecule w ill be excited to on e  o f  
four energy States, grouped as a singlet state or a triplet Singlet 
level. T he singlet state arises w hen the excited electron and triplet 
and its original partner are antiparallel (that is, have spins States 
in  the opposite direction); the triplet level, on  the other  
hand, results when the excited electron and its original 
partner are parallel, having spins in  the sam e direction.
T he com bined  tw o spins can have any on e o f  three overall 
Orientations, or m ore correctly, three possible values o f  the  
com ponent o f  spin-angular m om en tu m , versus only  tw o  
for a single electron spin. There are m any orbitals to  w hich  
an excited electron m ay be raised, and consequently there 
exists a series each o f  singlet and triplet levels; an atom  
or m olecule w ill thus lose energy by radiation by m aking  
transitions either from  one singlet state to  another singlet 
state or from one triplet set to  another triplet set, transi­
tions betw een singlet and triplet States being forbidden.
Many organic molecules, mostly so-called aromatic 

molecules, absorb in the visible or near ultraviolet and 
return rapidly to the ground state with the emission of 
nearly the same frequency as was absorbed. This phe­
nomenon is fluorescence. The efficiency may be quite 
high; i.e., nearly all the radiation absorbed is rapidly (in 
about 10-8 second) reradiated. Much of fluorescent light is 
of somewhat lower frequency than that absorbed, because 
the molecule can return not only to the lowest state but 
also to one or another of the excited vibrational levels of 
the ground electronic state (see Figure 20). In some cases,
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Figure 20: Lower vibrational and electronic energy levels of a 
complex molecule, showing ground electronic level S 0, the lowest 
excited singlet electronic state S 1t the lowest triplet electronic 
level T, plus associated vibrational levels for each. Zigzag arrows 
R show nonradiative loss of vibrational energy by collisions. ISC 
represents an intersystem Crossing.

this phenomenon leads to a fluorescence spectrum with a 
vibrational pattem that is approximately a mirror image 
of the pattern of the absorption spectrum.

With some molecules another process competes with flu­
orescence. Absorption raises the molecule to an excited 
singlet state, perhaps with some vibrational excitation 
also. Collisions cause a rapid loss of vibrational energy, 
but not of electronic energy. The molecule then has a 
certain probability of intersystem Crossing—i.e., of under­
going a transition without radiation—to a highly excited 
vibrational state of the triplet manifold. Collisions again 
remove this vibrational energy, leaving the molecule in 
the triplet electronic state. From there it can return to the 
ground state either by radiation—i.e., phosphorescence— 
or by another intersystem Crossing to a high vibrational 
state of the ground, singlet, electronic manifold, with sub­
sequent loss of vibrational energy. In various molecules, 
one or another of these pathways is used.
Triplet States generally have much longer lifetimes than 

singlet States, especially in solid glassy media at low tem­
peratures, because the radiative transition to the ground 
singlet state is a forbidden one. Its occurrence is explained 
in terms of certain small interactions, in particular that 
between the magnetic moments of the electron spin and 
electronic orbital motion.

These phenomena are of Chemical interest, for some com­
pounds undergo different reactions in their excited States 
depending upon whether they are in the excited-singlet or 
excited-triplet state. Furthermore, these excitation ener­
gies can in suitable circumstances be transferred from one 
molecule to another of the same or of different species.
One important application of visible and ultraviolet spec­

tra is to the accurate determination of the energy required 
Jequence to dissociate a diatomic molecule into its constituent 
)f atoms. The energy-level pattern for the ground electronic
dbrational state consists of a sequence of vibrational States, the lower 
itates members of which are approximately equaliy spaced (see

Figure 21: Potential energy function V(R) and vibrational 
energy levels (Ev) for a diatomic molecule, showing 
dissociation limit at energy DQ above lowest vibrational level.

equation in section above on quantization of molecular 
energy). As the vibrational energy is increased, the energy 
levels are more and more closely spaced and ultimately 
converge to a limit, which is the maximum vibrational 
energy possible without actually tearing apart the molecule 
into two atoms (see Figure 21).
In favourable cases, it is possible to observe an emission 

spectrum consisting of a series of lines that converge to 
a limit in the high-frequency direction. These lines are 
transitions from an excited electronic state to the various 
vibrational levels of the ground electronic state, as shown 
in Figure 21. Planck’s constant (h) times the difference 
in frequency between that of the limit and that of the 
transition to the lowest vibrational level is the energy of 
dissociation (D0) and can sometimes be obtained with 
great accuracy. It is naturally necessary to know the States 
of the resulting atoms, because they need not be in their 
lowest States.

Electron spectroscopy. In most forms of spectroscopy, 
the fractions of the radiation for various wavelengths ab­
sorbed by the sample are measured. These data are then 
often used to determine the energy levels of the matter.
There are other ways, however, of obtaining the same 
or similar information. In one of these, monochromatic 
radiation of quite high energy—in the X-ray or ultraviolet 
regions—is passed into the matter. Because of its high 
energy, it can cause the complete removal of an electron 
from the irradiated molecule, leaving the latter in the 
form of a positive ion. The ejected electron will carry 
away as kinetic energy the excess energy, and this kinetic 
energy can then be rather accurately measured by recently 
improved instruments. For example, Planck’s constant (h) 
times the frequency (v0) of the incident photon is its 
energy (/zv0); if Eelec is the kinetic energy of the ejected 
electron, then the energy of the resulting ion, relative to 
the initial state of the neutral molecule, is equal to their 
differences, or Elon =  hv0 - Eelec, by Conservation of energy.
In a typical experiment to determine an ionization energy, 
a gas may be irradiated by the 585-angstrom line of a 
helium discharge and the velocities of the electrons mea­
sured to give Eelec. Normally there will be several peaks in 
a curve plotted to show numbers of electrons versus en­
ergies. Each peak will represent one quantum state of the 
ion (provided that all the molecules were initially in their 
lowest energy level). Consequently, this method provides 
information about the States of the ion.

The ionic States can be approximately described in terms 
of the molecular orbital, now empty, from which the elec­
tron came. With ultraviolet excitation only outer electrons 
can be removed.

With X-ray excitation, electrons from the inner atomic 
shells (K or L  electrons) can be ejected. The energies of 
these electrons are primarily characteristic of the partic­
ular atom involved; but there are small shifts from one 
molecule to another molecule, especially for molecules in 
which the Chemical binding or environment of the partic­
ular atom differs markedly. These electron spectra (giving 
Eelec in the above equation) are therefore of use in identify- 
ing the atoms present and in obtaining some information 
about their environment.

Related to electron spectroscopy are various experiments 
in which energy levels and other types of information are 
obtained by collisions between the molecule of interest 
and beams of electrons, neutrons, ions, or other particles.
Various quantities can be measured, such as the energy 
loss of the stream of particles, or the angular and velocity 
dependence of this loss. One advantage of some of these 
collisional techniques is that they can sometimes detect 
transitions forbidden in optical spectroscopy, so that en- Forbidden 
ergy levels that are difficult to locate by conventional transitions 
methods can be found.

Molecular-beam spectroscopy. In the long-wavelength 
regions, the minimal width of a spectral line, and hence 
the achievable resolving power, is often limited by colli­
sions between molecules, or between molecules and a wall 
of the container, or by the effect of the motion of the 
molecules along the direction of propagation of the radi­
ation (Doppler effect). All of these effects can be largely 
eliminated by examining the molecules in the form of a
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narrow stream moving through an evacuated chamber in 
a direction at right angles to the direction of propagation 
of the radiation. Such a stream is called a molecular beam 
and can be produced by allowing a gas to flow through a 
small opening into an evacuated vessel.
In principle, extremely narrow spectral lines are thereby 

made possible, but the difficulty is that there are so few 
molecules in the path of the radiation that it is difficult 
to detect the absorption. A physicist, Isidor Rabi of the 
United States, solved this problem by reversing the usual 
procedure; instead of measuring the photons absorbed 
from the radiation beam by the molecules, he devised a 
scheme for measuring the number of molecules that have 
absorbed or emitted a photon. Figure 22 is a schematic di­
agram of a typical molecular-beam spectrometer, showing

Figure 22: Molecular beam spectrometer.
Beam molecules (dashed line) originate in source s; S,, S 2, S3,
S4 are slits; D1 and D2 produce an inhomogeneous magnetic 
or electric field, which deflects molecules in different States by 
different amounts; F is the central region where molecules are 
subjected to oscillating electrical and magnetic fields; d is the 
molecule detector. Molecules that undergo a transition in F do 
not reach the detector.

a source, s, from which the beam of molecules (or atoms) 
issues and a device, D„ that deflects molecules in different 
quantum States by different amounts so that only those 
in one state (or sometimes one group of States) passes 
through the slit, S2 into the central region. In this region, 
the molecules are exposed to radiation, the frequency of 
which can be varied; usually in the same region there is 
a constant magnetic or electric field as well. The beam 
then enters a second state selector, D2, that passes on to 
the detector, d, only those molecules still in the quantum 
state selected by In Operation, the radiation frequency 
is varied until its energy, hv, is equal to the energy transi­
tion (up or down) from the selected state of the molecules 
to some other state. If a transition to this other state is 
allowed, some of the molecules will then absorb or emit 
energy and thus be changed from their original state. Such 
molecules will not pass through the second state selector, 
D2. The detector output will therefore show a minimum 
at this resonance frequency.

Several varieties of state selectors are available. Small 
polar molecules, especially diatomic molecules, can often 
be separated according to their rotation-space orientation 
quantum numbers by an inhomogeneous (nonuniform) 
electric field. Molecules having sufficiënt rotational mag­
netic moments, even if they have no electrical dipole 
moment, may sometimes be state-selected by an inhomo­
geneous magnetic field.

This method has been mostly used to observe transitions 
between different space-quantized States of the same ro- 
tational-vibrational level split apart in energy by an elec­
trical or magnetic field, but transitions between different 
rotational States are also observed. The main application 
of the molecular-beam technique is to the study of hyper- 
fine structures of transitions arising from tiny effects, such 
as interaction of the magnetic moments of nuclei with the 
magnetic moments generated by molecular rotation.
The molecular-beam method has been used to measure 

molecular electric dipole moments with great accuracy so 
that the small changes that occur from one vibrational 
state to another are easily measurable. These quantities 
are useful for testing theories of Chemical binding. For 
example, a reasonably satisfactory and quite simple model 
for highly ionic molecules such as sodium chloride (in the 
vapour phase at high temperatures) attributes the Chemi­
cal bond to the attraction of the oppositely charged ions 
balanced by the repulsion resulting from the interpenetra- 

Test of tion of the electron clouds of the ions. This picture can
binding be made quantitative in a way that accounts for much
theories molecular-beam data on ionic molecules.

Double and multiple photon effects. The interaction be­
tween matter and an electromagnetic field of radiation can 
usually be treated as a small effect that causes the matter 
to undergo occasional transitions with the absorption (or 
emission) of a single photon. With stronger radiations 
fields, however, transitions from one energy level to an­
other can occur with the involvement of two (or even 
more) photons. Two photons can be absorbed simultane- 
ously by the same molecule or one may be absorbed and 
one of a different frequency emitted (as in the Raman 
effect). Double photon absorption permits two different 
types of spectroscopy to be combined. For example, there 
can be simultaneous absorption of an infrared and a mi­
crowave photon. The development of lasers has provided 
sources of infrared and visible radiation strong enough to 
make these multiple-photon effects readily observable.

These various phenomena have extended the range of 
techniques available to the spectroscopist and have been 
most useful, therefore, for assisting in the analysis of com­
plex spectra.

This brief discussion necessarily omits many topics, such 
as Mössbauer spectroscopy, the effects of electric and mag­
netic fields, and information obtainable from intensities 
and line widths. Molecular spectroscopy is a broad and 
growing field, continually developing new techniques and 
new capabilities for obtaining valuable information about 
molecules. (E.B.W.)

X-ray spectroscopy

A penetrating, electrically uncharged radiation was dis- Discovery 
covered in 1895 by a German physicist, Wilhelm Conrad of X-rays 
Röntgen, and named X-radiation because its origin was 
unknown. This radiation was produced when electrons 
(cathode rays) struck glass or metal surfaces in high-voltage 
evacuated tubes, and was detected by the fluorescent glow 
of coated sereens and by the exposure of photographic 
plates and films. The medical applications of this radi­
ation that penetrated flesh more easily than bone were 
recognized immediately, and X-rays were in medical use 
in Vienna within three months of their discovery.
Initially, vain attempts were made to deflect the rays by 

means of electric and magnetic fields, on the assumption 
that they were composed of charged particles. Classical 
mechanics of the day showed that charged particles, such 
as cathode rays in an X-ray tube, when decelerated quick­
ly from high to low speed in their collision with matter, 
should give off electromagnetic radiation (bremsstrahlung, 
or braking radiation), which in tum  should show a wave 
character. Tests made to show the wave character of X-rays 
by diffraction were inconclusive, however, indicating that 
the wavelengths must be shorter than about 1 X 10~10 
metre if X-rays were indeed waves. The first clear demon- 
stration of the wave nature of X-rays were provided in
1912 when X-rays were diffracted by the closely spaced 
atomic planes in a crystal of zinc blende (zinc sulfide).
Because the details of the diffraction patterns depended 
upon the wavelength of radiation, these experiments set 
the stage for the spectroscopy of X-rays. The first spec- 
trographs for this radiation were devised in 1912-13 by 
two British physicists—father and son—William Henry 
and Lawrence Bragg, who showed that not only did there 
exist continuüm X-ray spectra, to be expected from pro­
cesses involving the stopping of charged particles, but also 
discrete characteristic spectra, indicating that the details 
of atomic structure determine some X-ray properties (see 
Figure 4). The systematic increase of characteristic X-ray 
energies with atomic number was shown by Moseley in
1913 to be explainable on the basis of the Bohr theory of 
atomic structure.

Wavelengths for X-rays range from about 0.05 angstrom 
to 100 angstroms, with the range 10-100Ä, known as 
soft X-rays, overlapping the far ultraviolet. A convenient 
unit of wavelength is the X-unit or X.U., defined so that 
approximately 1,000 X.U. =  1Ä (the actual value is 1,000 
X.U. =  1.00203 Ä). The X-ray wavelength range is then 
approximately 50-100,000 X-units.

Relation to atomic structure. Short wavelength radia­
tion can be produced by isolated atoms and ions by two
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related processes. If two or more electrons are removed 
from an atom, the remaining outer electrons are more 
tightly bound to the nucleus by its unbalanced charge, and 
transitions of these electrons from one level to another 
can result in photon wavelengths of 100 angstroms or less. 
The resulting spectra can be observed in spark sources. 
An altemate process occurs when in a neutral atom an 
electron is removed from an inner shell. This removal can 
be accomplished by bombarding the atom with electrons, 
protons, or other particles at sufficiently high energy and 
also by irradiation of the atom by sufficiently energetic 
X-rays. Almost immediately, the remaining electrons in 
the atom readjust, making transitions to fill the “hole” 
left by the removed electron, and X-rays are given off in 
these transitions. The latter process occurs in an ordinary 
X-ray tube, and the resultant X-ray lines, the characteristic 
Spectrum, is superimposed on a spectrum of continuous 
radiation resulting from decelerated electrons.

The Shells in an atom, labelled by n =  1, 2, 3, 4, 5, by 
the optical spectroscopist, are labelled K, L, M, N, O, . . . 
by the X-ray spectroscopist.

In many ways the vacancy, or “hole,” remaining when 
an electron is removed from one of these Shells, behaves 
as a positively charged electron; e.g., if after an electron is 
removed from the K  shell of an atom, an L-shell electron 
makes a transition to the K  shell, the net result is the 
transfer of a single “hole” from the K  to the L  shell. The 
possible energies of such a vacancy thus can be labelled 
by the hydrogenic quantum numbers, n, l, j, m; because 
the production of a vacancy is equivalent to cancelling the 
negative charge at a region within the atom (i.e., adding 
positive charge there), however, the energy of a vacancy is 
highest at the K  shell, lowest in the outermost shell, and 

Inverted X-ray energy levels by Convention are inverted compared 
energy to those of atoms having single outer electrons. 
levels Within a shell, there are some differences in vacancy

energy according to whether or not an s, p, d, etc., elec­
tron has been removed and according to the total angular 
momentum of the electrons. The subshells are labelled 
by P.oman numerals according to their energies. Figure 
23 shows an X-ray energy-level diagram for uranium (Z, 
atomic number 92), including the allowed transitions.

If the continuous spectrum from an X-ray tube is passed 
through a pure absorbing material, it is found that the 
absorption coëfficiënt changes suddenly at X-ray wave­
lengths corresponding to the K, L, M, etc., shell energies. 
The sudden increases of absorption coefficients as the 
wavelength is reduced past these shell energies are called 
absorption edges and serve as useful reference wavelengths 
that can be precisely determined (see Figure 4). Wave­
lengths of absorption edges range from 247.92 angstroms 
for the L n edge in magnesium to below 0.1 angstrom for 
the K  edges of dements heavier than plutonium (Z ̂  94).
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Figure 23: X-ray levels in uranium, showing transitions allowed 
by the selection rules AI = ±1, and Aj = ±1,0. The Ordinate 
scale is logarithmic. Since an X-ray level occurs when there 
is vacancy rather than an electron in a shell, the levels are 
inverted relative to hydrogenic levels.

The X-ray fluorescence radiation of materials is of con- 
siderable practical interest. Atoms irradiated by X-rays 
having sufficiënt energies, which may consist of either char­
acteristic or continuous rays or both, lose electrons and as 
a result emit X-rays characteristic of their own structures. 
Such sources are weak; they have, however, an advantage 
over primary sources, such as X-ray tubes, in that there 
is little or no background caused by bremsstrahlung; the 
emitted spectrum is then nearly a pure-line spectrum. Such 
methods are used in the analyses of mixtures of unknown 
composition.

Production methods. An X-ray tube consists of a source 
of electrons (usually a heated filament) and a massive an­
ode, mounted within an evacuated chamber or envelope 
(see Figure 5). A potential difference of 10-100 kilovolts is 
maintained between cathode (the negative electrode) and 
anode (the positive electrode), and typical power inputs 
range from 100 to  several thousand watts. At the higher 
power levels, it is offen necessary to cool the anode with 
circulating fluid. The anode material of an X-ray tube 
determines the range of wavelength for the discrete spec­
tra, with the shortest discrete wavelengths produced by 
material having highest atomic number. Bremsstrahlung, 
the continuous part of an X-ray spectrum, extends to a
m in im u m  u/Q\/p1pnofh ^ \ T+ io fmmrl fViot fViJc «/ovplPP.OtYtiLM.JLJLJLJLJLJL.JLJL JLJLJL VVUV VlVll̂ UA V'   ̂ UlUI. UliJ WUT VAVilglU

diminishes as the accelerating potential (V) is increased 
across the X-ray tube; in fact, the minimum wavelength 
and X-ray voltage are related by the Duane-Hunt law 
stating that electronic charge times voltage is equal to 
Planck’s constant times speed of light divided by mini­
mum wavelength—i.e., eV =  hcfk§.

If the X-ray fluorescence spectrum of some element is 
desired, a sample of the element is placed near the an­
ode, usually outside the window of the tube where it is 
accessible. The potential voltage, of course, must be suffi­
ciently high to release electrons from an inner shell (e.g., 
at least 70 kilovolts to produce the characteristic K  lines 
of tungsten). Baffles are placed in and around the tube 
to reduce the amount of primary radiation escaping from 
the tube other than through the exit window. Great carc 
must always be taken in the Operation of X-ray machines 
to avoid excessive exposure of any part of the body to 
the radiation.

Analysis. In the soft (10-100 angstroms) X-ray- 
wavelength region, it is possible to use grating spectrome- 
ters for analyzing spectra. Optical materials do not trans- 
mit radiation in this wavelength range, and they reflect 
this radiation inefficiently. It is necessary to use gratings at 
grazing incidence; that is, with the incident and reflected 
radiation moving nearly parallel to the grating.
For shorter wavelengths, crystal spectrometers are used. 

X-ray radiation falling on a set of geometrically aligned 
atoms is diffracted only in certain directions set by the 
requirement of constructive interference. A crystal spec- 
trometer consists typically of an entrance slit, a bent 
crystal, and a detector, in a geometrical arrangement sim- 
ilar to that of a concave grating spectrometer. In such an 
instrument, the so-called bent crystal is a crystal of mica, 
quartz, germanium, or gold a few square centimetres in 
area and a millimetre or so thick, curved to a radius of 
a metre or more. The lattice spacing for the crystal is 
accurately known, and the observed angles of diffraction 
are used to measure and identify the wavelengths entering 
the spectrometer.
A source of X-rays of known wavelength can also be 

used to find the lattice spacing, crystal Orientation, and 
crystal structure of an unknown crystalline material. The 
crystalline material is placed in a well-collimated beam of 
X-rays, and the angles of diffraction are recorded as a se­
ries of spots on photographic film. This method, known as 
the Laue method after a German physicist, Max Theodor 
Felix von Laue, is effective for studying crystals having 
dimensions of the order of a millimetre (0.04 inch) or 
larger. If microcrystalline materials (powdered crystals) are 
placed in the X-ray beam (Debye-Scherrer method, after 
Peter Debye and Paul Scherrer, chemists in Holland), the 
pattem observed is a series of concentric rings the di­
ameters and intensities of which depend upon the lattice 
spacings of the crystal and its structure.

Use of 
crystal 
spectrom­
eters
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X-ray detectors. The most universally used detectors for 
X-ray spectroscopy are photographic plates and films and 
semiconductors (crystals that become conductive when 
irradiated).

For electrieal recording of X-ray intensities, scintillators 
and ionization chambers are offen used. A scintillator is a 
material that emits light when X-rays are absorbed. lt is 
used in conjunction with a photomultiplier to pro vide an 
electrieal Signal, the intensity of which is proportional to 
the X-ray flux. An ionization chamber contains a positive 
and a negative electrode; when an X-ray photon enters the 
chamber through a thin window, it ionizes the gas inside 
and an ion current flows in the electrieal circuit connected 
to the electrodes. The window is offen beryllium, cho- 
sen for mechanical strength and relative transparency to 
X-rays. The gas is chosen to absorb strongly (i.e., it gives 
a copious supply of ions) in the desired wavelength region. 
With increased voltage ón the electrodes, the ionization 
chamber becomes a proportional counter, which gives out 
an amplified electrieal pulse when an X-ray photon is ab- 
sorbed within it. At still higher voltages, absorption of an 
X-ray photon with consequent ionization of many atoms 
in the gas initiates a discharge breakdown of the gas and 
causes a large electrieal pulse output This device is known 
as a Geiger-Müller tube and forms the basis for radiation 
detectors known as Geiger counters.

Semiconductor analyzer-detector combinations have re- 
placed many of the other detectors. A semiconductor 
can serve as a detector because an X-ray photon passing 
through it creates electron-hole pairs, allowing charge to 
flow in the circuit attached to the semiconductor junction. 
The amount of charge can be proportional to the photon 
energy if the entire energy is absorbed in the junction; 
thus this device serves both as an energy analyzer and 
a detector of lines in an X-ray spectrum. Connected to 
a multichannel analyzer, the combination can record the 
number of photons per unit of energy and display them 
as a curve. In more sophisticated equipment, these data 
are automatically fed into a computer for analysis.
Applications. X-ray fluorescence and location of ab­

sorption edges can be used to identify quantitatively the 
elements present in animal tissues, paint, industrial Chem­
icals, and many other substances. Emission of X-rays from 
high-temperature laboratory plasmas (a fourth state of 
matter, consisting of almost equal numbers of fast-moving 
particles of negative and positive charges) is used to probe 
the conditions within them. In the temperature range 106 
K to 107 K, plasmas emit X-rays strongly; X-ray spectral 
measurements show both composition and temperature 
of a source. Similar measurements have been made on 
astronomical sources, such as the Sun. Because X-rays are 
absorbed by the Earth’s atmosphere, such measurements 
are made above the atmosphere by apparatus carried by 
balloons, rockets, or orbiting satellites (see cosmos: X-ray 
sources).

Radio-frequency spectra

The energy States of atoms, ions, molecules, and other 
particles are determined mostly by the mutual attraction 
of the electrons and the nucleus and by the mutual repul- 
sion of the electrons. Electrons and nuclei have magnetic 
properties in addition to these electrostatic properties. The 
spin-orbit interaction has been discussed in the section 
on hydrogen-atom States. Other (usually weaker) magnetic 
interactions within the atom exist between the magnetic 
moments of different electrons and between the magnetic 
moment of each electron and the orbital motions of oth- 
ers. Separations between levels having different energies 
because of these magnetic interactions vary from less than 
108 hertz to greater than 1013 hertz, being generally greater 
for heavy atoms.

Origins. Nuclei of atoms offen have intrinsic angular 
momentum (spin) and magnetic moments because of the 
motions and intrinsic magnetic moments of their con- 
stituents; the interactions of nuclei with the magnetic 
fields of the circulating electrons change slightly the en­
ergies of the States in the atom. As a result, an atomic 
level that consists of several States having the same energy

when the nucleus is nonmagnetic may be split into several 
closely spaced levels when the nucleus is one that has a 
magnetic moment. The levels will have different energies 
depending on the relative orientation of the nucleus and 
the magnetic field produced by the surrounding electrons. 
This additional structure of an atom’s levels or of spectral 
lines caused by the magnetic properties of its nucleus is 
called magnetic hyperfine structure. The nuclear angular 
momentum is added to the orbital and electron-spin an­
gular momenta to give the total angular momentum ( F ), 
the magnitude of which is VF(F-b 1) (h/2n), in which h 
is Planck’s constant, and the projection of which along 
the magnetic-field direction is mFh/ln  in analogy with the 
quantum numbers J  and m}. Separations between levels 
differing only in the relative orientation of the magnetic 
field of the nucleus and electron range typically from 106 
hertz to 1010 hertz.
Because of the motions and the intrinsic magnetic mo­

ments of its constituent electrons, an atom generally has 
a total magnetic moment. The atom then has different 
energies when aligned in different ways in an applied 
magnetic field (Zeeman effect).

Atoms, ions, and molecules can make transitions from 
one state to another state that differ in energy because of 
one or more of these magnetic effects. Molecules also un- 
dergo transitions between rotational and vibrational States. 
Such transitions can be either spontaneous or can be in- 
duced by the application of appropriate extemal electric 
or magnetic fields at resonant frequencies. Transitions also 
can occur in atoms, molecules, and ions between high- 
lying electronic States near the ionization limit. The re­
sulting spectra are known as radio-frequency (rf) spectra, 
or microwave spectra; they are observed typically in the 
frequency range from 106 to 10n hertz.
The spontaneous-transition rate as an atom goes from 

an excited level to a lower one varies roughly as the cube 
of the frequency of the transition. Thus radio-frequency 
and microwave transitions occur spontaneously much less 
rapidly than do transitions at visible and ultraviolet fre­
quencies. Because of this, most radio-frequency and mi­
crowave spectroscopy is done by forcing a sample of atoms 
to absorb radiation instead of waiting for it to emit radi­
ation. These methods are facilitated by the availability of 
powerful electronic oscillators throughout this frequency 
range. The principal exception occurs in the field of radio 
astronomy; there emission spectra of astronomical sources, 
(e.g., stars, galaxies, nebulae) are collected by large anten­
nas and are amplified and detected by cooled, low-noise 
electronic devices.

Methods. The first measurements of the absorption 
spectra of molecules for the purpose of finding magnetic 
moments were made in 1940 by Rabi and his collaborators, 
using molecular and atomic beams (see above Molecular- 
beam spectroscopy). A beam focussed by magnets when 
no radio-frequency field was present was defocussed and 
lost when a frequency corresponding to one of the atomic 
absorption frequencies was applied to the coil, resulting in 
the atoms making transitions to other States. A spectrum 
then comprised a graph of the number of atoms coming 
through the magnets versus the frequency applied to the 
coil; the number of dips in this curve and the frequencies 
at which they occurred could be used to find the magnetic 
moment and angular momentum of the nucleus of the 
atom under investigation.

One of the most famous laboratory experiments with 
radio-frequency spectra was performed by two physicists, 
Willis E. Lamb, Jr. and Robert Curtis Retherford of the 
United States, in 1947. Their experiment involved a mea­
surement of the energy difference between two almost- 
coincident levels in hydrogen, designated as 22Sih and 
2 2P 1/2. Although optical measurements had indicated that 
these levels might differ in energy, the measurements 
were difficult and were open to alternative interpretations. 
Atomic theory suggested that those levels should have 
exactly the same energy. Lamb and Retherford showed 
that hydrogen atoms in the 22S i/2 level would undergo a 
transition to the 22F 1/2 level when subjected to radiation at 
about 1,058 megahertz; hence the levels did not have the 
same energy and the theory was incomplete. This energy

Hyperfine
structure
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Separation in hydrogen (corresponding to a frequency of 
about 1,058 megahertz) is now known as the Lamb shift.

Radio-frequency measurements of intervals in ground 
levels and excited levels of atoms can be made by placing 
a sample of atoms (usually a vapour in a glass cell) within 
the coil of an oscillator and tuning the oscillator until a 
change is seen in the absorption of energy from the oscilla­
tor by the atoms. In the method known as optical double 
resonance, optical radiation corresponding to a transition 
in the atom of interest is passed through the cell. If radio- 
frequency radiation is absorbed by the atoms in either of 
the levels involved, the intensity, polarization, or direction 
of reradiation of the absorbed light may be changed. In 
this way a sensitive optical measurement indicates whether 
or not a radio-frequency interval in the atom matches the 
frequency applied by the oscillator.
The Operation of a maser (a type of microwave amplifier) 

depends upon the production of more atoms in the upper 
of two atomic levels separated by typically several hundred 
to several thousand megahertz. If such atoms are fed into a 
cavity that is tuned to the transition frequency, the atoms 
give off their excess energy to set up an oscillation in the 
cavity. Thus an oscillator is formed that resonates at the 
atomic frequency; this frequency can offen be measured 
with extraordinary precision and can serve as a Standard 
for time interval, called an atomic clock. The primary 
Standard of time in the metric System is based on cesium 
vapour oscillating at 9,192,631,770 hertz.

In those atoms in which the nucleus has a magnetic mo­
ment, the energies of the electrons depend slightly upon 
the orientation of the nucleus relative to the magnetic field 
produced by the electrons near the centre of the atom. The 
magnetic field at the nucleus depends somewhat upon the 
environment in which the atom is found, which in turn 
depends upon the atoms nearby. Thus the radio-frequency 
spectrum of a substance indicates both the constituents 
and the forms of Chemical binding in the substance. Spec­
tra resulting when the nucleus changes orientation are 
known as nuclear magnetic-resonance spectra, or nm r  
s p e c t r a  a n d  are of considerable utihty i n  I d e n t i f i c a t io n  of 
organic compounds (see above).

Radio-frequency transitions have been observed in as- 
tronomy in the frequency range from about 400 megahertz 
to about 9,000 megahertz (.75— to .033-metre wavelength). 
The earliest observation was of the 21-centimetre (1,420- 
megahertz) transition that occurs in the ground level of 
hydrogen as the proton spontaneously flips its spin direc­
tion relative to the electron from parallel (F — 1 States) to 
antiparallel ( F—0 States). Observations on this transition 
have provded much information about the temperature 
and density of hydrogen in the Earth’s galaxy. Observa­
tion of the hydroxyl OH emission at 1,665 megahertz and 
other frequencies and of water emission at 2,220 mega­
hertz indicates Chemical composition and temperature for 
the regions in which they are observed. Transitions have 
been observed for which hydrogen atoms go from princi- 
pal quantum numbers as high as n from 253 to 252, down 
to a transition as low as n from 91 to 90. Such atoms 
are presumably formed when protons capture electrons in 
large orbits; the spectra yield details of the local temper­
ature and electric and magnetic fields. Lines caused by 
helium and possibly carbon have also been observed.

Spectral analyses

The simplest method of analysis involves observation of a 
spectrum through a spectroscope. The advantages of this 
method are flexibility and speed; quantitative properties 
of a spectrum can be followed easily. Such observations, 
limited to the visible region, are useful for checking light 
sources for the presence of major constituents, because 
prominent, easily recognized lines or patterns can be found 
in the arc spectra of most elements. The transmitted Spec­
trum  of a solution can indicate the presence or absence of 
Chemical substances.

ANALYSES OF PHOTOGRAPHIC DATA 
Two principal classes of experiments in which Photo­
graphie recording has found wide use are composition

analysis and studies of the structure of atoms and 
ions.

In the simplest form of composition analysis, the Spec­
trum of a source, consisting of a direct-current electric 
arc between two electrodes, is recorded and compared to 
spectra of pure elements by direct Superposition. If the 
spectrograph possesses sufficiently high resolving power, 
the presence of an element in the source is indicated by 
coinciding lines on the two spectrograms. When quanti­
tative determination is important, relative intensities may 
be compared. To do this, measured quantities of the sam­
ple the composition of which is being investigated may 
be mixed in several ratios with much larger quantities of 
graphite, copper, or other carrier material (called a ma­
trix), and placed one at a time in the tip of the graphite 
or copper negative electrode of the arc. Several spectra of 
the sample material are thus obtained, in each of which 
one such electrode and a pure positive electrode (not of 
the element under observation) are used for the source. 
Comparison-arc spectra, each taken with the negative 
electrode of graphite or copper containing a small known 
amount of a pure element, are then compared with the 
spectra of the unknown material. If the operating charac- 
teristics of each of the arcs and of the spectrometer are 
maintained constant and care is taken that all of the pfio
tographic films or plates are processed in the same way, 
it is possible to determine approximate amounts of many 
elements in concentrations ranging from greater than 50 
percent down to a few parts per million.
As the admixture of any element in an arc is reduced, 

the weaker lines in its spectrum disappear first. The last 
lines to disappear are the most sensitive indicators of the 
presence of that element and are known as the persistent 
lines of the element.

If comparison spectra are not readily available for the 
element the presence of which is being investigated, it may 
be necessary for the investigator to measure wavelengths in 
the Spectrum of the unknown material and compare these 
wavelengths with those tabulated for the suspected eie-
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a known reference spectrum (e.g., that of iron) is usually 
exposed onto the same film without changing the spec­
trometer setting so that the known and unknown spectra 
are superimposed; wavelengths in the unknown spectrum 
are then calculated by interpolation between lines in the 
reference spectrum.

Study of the structure of a given atom or ion by means of 
its Spectrum proceeds in a different manner. In such cases, 
it is necessary to make accurate measurements of wave­
lengths over as great a range as can be obtained. Reference 
wavelengths are again included on the photographic record 
of the spectrum of interest; if the greatest accuracy is de- 
sired, the reference wavelengths must have been measured 
in terms of the fundamental Standard of length, the line of 
krypton-86 at about 6,057 angstroms, in terms of which 
the metre is defined. Determination of wavelengths in the 
spectrum of the atom of interest is again accomplished by 
interpolation between known reference lines, correcting 
where necessary for nonlinearity of the spectrograph.

After the wavelengths have been obtained, their wave 
numbers, proportional to the photon energies emitted by 
the atom, are calculated with correction for the index of 
refraction of air. Next, all sums and differences of wave 
numbers are calculated, and from recurring values of 
these quantities, relative positions of energy levels within 
the atom can be obtained. The levels are then classified 
according to their probable quantum numbers with the 
help of comparisons with isoelectronic spectra (atoms with 
the same number of electrons outside the last closed shell 
have similar spectra), application of selection rules, and 
study of the Zeeman effect in the Spectrum.

For an element such as a rare earth or actinide, which 
may have a complex spectrum involving many thousands 
of lines, much of the analysis is automated. The photo­
graphic plate with its line spectrum is placed in a micro- 
densitometer, which täkes successive reading of the line 
positions across the plate and feeds these numbers directly 
into a digital computer. The numerical manipulations re- 
quired for the analysis are then earried out electronically.

Compo­
sition
analysis
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ANALYSES WITH SCANNED SPECTRA 
The development of scanning spectrometers that use 
linear-response photoelectric detectors has revolutionized 
the study of details in the structures of spectral lines 
from laboratory and astrophysical sources. For example, 
changes ämounting to only a few percent in the inten- 
sity of the Fraunhofer D lines, caused by the presence 
of sodium in the Earth’s atmosphere, can be detected 
photoelectrically without difficulty but are difficult to ob- 
serve photographically because o f the nonlinear response 
of the photographic process. Changes of several percent 
in the widths (the measure of the spread in wavelength) 
of spectral lines from plasma sources can be followed if 
photoelectric detectors are used but not with photographic 
detectors; such changes may show changes in pressure or 
free-electron density within the discharge. In cases where 
two spectral lines overlap or blend, careful numerical anal­
ysis of data obtained by a photoelectric detector can offen 
permit identification of positions and relative intensities 
of both lines; this analysis is far more difficult to do if the 
lines are recorded photographically and data are obtained 
by a microdensitometer.
The quantum efficiency, the ratio of the number of 

incident photons to the number of recorded bits of infor- 
mation, can approach unity for photomultiplier detectors 
in the ultraviolet and visible regions, but the correspond­
ing efficiency for photographic detectors is only about 
one part in 1,000; hence measurements with photoelec­
tric detection are possible at lower light levels than with 
photographic detection. This sensitivity has made possible 
the recording of spectra from sources that send less than 
one photon per seond into the spectrometer. Examples 
of studies in which low light levels are the rule include 
analyses of positions and profiles (i.e., intensity changes 
across line widths) of spectral lines in weak discharges 
in a lamp at low temperatures to identify the details of 
processes leading to excitation, study of the spectra of fast 
ion beams excited by collisons with gases or thin foils, and 
high-resolution studies of absorption spectra of planetary 
atmospheres to identify their constituents.

In the production of a spark or in the initiation of a 
glow discharge, the effective temperature of the gas, the 
amount of ionization, and the relative excitations of dif­
ferent atomic levels change significantly within times of 
the order of microseconds. The details of such variations 
can be followed by photomultiplier detectors; in fact, pho­
tomultiplier detectors can be designed to follow changes 
occurring in less than a nanosecond (1 X 10 9 second). 
Time-resolved spectroscopy of sources is accomplished 
by arranging an electronic switch to operate the source 
repetitively, perhaps at line frequency of 50-60 times per 
second. A second switch, triggered by the first, sensitizes 
the detector photomultiplier for a brief interval at the de- 
sired time after the excitation pulses. The signals recorded 
by this photomultiplier depend on the spectrum only at 
that particular time after excitation.

(J.O.S.Jr.)

Astronomical spectroscopy

Almost the only means of learning about celestial objects 
is through the analysis of electromagnetic radiation emit- 
ted by or reflected from them. Spectroscopy, as mentioned 
earlier, can give a remarkable amount of information. 
Individual atoms and molecules absorb or emit light at 
characteristic frequencies and can, therefore, be selectively 
observed.

The spectrum of a star is a series of overlapping images 
in its constituent colours, arranged in order of frequency 
(or wavelength). An example is the display of colours pro- 
duced by sunlight when it is refracted and dispersed by a 
prism. Because a spectrum covers a much larger area than 
a single image, the spectrum of a star is much fainter than 
is the star as it appears in integrated light.

Information on the physical state of an object can be 
obtained through the the spectrographic comparison of 
different frequencies of its radiation (emission) or lack 
of it (absorption). Line-of-sight velocities of stars, planets, 
regions of the Sun, and so on can be obtained from the

Doppler frequency shift (i.e., an alteration in the frequency 
of the radiation from a moving source in proportion to 
the change in line-of-slight velocity). The spectral region 
that has been studied most is that of visible light with 
small extensions into the infrared and ultraviolet: the 
range of frequencies may be included, from microwave 
radio to X-rays, a ratio of 200,000,000 to 1. Although 
frequency is the more fundamental property of a wave, 
it is cohventional to speak of wavelength, which is easier 
to visualize and which is related to frequency in that the 
frequency times the wavelength equals the speed of light. 
The spectroscopist is concemed with wavelengths from 20 
centimetres to 10 angstroms (100,000,000 Ä =  one centi- 
metre). The wavelength limits of visible light are roughly
4,000 Ä (blue) and 7,000 Ä (red).

THE NATURE OF ASTRONOMICAL SPECTRA
Spectral lines and the continuüm. The methods of spec­

trum analysis vary according to the wavelengths region 
being studied. A familiar example of a spectroscope is a 
radio receiver, which can be adjusted to any wavelength 
between 550 and 1,870 metres, or to 30 metres for a short- 
wave set. Each broadcast station may be said to produce 
a “line” in the spectrum; the use of the word “line” arises 
from the appearance of a single visible frequency when the 
light is passed through a narrow slit; in a spectroscope, the 
series of coloured images of the slit are focussed in orderly 
array. The best known natural line that is produced in 
interstellar space by hydrogen atoms is in the radio region 
at 21 centimetres. Radio spectroscopists usually work at a 
single wavelength region. They must use not only a very 
sensitive receiver as their spectroscope but also a large 
antenna or radio telescope, which like other telescopes, 
selects a small area of the sky and collects from it as much 
energy as possible. Optical spectroscopy is done with the 
aid of prisms or, more commonly now, diffraction grat- 
ings, which disperse light into its component wavelengths. 
With suitable optical arrangements, the spectrum can be 
recorded on a photographic plate or measured by a pho­
toelectric detector.
A common spectral feature is the so-called continuüm, in 

which energy is radiated over a broad band of wavelengths, 
or colours. A familiar example of continuous radiation is 
the radiation from the glowing filament in a light bulb, 
or from hot coals in a fire. Because of the lack of discrete 
features comparable to the spectral lines, continua tend 
to contain less information than line spectra, but they are 
still important. In particular, the change of colour from 
red through white to blue indicates increasing temperature 
for a solid body and for most stars. Most astronomical 
continua contain absorption lines, which are closely re­
lated to the emission lines mentioned above. Whether a 
line from a given element will appear as an absorption 
or an emission line depends on physical conditions in the 
vicinity of the source and in the background.

Molecular lines and bands. Dust, gas, and solid bodies 
near a star will reflect or scatter its light, imposing in 
the process additional spectral features. The spectra of the 
planets are quite similar to the solar spectrum because 
they shine by reflected light from the Sun. Most contain 
additional absorption lines and molecular bands, however, 
because of gases in the planetary atmospheres. If solid 
surfaces can be seen, they modify the reflected continuous 
spectrum, the colour of which is changed by absorptions 
in the rock or other material. The Earth’s own atmosphere 
adds its absorption to all astronomical spectra viewed from 
below it. No X-rays or ultraviolet light beyond 3,000 Ä 
can reach the surface; oxygen and ozone absorb everything 
at the longer wavelengths between 1,000 Ä and 3,000 
Ä, all gases absorb them below 1,000 Ä. Discrete bands 
(groups of closely spaced lines) of molecular oxygen, 0 2, 
are found at red and near-infrared wavelengths, partic- 
ularly near 7,600 and 12,700 Ä. Starting in the yellow 
wavelengths and becoming stronger and stronger in the 
infrared, water vapour produces many complicated bands 
and is opaque over large regions. Other important infrared 
absorbers are carbon dioxide and ozone; absorptions by 
extremely small (tracé) amounts of other gases can also be 
observed. Out to 14 micrometres (140,000 Ä), only about
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Figure 24: Spectral image of star group Hyades, viewed through a prism placed betöre the 
telescope lens, revealing their temperature and basic composition.
By courtesy of the Department of Astronomy, University of Michigan

half the spectrum can be observed through the Earth’s at­
mosphere; from 14 to 1,000 micrometres the atmosphere 
absorbs everything and the opacity is complete. Because 
much of the infrared absorption is due to water vapour, 
a very large improvement can be obtained by observing 
from a jet aircraft; a balloon, though it can go higher, is 
little better because it generally floats in a cloud of its own 
vapour. For the ultraviolet and X-ray regions a rocket 
or satellite is necessary, and even for the infrared these 
vehicles give a clearer view.

Formation of spectra. The spectrum of a star is in- 
fluenced by a number of competing effects, which may 
be seen most clearly in simple situations. It is useful to 
consider what happens to light from a strong source with 
a continuous spectrum as it passes through a cool gas: 
the case approximated by sunlight passing through the 
Earth’s atmosphere, or by the light from a distant star 
passing through the interstellar medium. Radiation at cer- 
tain frequencies (written as ƒ) is absorbed by molecules 
in the atmosphere as they make a transition from their 
normal “ground state,” or state of lowest energy, to some 
“excited state” at a higher energy (E) according to the 
relation E = h f  (in which h is Planck’s constant). Dark 
lines (gaps) in the spectrum correspond to the absorbed 
frequencies. The excited state may be one of increased 
rotation or Vibration of the atoms within the molecules, 
and the absorbed wavelengths are then in the infrared 
spectral region. A change in electronic motion influences

frequencies in and near the visible region. Removal of 
an electron (ionization) or Separation of the component 
atoms (dissociation) of a molecule requires still more en­
ergy, and results in the strong continuous absorptions of 
the ultraviolet spectral region. The frequencies absorbed 
by a given atom or molecule are unique to it and give an 
absolute identification. Analysis of the closely spaced lines 
in a molecular band gives an excellent measurement of the 
temperature of a gas; this method can be applied to the 
atmospheres of several of the planets and the coolest stars. 
The width of individual lines depends mainly on the gas 
pressure or on the temperature if the pressure is very low.

The second simple case of influences on spectra is that 
of a low-pressure gas in which some of the atoms or 
molecules are continually receiving energy; that is, being 
excited by the impact of fast electrons, as in a neon sign. 
Relaxation of the excited particles to lower energy States, 
and eventually to the ground state (lowest of all), is ac- 
companied by the emission of radiation at characteristic 
frequencies. Transitions that end at the ground state give 
bright lines at the wavelengths that are absorbed under 
other conditions. Perhaps the purest natural example of 
such radiance at discrete wavelengths (bright lines) is the 
aurora borealis, the northern lights produced in the upper 
atmosphere by fast electrons associated with the interac- 
tion of the solar wind and the Earth’s magnetic field. The 
spectra of many gaseous nebulae in the Galaxy beyond 
the solar System show similar effects.



Analysis and Measurement 563

The concept o f optical depth in gases. In the above 
examples it has been implicitly assumed that the gas is 
“optically thin”; i.e., it is at least somewhat transparent 
even at the wavelengths it absorbs most strongly. The 
opposite extreme is a gas that is “optically thick” at all 
wavelengths, or at least over a wide range; a prominent 
example is a stellar atmosphere such as that of the Sun 

Unit opti- (though it is not equally opaque at all wavelengths). In
cal depth describing depths within any gas such as an atmosphere

of a star or planet, it is convenient to speak in terms of 
unit optical depth-—the depth from which radiation has a 
probability of about 37 percent of escaping freely. (This 
percentage is used because it is numerically equal to 1/ 
e, e being the Symbol for the number 2.71818 . .., The 
base of natural logarithms; with this definition, calcula- 
tions are greatly simplified.) As a practical example, unit 
optical depth (or distance) in a fog—the point at which 
about one-third of the details can be seen—is quite close; 
on a clearer day it could be almost at the horizon. The 
corresponding level in the medium depends strongly on 
wavelength, especially near an absorption line. It is deep- 
est for wavelengths between lines, but even here the gas 
is remarkably tenuous. For the Sun, unit optical depth in 
the continuüm occurs at pressure and density one-tenth 
and a few ten-thousandths respectively of the values at the 
Earth’s surface. It was long a mystery how such a thin gas, 
consisting mostly of atomic hydrogen and helium, could 
be so opaque, even at a temperature greater than 6,000 
K (about 10,300° F). The identity of the most important 
absorber was recognized only in 1938: it is the negative 
hydrogen ion, a rather loosely bound combination of a 
hydrogen atom with an extra electron, which can be dis- 
sociated (with corresponding absorption of energy) by any 
photon of wavelength shorter than 16,500 Ä.

Stellar spectra. Even when the opacity is known at each 
wavelength, it is a complicated problem to predict the 
spectrum of a star. A feeling for the processes at work may 
be obtained by regarding the radiation at each wavelength 
as arising from the level of the corresponding unit optical 
depth. The continuüm is produced at the lowest visible 
level, and the centre of a strong line at a higher level. 
If the lines are to appear dark, this higher level must be 
cooler, and indeed the temperature is expected to decrease 
outward from any star. For the Sun, the temperature 
at heights somewhat above unit optical depth begins to 
climb again in the chromosphere, the extremely tenuous 
layers of the outer solar atmosphere; any lines formed 
there should therefore appear bright instead of dark, as 
is indeed observed, particularly in the far ultraviolet. A 
similar explanation applies to the bright lines at visible 
wavelengths for certain stars.
The “shape” of the continuüm is a graph or plot of 

its intensity at different wavelengths. Over a considerable 
wavelength range, this resembles the spectrum of a “black 
body” (the physicist’s name for a perfect radiator), which 
has a definite shape for each appropriate temperature. 
In general, the apparent temperature deduced from one 
region may differ from that measured from another. The 
reason for this is that the continuous absorption coëf­
ficiënt; that is, the ratio of absorption to emission at 
a given temperature is changing. The radiation, conse- 
quently, comes from different depths and, therefore, from 
different temperature regions. Temperature found by mea- 
süring the shape of the continuüm (apparent temperature) 
is only approximately equal to the actual temperature at 
the “surface” (unit optical depth).

Planetary spectra. For planets and satellites, problems 
arise from the presence and amount of atmosphere. Such 
bodies can have a spectrum that combines contributions 

Two from two, almost independent, sources—reflected solar
sources of radiation and their own thermal emission at much longer 
details in wavelengths. The thermal component is similar to black- 
planetary body radiation for airless bodies such as Mercury and
spectra the Moon; the reflected light, however, does show col-

oration and some broad absorptions because of surface 
constituents. For planets with appreciable atmosphere, the 
physics of the thermal emission resembles that for a star, 
discussed above. For Mars, the reflected solar radiation 
can be regarded as coming entirely from the surface,

modified by two passages through the thin atmosphere.
This approximation breaks down in the ultraviolet and is 
similarly poor for the Earth, especially in hazy or cloudy 
regions. Deep, cloudy atmospheres are present on Venus,
Jupiter, Saturn, Uranus, and Neptune; the retumed solar 
radiation must be regarded as having been scattered by 
the same medium that does the absorbing. Again the Sit­
uation resembles that of a stellar atmosphere, except that 
the radiation is imposed from outside instead of flowing 
up from the interior.

THE DEVELOPMENT OF ASTRONOMICAL SPECTROSCOPY
Early w ork  on  th e  so la r  sp ectru m . In 1666, Isaac New­

ton discovered how to produce a spectrum of the Sun, 
by means of a glass prism and a hole in a window blind.
Much later, 1800-02, several important discoveries were 
made with similar equipment. The English astronomer 
William Herschel probed The solar spectrum with a ther­
mometer and found the measurable heat produced to 
continue beyond the red end of the spectrum; he had 
discovered the infrared. In 1802, the ultraviolet was ob­
served by its ability to darken silver chloride. And at this 
time, an English scientist noted a few dark lines in the 
solar spectrum, which was studied in much more detail by 
Joseph von Fraunhofer of Germany in 1814. Fraunhofer The work 
was able to map 754 lines in the solar spectrum, the most of Fraun- 
prominent of which are still called “Fraunhofer lines.” hofer 
He also observed several bright stars and found that their 
lines differed from those of the Sun. Fraunhofer made the 
first crude diffraction grating by Stretching wires between 
the threads of two screws; with it he was able to measure 
actual wavelengths in centimetres.
Interpretation of the Fraunhofer lines awaited further 

developments in physics, which in tum  depended on 
further laboratory work. Similar delays in understanding 
of discoveries recurred until well into the 20th Century; 
only since then has immediate physical interpretation 
been available for the majority of astronomical discover­
ies. Earlier, however, astronomers offen found many uses 
for empirical classifications (particularly of stellar spectra) 
long before a detailed understanding was reached.

Another point to be noted is the importance of advances 
in Technology, as illustrated by Fraunhofer’s work and 
that of his successors; in his day, it was difficult to obtain 
glass in large, homogeneous pieces. Telescope lenses were 
small, and reflecting telescopes did not become practical 
until methods were developed, initially in 1856, for the 
deposition of a reflecting film of silver on the front sur­
face of a glass mirror. Without large reflecting telescopes, 
spectroscopy would still be limited to the study of the Sun 
and a few bright stars.

In 1859, Gustav Kirchhoff formulated his laws connect- 
ing the absorption and emission of light and explained 
that the Fraunhofer lines were due to absorption by fa­
miliar elements present on the Sun. He pointed out that 
a perfect absorber (black body) should also be an ideal 
emitter of light, and suggested its realization in the form 
of a small hole leading into a large cavity. Two years later,
Anders J. Ängström found the lines of hydrogen on the 
Sun and initiated a program of wavelength measurements 
in the unit that now bears his name.

In 1868, the relatively faint solar prominences at the edge 
of the Sun’s disk, the limb, were observed in full daylight. 
Subsequently, in Sweden The rotation of the Sun was deter- 
mined from the Doppler effect at its limbs and found to be 
different in different latitudes of The Sun. A United States 
physicist, Henry A. Rowland, devised methods of ruling 
diffraction gratings of very high quality; some Rowland 
gratings are still in use. In the years 1887-96 he produced 
a solar spectrum of very high resolution and a catalog of 
wavelengths and intensities. The spectroheliograph, which 
enabled observation of the whole Sun or large areas of it 
simultaneously at a particular wavelength, was invented 
independently in the United States and France. In 1908 
the large magnetic fields in sunspots were discovered from 
observation of the Zeeman effect; that is, the shift in The 
positions, shapes, and structure of the sunspots’ spectral 
lines that results from the interaction of the atoms with 
the magnetic field. In recent years the solar magnetograph
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has been used to extend this work to the production of 
detailed maps of the solar magnetic field.
Early work on the spectra of stars and nebulae. In

1855, an English astronomer, William Huggins, began the 
study of the spectra of the Sun, stars, nebulae, cornets, and 
planets. He reaped a harvest of astronomical discoveries, 
mainly by visual observation of spectra, though he suc- 
ceeded in applying photography in 1875. He found many 
different types of stellar spectra. He showed from the 
nature of its emission spectrum that the Orion Nebula is 
gaseous but found the Andromeda Nebula (now known to 
be a galaxy) to have a stellar-type spectrum and therefore 
concluded that it was composed of stars. He measured 
some of the first stellar Doppler shifts and obtained the 
corresponding line-of-sight, or radial, velocities.

Line-of-sight velocities. The German astronomer Her­
mann Karl Vogel was the first to introducé the photo­
graphic method into spectroscopy, in 1873, and succeeded 
in determining accurate radial velocities of many stars by 
measuring the positions of the lines on the photographic 
spectra. Vogel’s work, especially his measurements of ra­
dial velocities, stimulated astronomers elsewhere to under- 
take systematic studies in this field. At Victoria, British 
Columbia, for example, many spectroscopie double stars 
were discovered and many of their orbits have since been 
determined from measurements of the spectral lines. At 
Mount Wilson Observatory, California, the velocities of 
hundreds of faint stars were determined. Soviet scientists 
working at Pulkovo, near Leningrad, and at Simeiz, in 
the Crimea, also made contributions in this field. Numer- 
ous measures of stellar motions in the Southern sky have 
been published.

Chemical composition. A striking result of astronom­
ical spectroscopy is the discovery of the uniformity of 
Chemical composition throughout the universe. Belief in 
the universal occurrence of the same Chemical elements 
was greatly strengthened when the lines of helium, origi- 
nally found in the spectrum of the chromosphere of the 
Sun in 1868, were first produced in terrestrial laboratories 
about 7 5 years later. In 1941 the last great enigma of 
line identification was solved when previously unidentified 
lines of the solar corona were found to originate in the 
atoms of the common elements iron, calcium, nickel, and 
argon excited to a degree of ionization not even dreamed 
of previously. Earlier, when the so-called nebulium lines 
in certain nebulae were disposed of in a similar manner, 
it was remarked that the mysterious substances of the 
astrophysicists one after another disappeared into “thin 
air”; the nebulae had, in fact, been found to consist of 
oxygen, nitrogen, hydrogen, and a few other gases—not 
very different in composition from air.

The principle of the uniformity of Chemical elements has 
now been extended to include even the distant galaxies, 
whose light travels for hundreds of millions of years at 
the rate of about 299,300 kilometres (186,000 miles) per 
second before it reaches the eye of the observer. This 
uniformity means that the atomic building blocks of the 
universe are the same throughout space. It does not mean 
that the proportions of these elements are the same in all 
astronomical objects. Certain stars differ strikingly from 
others in their composition, and among the most interest- 
ing spectroscopie Problems of today is the measurement of 
these differences in the abundance of the elements. Such 
measurements permit the nuclear processes responsible 
for the formation of the elements to be inferred. The oc- 
casional observation of the unstable element technetium 
shows that it must have been produced within the last 
few million years, indicating that element building is still 
proceeding in stars.

PRINCIPLES OF DESIGN FOR SPECTROSCOPIC INSTRUMENTS
The formation of spectra. Astronomical spectroscopes 

operate on the same principles as their laboratory coun- 
terparts, though they have special features of their own. 
Spectroscope is used here as a general term for any 
kind of spectroscopie instrument, such as a spectrograph, 
which uses photographic detection, or a spectrometer (also 
called a scanner by astronomers), which uses photoelec­
tric detection.

Spectrographs are used with ground-based reflecting or 
refracting telescopes. They operate at wavelengths from
3,000 Ä in the ultraviolet (limited by atmospheric ozone 
absorption) to about 10,000 Ä in the infrared (limited by 
the sensitivity of available photographic emulsions); most 
work is done at wavelengths in the range 3,500-7,000 
Ä. Further limitations are encountered if refractors are 
used because glass refracts different colours by different 
amounts (the refractive index across the spectrum varies) 
and only a narrow range of wavelengths can be brought 
to a good focus. The same effect in cheap or defective 
field or opera glasses can cause coloured halos around 
objects in view.
High photographic speed, which is necessary when faint 

objects are to be recorded, requires a camera lens, or mir- 
ror System, of short focal (f) length and large diameter; 
that is, a small /num ber just as in an ordinary camera. 
Schmidt cameras (named after their inventor, Bernard 
Schmidt, a German optical worker) can be made at f / \  
or slightly less, in sizes large enough to accept the light 
beam from any available grating. In small sizes, semisolid 
cameras, in which the photographic film is pressed against 
the glass of the mirror System, can be as fast as f /0.35. The 
limits of faintness that can be recorded have been greatly 
extended as a result of such mereases in speed.

The collimator, a lens introduced to make the light beam 
parallel, and grating must be matched to the telescope, 
as illustrated in Figure 25. The telescope admits parallel 
light that is refracted or reflected into a cone that should 
just fill the grating. A small grating is used with a short- 
focus collimator; and the longest useful focal length is 
limited by the size of available gratings. The advantage 
of a long focal length is that a wider slit can be used 
for a given resolution (i.e., the degree of spectral purity). 
The choice of resolution depends on the nature of the 
investigation and on the brightness of the source; higher 
resolution always requires longer exposure. For extremely 
faint stars, or galaxies, the spectrum must be kept short— 
that is, the dispersion must be kept low, if there is to be
any bisekemng at all in the image; a SAiiall grating and 
a wide slit can be used to prevent any cutoff of light at 
the slit edges (called jaws). Overlapping images of nebulae 
of galaxies are produced by instruments, called nebular 
spectrographs, which have such arrangements. On large 
telescopes, such instruments are placed at the focus of the 
primary mirror (the prime focus) to minimize the loss of 
light by extra reflections. Medium-dispersion spectra can 
be obtained with instruments of moderate size that can 
conveniently be used as shown in Figure 25. High disper-
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Figure 25: Astronomical spectrograph mounted at the focus 
of a Cassegrain reflecting telescope. The cones of light 
converging from the telescope and diverging to the collimating 
mirror must be matched (see text).

sion spectra are produced by instruments of large size that 
must be fixed and are therefore mounted at the coudé (“el- 
bowed”) focus, to which the light is brought by means of 
two or three additional plane mirrors. In the coudé spec­
trograph many combinations of grating size and camera 
focal length are possible. The longest cameras are rather 
slow photographically; moreover, it is not unusual to lose 
90 percent of the light from the telescope behind the slit 
edges, because even a star has a finite size and when its ap­
parent diameter is increased, or blown up, by atmospheric 
turbulence, it can be wider than the slit and only part of 
the light can pass through. Under such conditions, much 
of the light gathered by a large telescope is wasted. Only 
the development of much larger gratings, or a different 
approach to spectroscopy, can change this Situation.
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Fór accurate wavelength identification and measurement, 
it is essential to include a comparison spectrum from a 
laboratory source on the same plate. The usual practice 
is to illuminate both ends of the slit with a spectrum 
produced by an electric arc, so that the astronomical 
spectrum is flanked by two comparison spectra. Neon 
and iron arcs are most commonly used. Use may also be 
made of natural lines from the Earth’s airglow, frequently 
accompanied by mercury lines from the lights of nearby 
or distant cities.
Since about 1965, there has been increasing use of image- 

tube spectrographs for recording very faint objects. In 
this method, the Spectrum is focussed on a photoelectric 
screen, the cathode, which emits a pattem of electrons. 
These electrons are focussed by electric and magnetic 
fields on a fluorescent screen, or sometimes directly on a 
photographic plate in the vacuum of the tube. If a fluo­
rescent screen is used, the light from it is then transferred 
to a photographic plate.

Spectral dispersion. Low-dispersion spectra. Because 
the light from a star reaches the Earth in a parallel beam, it 
is possible in some arrangements to dispense entirely with 
the preliminary telescope, optical System, slit, and colli­
mator. The essential parts of a spectrograph then remain 
the grating (or prism) and the camera (usually a wide-field 
telescope). When photographed, the star field becomes a 
field of spectra; these spectra are usually widened for more 
convenient viewing by a slow motion of the camera at right 
angles to the dispersion. The ability to take many spectra 
at once is the chief virtue of the method of “slitless,” 
or “objective prism,” spectroscopy. The enormous Henry 
Draper Catalogue, published 1918-24, in which 225,300 
bright stars were classified, was produced from objective- 
prism photographs with small telescopes; more recently, 
very good quality spectra, over a large angular area of sky, 
have been obtained with prisms or gratings with angles of 
a few degrees placed in front of Schmidt-type (wide-field) 
objectives (see below Spectroscopy at short wavelengths). 
The slitless method is also used in space spectroscopy, in 
which compactness and a small number of reflections are 
advantages. Objective-grating spectrometers and spectro­
graphs have been used in rockets in various experiments 
and also on board several Earth-orbiting astronomical 
observatories.
Radial velocities (velocities in the line of sight from object 

to observer) can be measured by the Fehrenbach method 
developed in the 1940s and named after the French as­
tronomer Charles Fehrenbach. A special prism is used, 
containing two elements of different glasses, somewhat as 
in an achromatic lens. The angles are chosen so that a 
central known wavelength is not deviated; red goes one 
way and blue the other. Two exposures are made on one 
plate, with the prism rotated 180 degrees between them. 
The stellar spectrum can thus be made to serve as its own 
reference. With suitable precautions, a precision of three 
to five kilometres per second is achieved.

High-resolution spectra. Spectroscopy of solar, plane- 
tary, and interplanetary lines usually requires high spectral 
resolution. Modern solar work is concentrated on obtain- 
ing accurate line profiles; that is, measures of the distri- 
bution of absorption or emission with wavelength, which 
can be obtained only at high resolution. Planetary and in­
terstellar lines are very narrow, because temperatures and 
pressures are low; such lines may not even be detectable 
at low and medium resolution because the overlap from 
neighbouring wavelengths may completely mask them. A 
further difficulty with planetary atmospheres is that nearly 
all their absorption lines are in the infrared, for which 
sensitive detectors do not exist.
The diffraction grating, described above, though valued 

for its versatility, is only one of several means for selecting 
wavelengths.

The Fabry-Pérot interferometer consists of a pair of 
closely and accurately spaced plane-parallel glass plates, 
with special reflecting coatings on the inner surfaces. Used 
with photoelectric detection, it has become populär since 
the introduction of efficiënt evaporated coatings for the 
two reflecting surfaces. The plates are located in a cham­
ber in which the pressure can be changed, which makes

it possible to measure radiation over a very narrow range 
of the spectrum. lts greatest virtue is the large angular 
acceptance; high resolution can be obtained, with no loss 
of light at a slit, when it is used with the largest telescopes. 
It is inconvenient when used to scan more than a small 
range of wavelengths; the Fabry-Perót interferometer is 
most useful for detailed exploration of a single line for 
profiles or Doppler shifts.

For the infrared above 10,000-angstroms wavelength, an 
old device, the Michelson interferometer has been per- 
fected into a valuable spectroscopie tooi. The principle 
of Fourier spectroscopy, in its modem form, was sug- 
gested by the English astrophysicist Peter Fellgett in 1950, 
and was subsequently applied successfully to astronomical 
spectroscopy. The angular acceptance of this instrument 
is large, like that of the Fabry-Perót interferometer, and, 
in addition, there is the multiplex advantage, or Fellgett 
advantage: all wavelengths of the spectmm are measured 
simultaneously and recorded in a coded form, called an 
interferogram. The spectmm is obtained from the inter- 
ferogram by the mathematical process of Fourier trans- 
formation in an electronic computer. This method has 
been used to produce spectral atlases of the one to three 
micrometre region for the Sun, the four brightest planets, 
and several bright stars. The spectral atlases of the inner 
planets are of better quality than solar atlases of the early 
1950s in spite of the enormous differences in light level. 
The improvement in resolution, by a factor of 10 to 100 
over the best previous work, has resulted in the identifica­
tion of several new gases in the atmospheres of Mars and 
Venus. At shorter wavelengths, for which photomultipliers 
are available, the Fellgett advantage is cancelled by the 
corresponding increase of the noise in the detector, and the 
method is little better than older conventional methods.
Still further in the infrared, medium-resolution spec­

troscopy is possible with a small Fourier spectrometer, or 
with a filter disk. An interference filter (a version of the 
Fabry-Perót interferometer: see above) is deposited around 
the rim of a transparent disk so that the transmitted 
wavelength varies smoothly with angle. The spectmm is 
scanned by the slow rotation of the disk past an aperture, 
through which the radiation passes to a detector.

At radio wavelengths, an enormous increase of sensitiv- 
ity is possible because the electromagnetic waves can be 
treated as electrieal signals rather than crude energy fluxes. 
The difference may be compared to that of using a radio 
receiver rather than a sensitive thermometer in trying to 
detect the presence of broadcast radio signals. As men­
tioned in the introduction, a Standard radio receiver is a 
spectrometer, and the methods used for radio astronomy 
differ only in technical detail from those of astronomical 
spectroscopy. Nevertheless, some of the details are impor­
tant. It is common to obtain a multiplex advantage by 
the use of multiple channels—essentially, many receivers 
tuned to adjacent frequencies. Or, a correlation technique 
may be used that in principle resembles an electrieal form 
of the Fourier spectrometer and, like it, uses an elec­
tronic computer.

Spectrometry. In a spectrometer, a selected wavelength 
or band of wavelengths from the spectmm passes through 
an exit slit to a detector. At wavelengths in the ultravi­
olet, visible, and near infrared ranges, the most sensitive 
detector is a photomultiplier. At longer wavelengths the 
preferred detectors are photoconductive cells of lead sul­
fide, or bolometers (heat detectors) of germanium. From 
the visible onward, the detectors must be refrigerated at 
lower and lower temperatures by means of ordinary refrig- 
eration Systems, solidified carbon dioxide, liquid nitrogen, 
and finally liquid helium.

A spectrum can be produced by rotation of the grating, 
which progressively changes the wavelength that falls on 
the slit; the successive readings of the detector are recorded. 
The advantages over photography are the possibility of 
more accurate measurement, a strictly linear intensity 
scale, and greater sensitivity at longer wavelengths. The 
spectrum must, however, be recorded one wavelength at 
a time while the light of all the rest of the spectrum is 
wasted. Even so, photoelectric recording may be superior, 
especially if only a short region of the spectmm is required
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and if the extemal conditions do not change during the 
exposure. Also, various schemes of multiplex spectroscopy 
are possible by which many wavelengths can be observed 
simultaneously. Most of them show their advantage best 
in the infrared; with photomultipliers, the most practical 
scheme is through the use of many detectors, each with 
its own amplifying System.

Spectroscopy at short wavelengths. Spectroscopes de- 
signed for the shortwave end of the spectrum, the ul­
traviolet, do not differ in principle from those used for 
visible wavelengths. An important change of detail occurs 
at 1,200 A: shorter wavelengths are absorbed by all known 
materials, and, therefore, prisms, lenses, and Windows 
cannot be used. In addition, unnecessary reflections must 
be avoided because efficiënt reflecting surfaces do not ex­
ist. Concave gratings and windowless photomultipliers are 
therefore used. All instruments must be carried above the 
atmosphere by rockets or satellites; consequently, sizes are 
limited and photoelectric detection is favoured, so that 
the data can be transmitted to the ground by radio. Below 
100 Ä, X-ray techniques become applicable, and Windows 
can again be used. To improve their efficiency, concave 
gratings may be used at very small angles of incidence 
(“grazing” incidence), at which the reflection is almost 
total, or they may be replaced by Bragg crystals, which 
operate on the same principles as gratings but use layers of 
atoms instead of mied lines. At the shortest wavelengths, 
below 10 A, low-resolution spectroscopy can be done by 
measurement of the photon energy; one suitable device 
for this measurement is the proportional counter.
Developments in instmmentation have continued to be 

important in extending the range of spectroscopy. In 1931 
reflecting surfaces with evaporated coatings of aluminum 
were found to be superior to those of silver for resisting 
tamish and for achieving higher reflectivity in the ultra­
violet. At about the same time, Schmidt developed his 
wide-field, short-focus camera, which after a few years 
came to be widely applied in astronomical spectrographs. 
In 1936, improvements in mied gratings made possible 
the concentration of light to an efficiency of 60 percent or 
better (such a concentration is called a “blaze”). The use 
of large plane gratings and Schmidt cameras (instead of 
one or more prisms with lens cameras, which absorbed a 
significant proportion of the incoming light) totally altered 
the appearance and the efficiency of astronomical spec­
trographs. Although photoelectric cells had been used for 
stellar photometry for several decades, their application 
to spectroscopy was not practical until the development 
of the photomultiplier between 1935 and 1939. Later, 
a great interest developed in image tubes and television 
techniques.

PROGRAMS IN SPECTROSCOPY
Solar spectroscopy. The Sun is a typical star, near the 

middle of the known range in both temperature and lu- 
minosity. It offers a unique opportunity for detailed study 
because of the enormous amount of available light and 
because light from different regions of it can be studied 
separately. More distant stars are probably at least as 
complicated as the Sun, and present models of them may 
omit essential features.

The solar spectmm can be observed in great detail; the 
available light can be spread out into a spectmm many 
metres long. The dispersion can be made so great that 
many centimetres may be needed to record the lines in a 
single angstrom. It is clear, therefore, that with high resolu­
tion, a spectmm of very great purity can be recorded and 
many details of solar behaviour can be accurately studied.
By using a very long focus telescope, a large image of the 

Sun can be produced, even when the light-gathering power 
(determined by the mirror or lens diameter) of the tele­
scope is quite small. Quite small areas such as sunspots, 
the chromosphere, a flare, or granules (see solar System : 
The Sun) can be studied in detail. A major difficulty in 
most solar observations is the heating of the instmment 
and its environment by the Sun, although many sophisti­
cated methods have been tried to overcome it.

Because of the problem of heating, solar telescopes are 
usually of small to moderate aperture but of long fo­

cal length, so that a relatively small amount of light is 
collected even when a large image is produced. A solar 
telescope usually has a fixed combination of mirrors, and 
the light is reflected into it by an arrangement of one (he­
liostat) or two (coelostat) auxiliary moving plane mirrors. 
To minimize the effect of the heating of the ground, these 
mirrors may be mounted on a high tower; or the telescope 
may be placed in the middle of a small lake. The asso- 
ciated spectroscopes usually feature very high dispersion 
and spectral resolution, and, therefore, also normally have 
a long focal length.

A special feature of solar spectroscopy is the study of 
limited areas that may be much fainter than the disk, 
or photosphere, such as sunspots on the disk, and the 
chromosphere and corona near and above the limb. De­
tailed study of such features requires extreme precautions 
to avoid inclusion of stray light from the photosphere; 
telescopes designed for observation of the chromosphere 
and corona are often called coronagraphs. The chromo­
sphere and corona are optically thin, and the temperature 
increases with height—that is, distance outward from the 
Sun; for both reasons, their line spectra appear in emis­
sion, not absorption. The classical way of studying them 
is during a total eclipse, when the Moon just hides the 
photosphere; the great disadvantage of this method is the 
inffequency of solar eclipses that occur in convenient loca- 
tions. The name “flash spectrum” refers to the Spectrum of 
the chromosphere at eclipse. It can also be observed, with 
care, outside eclipse by setting a solar image tangent to a 
spectroscope slit. Chromospheric features on the disk are 
best studied in the far ultraviolet because relatively little 
such light is produced from the underlying photosphere. 
As the Earth’s atmosphere absorbs ultraviolet light, it is 
necessary to make such observations from outside it. The 
series of space probes called Orbiting Solar Observatories 
has been particularly successful, and good results have 
also come from many rocket flights. Another method is 
that of surveying the Sun at a single wavelength by a 
spectroheliograph in which a spectrograph functions as 
a very narrow-band filter. An image either of the whole 
disk or of part of the Sun can be built up by a scanning 
process. Some of the same results can be obtained by a 
Lyot filter, which is built up of elements of quartz crystals 
and polarizers. The two commonest wavelengths studied 
belong to hydrogen (6,563 Ä) and ionized calcium (3,933 
Ä); here, the light from the photosphere is reduced by the 
presence of deep Fraunhofer lines, and the chromospheric 
emission can be observed.

Spectroscopy can be expected to give information of sev­
eral kinds on the Chemical and physical state of the solar 
atmosphere: the composition, the temperature, the den- 
sity, and the state of motion. The best results are obtained 
from detailed descriptions of the atmosphere (called mod­
els) that include all these factors at once. In such a model 
there is no single temperature for the atmosphere, but a 
profile relating the temperature to some quanity such as 
height, density, or optical depth. The only unique “tem­
perature of the Sun” that can be assigned is the effective 
temperature, about 5,800 K (10,000° F). This is the tem­
perature at which a black body, or perfect radiator, would 
emit the same total radiant energy. The temperature of 
the deepest “visible” region (unit optical depth) is a few 
hundred degrees greater; about 300 kilometres (200 miles) 
higher, the temperature of the Sun’s disk has its smallest 
value, about 4,600 K (7,800° F). (This cool region is still 
occasionally called the “reversing layer,” from the obso­
lete picture of a “photosphere” in which the continuüm is 
produced and a cooler layer above it in which dark—or 
reversed—lines are formed. The hotter and cooler regions 
are realities, but the Separation of the roles is not.) At still 
greater heights the temperature rises rapidly. First, in the 
chromosphere, the temperature rises to 30,000 K (about 
54,000° F); farther out, the very extended corona is at 
about 2,000,000 K (3,600,000° F). The effective tempera­
ture of a large sunspot is only about 4,400 K (7,500° F).
The main results of the Chemical analysis are as follows: 

molecules are rare, because of the high temperature; atoms 
and some positive ions are dominant; nearly all the atoms 
are hydrogen and helium, in a ratio 14:1; and the remain-
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ing 1 percent of the atoms have relative abundances much 
like those of the Earth and meteorites, except that the 
three lightest elements after helium (lithium, beryllium, 
and boron) are much rarer. Some elements are easier to 
detect and measure in sunspots (low temperature) or in 
the chromosphere (high temperature). In addition, simple 
molecules are rather prominent in sunspots.

The rotation of the Sun is most readily determined by 
following spots at the latitudes at which they occur. The 
Doppler method works at latitudes far enough from the 
poles: at the solar equator, one limb (or edge) of the Sun’s 
disk is found to be receding and one approaching, at nearly 
two kilometres (1.2 miles) per second, giving a period of 
26.9 days for a complete rotation as seen from the Earth; 
the period with respect to the stars is shorter by about a 
day, because the Earth has moved in its orbit around the 
Sun by 26 degrees in 27 days. At higher solar latitudes the 
period increases steadily, and at 45 ° a complete rotation 
takes 29.5 days.

Close inspection of an image of the Sun reveals that it 
is covered by bright “granules”, separated by a network of 
slightly darker material. The supposition that the granules 
represent rising convection cells is supported by the ob­
served radial velocity, about 900 metres (2,953 feet) per 
second upward.
The bright lines of the corona were a mystery for many 

years and were at one time suspected to be caused by an 
unknown element “coronium.” In 1941, a nearly com­
plete explanation was found in terms of iron lacking nine 
to 14 electrons, nickel lacking 11 to 15 electrons, and 
similar ions of calcium and argon. Several other elements 
have since been included, to account for weaker lines. The 
energy required to remove as many as 15 electrons from 
an atom corresponds to a temperature of over 1,000,000
K. The breadth of the lines also implies a high tempera­
ture, which produces large line-of-sight random velocities. 
Many details concerning the properties and behaviour of 
the outer layers of the Sun that can be obtained from a 
study of the Spectrum at high or low dispersion are de- 
scribed in the article solar System: The Sun.
Telluric and interstellar absorption lines. Absorptions 

in the Earth’s atmosphere, called telluric absorption lines 
and bands, are prevalent at nearly all wavelengths except 
in the blue and near-ultraviolet parts of the Spectrum. 
The features in the solar spectrum called A and B by 
Fraunhofer are due to atmospheric molecular oxygen, 0 2. 
As described above the atmosphere is opaque below 3,000 
Ä and through much of the infrared. In the photographic 
spectral range the principal absorbers, which produce dark 
bands in the Spectrum, are molecular oxygen, 0 2, and wa­
ter, H20 . In addition there are a number of diffuse bands 
due to the double molecule, (0 2)2; some are near the 0 2 
bands, but others are also found at other wavelengths.

It is not always easy to distinguish a telluric line from 
one coming from the light source, particularly since water 
has a very complicated Spectrum, which is not fully tab- 
ulated, and since it is variable in amount. There are two 
principal tests: telluric lines, unless they are very strong, 
are narrower than solar and stellar lines; and they vary in 
strength according to the zenith angle of the source, being 
much stronger when the source is near the horizon. A 
third test can be applied if the radial velocity of the source 
varies with time; the telluric lines are of course “station­
ary”; that is, they do not share the velocity of the source.
There is another dass of stationary line, formed in the 

interstellar medium. In the spectra of bright distant stars 
such lines are particularly prominent because their strength 
depends on the number of the interstellar particles that 
produce them between the observer and the source, es­
pecially those that are reddened by intervening clouds of 
interstellar dust: these clouds contain gas as well. Some- 
times several lines are seen that correspond to different 
radial velocities, implying that two or more clouds are 
moving with distinct speeds along the path. Such patterns 
are found in the two sodium D lines (5,890, 5,896 Ä) and 
the H and K lines of the calcium ion (3,933, 3,968 Ä) 
as would be expected in clouds containing both sodium 
and calcium. (Here D, H, and K are the Fraunhofer des- 
ignations, still in use.) Any other explanation of the cor-

respondence is difficult to imagine. Lines are also known 
that are produced by simple molecules—CH, CH+, and 
CN. The molecular bands are much simpler than those 
produced at normal temperatures, showing only two or 
three lines instead of the normal 20 or 30. The tempera­
ture of the molecules seems to be in equilibrium with the 
universal 3 K (—454° F) background radiation that has 
recently been discovered; and the line intensities for the 
interstellar compound cyanogen have been used to verify 
this temperature.

Other absorptions in the ultraviolet that are attributed 
to interstellar gas have been detected by rocket-bome 
spectrographs and by the spectrometers aboard orbiting 
astronomical observatories. Hydrogen, the most abundant 
atom in nature, is prominent and produces an enormously 
strong line (called Lyman alpha) at 1,216 A. Molecular 
hydrogen has been detected in the difficult-to-observe re­
gion 1,000-1,120 Ä.

Spectroscopy at radio wavelengths has been used with 
regard to a number of molecules, in addition to the fa- 
mous 21-centimetre emission line of atomic hydrogen. 
This subject is discussed below in a separate section.

Stellar spectroscopy. Spectroscopy of faint objects, such 
as even the brightest stars, poses Problems of a quite dif­
ferent nature from those associated with the Sun.

Stellar spectroscopy necessarily must be concemed with 
the problem of the concentration of radiation, particularly 
of light. The light from the brightest stars falls on the 
Earth with an intensity 1010 times less than that of sun- 
light. Since any possible increase in light-gathering power 
is limited to a few powers of 10, improvements in stellar 
spectroscopy can be obtained mainly by an increase in 
exposure time, by a decrease in the dispersion, and by ef­
ficiency of design in the spectrograph. The exposure time 
must be increased to minutes or hours, the length of the 
spectrum cut down to a few centimetres (at high disper­
sion) or less (at medium or low), and the sensitivity of the 
receiver, usually a photocell or photographic plate, made 
as great as possible. The three examples of classes of spec­
tral dispersion—high, about two angstroms per millimetre; 
medium, about 40-100 angstroms per millimetre; low, 
from about 200 angstroms per millimetre—can be com­
pared with the dispersion possible in solar spectroscopy, in 
which, because of the enormous amount of light available, 
as has been noted above, several centimetres may be used 
to record the lines in a single angstrom.

Classification o f stellar spectra. Spectral Classification 
of stars was initiated in the middle of the 19th Century by 
the astronomer Angelo Secchi in Italy.

At the beginning of the 20th Century, a group at Harvard 
undertook the Classification of several hundred thousand 
stars over the entire sky, an effort that culminated in the 
Henry Draper Catalogue (1918-24). It pro vides the basis 
for all modern astrophysical work.

The System used in the catalog has been refined many 
times, by means of physical theory and empirical meth­
ods. Some terminology has survived from the days of 
pure empiricism, in particular, “early” and “late” spectral 
dass for “hot” and “cool” stars. Most stars can be placed 
in the sequence O-B-A-F-G-K-M, which is controlled by 
the temperature of the surface. The sequence is further 
subdivided by adding the figures 0 to 9 to the letters; e.g., 
the type B9 precedes type A0. The range is from about
40,000 K (O type, 71,500° F) to 2,000 K (3,100° F) or 
even 1,500 K (M type); the Sun is intermediate—type G l 
at 5,800 K (10,000° F). Parallel sequences exist at the 
low-temperature, or late, end; stars of dass C (formerly 
dass R-N) are rieh in carbon, and dass S stars are rieh in 
metals like zirconium.

The effect on the spectrum of differences in composition 
is less marked for hotter stars, but such differences are 
readily resolvable on medium and high-dispersion spectro- 
grams. Much effort has also been expended in luminosity 
(or brightness) Classification, because the distance of a 
star can immediately be found if its absolute brightness is 
known. For two stars of equal temperature, the luminos­
ity is proportional to the surface area, or to the square 
of the radius. Thus, luminous stars are called giants and 
less luminous ones are called dwarfs. The pressure at the
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Figure 26: Principal types of stellar spectra, flanked by comparison 
lines from a laboratory source. Hot stars, at the top, are brightest 
in the blue; and cool ones, at the bottom, are red. The spectrum at 
the bottom contains em ission lines, denoted by the e attached to the 
spectral dass.
By courtesy of Mount Wilson and Palomar Observatories

visible surface of a giant is relatively small, and spectral 
information about pressure, therefore, indicates the size of 
the star. Surface pressure may be indicated by the width 
of hydrogen lines (broad for dwarfs, narrow for giants), 
or by a comparison between the line strengths or inten- 
sities from neutral atoms and those from ions (neutrals 
favoured for dwarfs, ions for giants). Such work was at 
first done with high-dispersion spectra and extended to 
medium dispersion in the 1940s.
The effect of temperature on a stellar spectrum was first 

quantitatively explained by the Indian physicist M.N. Saha 
in 1920. At the low temperatures of M-stars, many simple 
molecules are present, and their bands dominate the spec­
trum. Increasing thermal agitation at higher and higher 
temperatures has several effects: molecules dissociate into 
atoms; many atoms are maintained in excited States in 
which they can absorb new lines; and atoms are ionized 
by the loss of an electron. The solar spectrum (dass G) 
illustrates an intermediate temperature stage in which neu­
tral atoms and ions (such as those of calcium and iron) 
both are seen. Hydrogen lines are moderately strong: they 
originate from the first excited state of the atom. At Class 
A, these hydrogen lines are very strong, but most other 
atoms are ionized and show only a few weak lines. In 
Class B, even hydrogen begins to be ionized, and helium 
lines are found; the hotter O-stars show ionized helium.

Many stars of Class F and hotter have broad, dish- 
shaped lines, though the areas (that is, the total amounts 
of absorption) are normal. The spread of the line across 
the spectrum has been shown to be due to rapid rotation 
of the star; the resulting line shape is characteristic of the 
rotation speed and from the shape it is found that speeds 
of rotation at the equator may be as much as 400 kilo- 
metres per second (250 miles per second) or more. Such 
speed is almost enough to throw material out from the 
equator. Rapid rotation is much less common in cooler 
stars. It is surmised that most stars are created with high 
angular momentum from the motions of the collapsing 
nebula that forms them. For the cooler stars, some brak­
ing mechanism must operate to slow them to velocities as 
modest as that of the Sun.

Velocities in the line of sight have been determined for 
many stars from the Doppler effect, which shifts all lines 
by an amount proportional to wavelength. To make such 

Measure- a determination, aspectrum of medium to high dispersion
nent of is taken, with a comparison spectrum from a laboratory
adial source on each side. Many precautions are necessary for
velocities accurate results; with high dispersion and sharp lines the 

probable error can be as small as 0.1 km/sec (0.06 mi/ 
sec), but more offen, it is 1—2 km/sec (0.6-1.2 mi/sec). A 
photoelectric method has been developed in which a mask 
resembling a negative of the stellar spectrum is placed 
over it. Wherever the transparent lines of the mask are 
in register with the dark lines of the star, the transmitted

light is weakest. This minimum light can be detected by 
a photomultiplier; the corresponding position of the mask 
gives the radial velocity in terms of the measured shift 
from its expected position. This method is much faster 
than photography, but a given mask can be used only for 
a narrow range of spectral class. All radial velocities must 
be corrected for the motion of the observer that results 
from the rotation and orbital motion of the Earth.
Among the results obtained with the aid of radial veloci­

ties are the following: (1) the determination of the velocity 
(about 20 km/sec or 12 mi/sec) and the direction in space 
of the motion of the solar System with respect to the 
nearer stars; (2) the estimation of the random motions of 
the stars, which for the massive B-stars averages as little as 
15 km/sec (9 mi/sec), increasing to nearly 60 km/sec (37 
mi/sec) for typical M-dwarfs; (3) the recognition that the 
entire Galaxy rotates around a distant centre located in the 
direction of the constellation Sagittarius, with a velocity of 
between 200 and 300 km/sec (125 and 200 mi/sec) in the 
region of the Sun; (4) the comparison of radial velocities 
and proper motions (the rate of movement across the sky 
is called proper motion) to determine mean distances of 
groups of stars of any one kind; (5) the disco very of a 
group of high-velocity stars that are moving with respect 
to the Sun with speeds of the order of 100 km/sec (62 mi/ 
sec) and in a direction opposite to the normal direction 
of galactic rotation; (6) the measurement of red shifts in 
very dense stars (white dwarfs), which are probably the 
gravitational red shifts predicted by Einstein (see Gravi­
tation); (7) the law of linear increase with distance in the 
velocity of recession of external galaxies; (8) the discovery 
of numerous stars showing periodic variations in radial 
velocity—resulting from orbital motions of close double 
stars or from pulsations in the radii of individual stars 
(such as Cepheid variables); (9) the study of eruptions in 
novae and in other expanding Shells of gas which surround 
such stars as P Cygni; (10) the discovery of stationary 
lines, which do not show the Doppler shifts characteristic 
of the stars but are interpreted as absorption by clouds of 
interstellar gas.
Stellar temperatures. The temperature of a stellar “sur­

face,” like that of the Sun, is not a well-defined quantity, 
because the atmosphere is not isothermal (at the same 
temperature everywhere) and different wavelengths orig­
inate at different levels. In a spectral region for which 
the continuous opacity changes slowly with wavelength, 
however, the spectrum resembles that of a perfect radia­
tor (black body) at the temperature of the layer at unit 
optical depth. This condition obtains both for stars that 
are cooler and for those that are hotter than the Sun, in 
which the negative hydrogen ion is the dominant cause of 
the opacity. Measurement of the continuous spectrum, the 
continuüm, of such stars thus yields realistic temperatures, 
and the colours of the stars obey the usual rule of going 
from red to yellow, white, and blue as the temperature 
increases. In the coolest stars (Class M, also C and S), 
however, so many lines and molecular bands are present 
that they dominate the spectrum. As a result, the colours, 
though very red, do not give a good measure of the 
temperature. Similar reservations apply in the ultraviolet 
range for almost all stars.
Another measure, called “excitation temperature,” can 

be obtained from the relative intensities of suitable lines 
of an atom, of an atom and its ion, or even of lines of 
different atoms such as hydrogen and helium. In essence, 
such intensities form the basis of spectral Classification.
Line broadening. The lines of spectra are not perfectly 

sharp; indeed, a perfectly sharp absorption line would 
be nearly unobservable. Several broadening mechanisms 
exist, and observations of the actual shapes of lines (den- 
sity plotted against wavelength—the line profiles) can be 
used to infer something about physical conditions in the 
star. (1) Natural broadening is intrinsic to the atom (or 
molecule); it is intimately related to the Heisenberg un- 
certainty principle of quantum mechanics and is usually 
a very small quantity. (2) Pressure, collisional, or Lorentz 
broadening is caused by collisions or near-misses with 
other atoms while the atom in question is radiating or 
absorbing and becomes more important at high pressures.

Colour- 
tempera- 
ture rela- 
tionships
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The shape or profile is similar in the two cases: the opacity 
falls off as the square of the wavelength difference from 
the line centre, but at a rate that depends on pressure. 
(3) Doppler broadening is due to random motions in the 
line of sight; such motions can be produced in any of 
several ways. First is thermal agitation; the characteristic 
speeds are proportional to the square root of the ratio of 
absolute temperature to atomic or molecular weight and 
are, therefore, largest for light atoms at high temperature. 
Mass motions (turbulence) can also be important and are 
classified according to the optical thickness of the individ­
ual moving elements, measured at the centre of the line. 
Turbulence on a small scale, called microturbulence, for 
which the elements are thin, affects the spectral lines in 
the same way as thermal agitation: generally speaking, the 
lines become strong as well as broad. Turbulent motion on 
a large scale, called macroturbulence, like stellar rotation, 
spreads the lines out but does not strengthen them: they 
become shallow and broad.

The shapes and intensities of spectral lines are also af- 
fected by the presence of electric and magnetic fields (Stark 
and Zeeman effects). If a line is produced in the presence 
of a magnetic field and if the magnetic field is uniform, 
the line is split into several components; this phenomenon 
is observed in the spectra of so-called magnetic stars and 
in sunspots (Zeeman effect). The Zeeman effect produces 
a broadened line if the spectral purity is not good enough 
to show the separate components. Strong, uniform electric 
fields are not present in most astronomical objects, for 
they are short-circuited by the flow of electrons and ions. 
Stark broadening, caused by local electric fields around 
abundant ions, is important, however, especially for hy­
drogen; collisions with ions are particularly effective in 
perturbing this atom.

Unusual stellar spectra. A variety of stellar objects show 
emission lines along with, or instead of, the usual absorp­
tions. According to the general principles discussed above, 
the regions of the star’s atmosphere where these lines are 
formed are optically thin or, if opaque, must be hottest 
near the surface. In the most commonly observed case, 
a star is surrounded by an extended envelope or shell 
of gas. If this envelope can be observed directly, it is 
called a nebula.

Not all the processes operating in the formation of stellar 
spectra, especially the unusual or peculiar ones, are un- 
derstood, but several can be mentioned here. (1) Rapidly 
rotating stars, most of which are hot, can throw off gas 
from their equatorial regions. (2) Processes resembling the 
emission of the solar wind seem to operate in cool stars, 
especially giants; here the driving force is probably energy 
from the violent convection in the outer part of the star. 
(3) Extremely hot stars may be able to evaporate gas at a 
substantial rate. (4) Finally, a rather common configura- 
tion is that of a close pair of stars. Particularly if one of 
them has evolved into a giant, a star with an extremely 
large radius, gas can spill out towards the other star or 
go into orbit about both of them. Novae, or exploding 
stars, seem to be of this sort: the gas accumulates on the 
small, hot star, and is periodically blown off to form an 
expanding shell. This expansion may be measured by the 
Doppler effect. At first the shell is optically thick, and its 
spectrum resembles that of a star, but it is abnormally 
bright because of its large area. In time bright lines ap­
pear, as the gas becomes optically thin; finally, “forbidden 
lines” characteristic of very low densities are seen (the 
term “forbidden” should be interpreted as meaning “high- 
ly improbable”). All these details are noted by careful 
observations and measurement of details of the spectrum 
and, in some cases, of their charges.
The rather small class of stars with unusual spectral 

characteristics called Wolf-Rayet stars are extremely hot; 
they show emission lines of several-times ionized elements 
and clear evidence of expanding shells. Many are known 
to be close binaries. Even normal O- and B-stars, when 
observed in the far ultraviolet from space, are seen to 
have expanding shells; the behaviour of the spectral lines 
resembles that of the P Cygni stars, another class of pecu­
liar stars with expanding shells of gas. Another interesting 
class contains the cooler T Tauri stars, which are probably

accreting material from an associated nebula, and may be 
in the last stages of formation. (The P Cygni and T Tauri 
classes are named after the prototype stars).
White dwarfs are stars that are believed to have used up 

all their nuclear fuel. They concentrate a mass compara- 
ble to that of the Sun into a volume comparable to that 
of the Earth; hence the name dwarf. The colour of their 
radiation is white. As would be expected, the surface pres­
sure is high and the few spectral lines observed are greatly 
smeared. White dwarfs cannot have a much greater mass 
than the Sun; more massive stars must presumably shed 
the excess. It is thought that planetary nebulae, discussed 
below, represent the mass ejected in this way. Other stars, 
perhaps more massive originally, are believed to eject their 
outer layers more violently, while the core implodes into 
a neutron star, releasing a vast amount of gravitational 
energy. This train of events is identified with the rare and 
unpredictable phenomenon of a supernova. The spectrum 
of the early stages of a supernova is almost impossible to 
record. Spectroscopie study of supernovae in nearby galax­
ies does suggest that very violent events take place, but 
the spectra are difficult to decipher. There is little doubt 
that the Crab Nebula, diseüssed below, is the product of 
a supernova explosion observed by Chinese and Japanese 
astronomers in 1054.

Planetary spectroscopy. The solar radiation reflected 
from a planet contains information of two kinds about 
the planet. (1) In addition to the normal solar spectrum, 
this radiation produces atomic lines (which are rare) and 
molecular bands characteristic of the constituents of the 
atmosphere during the passage of the light through it. (2) 
Colorations and broad absorptions are characteristic of 
solid surfaces or cloud material from which the light is 
reflected; the interpretation of such data is seldom unique, 
but with care, useful conclusions can be obtained.
Atmospheric absorption lines are usually narrow and 

can be observed best with high spectral resolution. With 
the development of coudé spectrographs of long focus, 
with which high-dispersion spectra could be obtained, and 
infrared-sensitive emulsions in 1933, astronomers suc- 
ceeded in observing carbon dioxide on Venus and complex 
absorptions on Jupiter that were later shown to be due to 
ammonia and methane. Methane is also found on Saturn, 
Uranus, and Neptune. The lack of ammonia absorption 
(though there are some reports of it for Saturn) is rea- 
sonable at the low temperatures of the outer planets; and 
the upper clouds of Jupiter and Satum contain significant 
amounts of ammonia ice.

Observations in the infrared and ultraviolet wavelength 
regions. Other substances were sought in planetary at­
mospheres without success, and progress had to await 
extension of the observable wavelength band further into 
the infrared region. In 1947 use of a lead-sulfide detector 
extended the observable infrared out to 2.5 micrometres, 
enough to detect carbon dioxide on Mars. The spectral res­
olution was not high, but the carbon dioxide bands in this 
region are extremely strong. By 1963, improvements in in­
frared photography and in coudé spectrographs produced 
a single plate showing a weak band of carbon dioxide at 
8,689 Ä. The actual purpose of the exposure was to search 
for evidence of water vapour on Mars at a time of large 
planetary motion in the line of sight and, therefore, large 
Doppler shift, which would separate the contributions to 
the water vapour bands from the Earth’s atmosphere and 
that of the planet; weak absorptions were indeed found. It 
soon became clear, however, that the atmosphere of Mars 
is nearly pure carbon dioxide; the only other gases likely to 
be present in substantial amounts are nitrogen and argon, 
which are invisible to this type of spectroscopy.

Still another advance, the perfection of high-resolution 
Fourier spectroscopy, permitted the detection of a tracé of 
carbon monoxide in spectra of Mars obtained by Pierre 
and Janine Connes, two French astronomers. The reso­
lution and consequent purity of this method is such that 
many new identifications of features, hitherto hopelessly 
blended with neighbouring ones, are now possible.

Space observations suggest a tracé of ozone absorption 
around 2,500 Ä. The emission spectrum of the atmo­
sphere of Mars was observed by spectrometers aboard U.
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material
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S. flyby spacecraft in 1969 and by the Viking landers in 
1976. The latter confirmed the presence of carbon diox­
ide and detected tracés of nitrogen, argon, oxygen, water, 
krypton, and xenon.

Observations o f small planetary areas. Quantitative 
Venus analysis of the Venus atmosphere is hampered by the 

ubiquitous haze. The path taken by the radiation as it is 
scattered from point to point in the atmosphere is un­
known but is presumably similar at nearby wavelengths; 
thus, the relative abundances of various gases can be 
obtained. The most abundant gas is known to be car­
bon dioxide again, from direct Chemical analysis by U.S. 
and Soviet probes. With this knowledge, the amounts of 
the remaining gases can be obtained. One hundred and 
ninety bands of carbon dioxide have been identified in 
the Connes spectra. Rare isotopes of carbon and oxygen 
also have been identified from peaks in the spectra that 
are shifted from the positions of the main carbon dioxide 
lines because of the mass differences between the isotopes. 
This Technique has been possible for the first time because 
of the very large improvement in the resolution provided 
by the Connes spectra. The isotopic abundances are found 
to be the same as on Earth. Nitrogen is also present, as 
are much smaller amounts of water vapour, argon, neon, 
and sulfur dioxide.
It has long been reaiized that the low density of Jupiter 

The outer (and also of the other three giant planets, Saturn, Uranus,
planets and Neptune) implies the presence of large amounts of

hydrogen, and the detection of methane (CH4) and am­
monia (NH3) offered support for this reasoning. But di­
rect detection of H2 became possible only in 1949, when 
laboratory work showed the existence of two classes of 
infrared absorption that could be sought by direct obser­
vation. Broad pressure-induced lines were soon found in 
the spectra of Uranus and Neptune. A decade later, the 
narrow quadruple lines of hydrogen produced in relatively 
rare transitions were observed on Jupiter, and they have 
been studied in detail since; the expected dominance of 
hydrogen was confirmed by the Pioneer 10 probe. Data 
transmitted by the spacecraft also corroborated the pres­
ence of substantial amounts of helium.
Spectroscopy of cornets. Special difficulties in cornet 

observation include the sporadic nature of cometary ap- 
pearances; also, as all cometary radiations are either re­
flected or induced by the effect of sunlight, changes occur 
constantly in the spectrum as the cornet approaches and 
recedes from the Sun. In the past, most cornet spectra 
have been made at low dispersion, partly because a short 
exposure or the use of a slow or small telescope was nec­
essary. Such spectra show the gross features well, but fine 
details can best be studied only on the rare occasions when 
a really bright cornet can be observed at high dispersion.

The nature of cornets has been revealed in some detail 
by spectroscopy. A nucleus, heated by the Sun, gives off a 
cloud of gases, many of which are unstable free radicals. 
Ions are also produced and are blown radially away from 
the Sun by the solar wind. Spectra of the head, the bright­
est and densest part of the cornet, show the presence of C2, 
C3, CH, CN, NH, NH2, OH, H, and O; sometimes, near 
the Sun, sodium and iron lines also appear. The tail ions 
are C 02+, CO+, and N2+; the presence of dust is revealed 
by the solar spectrum it scatters. The nucleus is composed 
of compounds like H20 , NH3, and CH4 along with heavier 
hydrocarbons and dust. These molecules are released by 
the heat of the Sun and dissociated and ionized mainly 
by solar ultraviolet radiation. The detection of hydrogen 
atoms was accomplished only in 1970 by two spacecraft, 
the first “Orbiting Astronomical Observatory” and an 
“Orbiting Geophysicäl Observatory.” The hydrogen cloud 
is enormous, even on the scale of the visible cornet, the 
tail of which can be millions of kilometres long.

Detailed study of high-dispersion spectra reveals ad­
ditional information. Motions are found from Doppler 
shifts, and intensities of molecular bands give “tempera­
tures,” which relate to the equilibrium of the molecules of 
the tenuous gas with solar radiation.
Spectroscopy of meteors. Though meteorites can be 

recovered and analyzed in the laboratory, there is no as- 
surance of a similar composition for the much smaller

objects, the meteors, that vaporize high in the atmosphere.
Meteor spectroscopy is worthwhile not only for Chemical 
analysis, but also for clues to the physical conditions in the 
meteor trail. Meteors form short-lived bright tails, lasting 
for a few seconds; they appear unpredictably in any part 
of the sky, but more frequently during meteor showers.
The only practical method is to use an objective prism or, 
more often, a grating with a widefield camera. Long expo- 
sures at random or during meteor showers have yielded a 
total of some 1,500 spectra, most at very low dispersion, Analyzing 
enough for a detailed study. The Chemical elements found meteor 
do indeed suggest a composition similar to the larger me- spectra 
teorites; they include iron, magnesium, sodium, calcium, 
manganese, chromium, aluminium, nickel, hydrogen, and 
Silicon, some of them ionized. A curious fact is the ap- 
pearance of the auroral green line of atomic oxygen in 
some meteor spectra. lts presence is not fully understood, 
but presumably it is due to the excitation of atmospheric 
oxygen. Bands and lines of nitrogen are also seen. One 
existing spectrum shows, in addition to the usual metallic 
lines, many molecular bands suggesting cometary mate­
rial. Apparently present are the oxides of iron, magnesium, 
calcium, and carbon, as well as CN and C2. For the other 
lines, the degree of excitation depends on the velocity and 
consequent heating of the meteoric partiele: slow ones 
show temperatures around 1,700 K (2,600° F), and faster 
ones may reach 3,200 K (5,300° F).
Spectroscopy of nebulae. The word nebula in Latin 

means a cloud, and has been applied in the past to many 
kinds of cloudy objects. Current usage favours restriction 
of the term to literal clouds of gas, dust, or both; aggre- 
gations of stars are called clusters or galaxies, depending 
on their size and structure. Usually a distinction can read­
ily be made with the spectroscope: clusters and galaxies 
show a stellar spectrum, whereas gaseous nebulae show a 
bright-line spectrum. Borderline cases exist; some galaxies 
have emission lines, and dust clouds near a suitable star 
(effective temperature 20,000 K or cooler) can behave as 
reflection nebulae showing essentially the same spectrum 
as the exciting star. A well-known example is found in the 
Pleiades star cluster.
Spectra o f gaseous irregulär nebulae. Gaseous nebulae 

are usually excited by intense ultraviolet light from one or 
more hot stars in the neighbourhood. A very hot star emits 
huge amounts of far-ultraviolet radiation—the maximum 
of the black-body spectrum is at 1,000 Ä for a temper­
ature of 29,000 K (about 52,000° F). All the gas near 
it is, therefore, ionized and constitutes an “HII region.”
The term HII, or H+, refers to ionized hydrogen. The 
outer boundary of an HII region is rather sharp; here the 
ionizing radiation is quickly used up, and the hydrogen in 
the surrounding Hl region is mostly neutral. If the gas is 
uniform around the star, the HII region is called a Ström- 
gren sphere after the Danish astronomer Bengt Strömgren, 
who first studied their structure in detail. The observed 
nebula may appear irregulär because of patchy absorption 
by dust clouds, or because the density of hydrogen varies 
in different directions.

The emission lines of an HII region, or emission neb­
ula, are produced by two main processes. Electrons and Emission 
positive ions are continually recombining; in particular, processes 
electrons and protons recombine into hydrogen atoms. in nebulae 
The result is a continual production of excited atoms. The 
result is a continual production of excited atoms and of 
ions in lower stages of ionization; a rich recombination 
spectrum results. Because hydrogen is very abundant, its 
lines are particularly prominent. In addition to the famil­
iar lines in the visible and near ultraviolet ranges, there 
are many more in the radio region. Recombination also 
produces continuous spectra extending over several hun- 
dred angstroms in various spectral regions, and through 
much of the radio region. These spectra are produced by 
electrons approaching ions with considerable energy and 
combining with them into a specific bound energy level.
Thus, the width of each continuüm gives, in principle, a 
direct measure of the energy distribution of the electrons.
In practice this information is difficult to obtain because 
of uncertainties in photometry over the required wave­
length range.
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Figure 27: The em ission spectrum of the Orion Nebula from 3,700 to 5,100 Ä, showing the 
Balmer lines of hydrogen, due to recombination, and the forbidden lines of ionized oxygen, 
sulfur, and neon, due to electron impact.
By courtesy of Mount Wilson Observatory; from C. Payne-Gaposchkin and K. L. Haramundanis, Introduction to Astronomy (© 1970); Prentice-Hall

Subsequently, the electrons are ejected again, having ab­
sorbed energy from the radiation of the central star, and 
most of them have considerable kinetic energy. This en­
ergy is quickly shared with the other electrons and ions, 
which typically attain a temperature of 10,000 K (17,500° 
F). The more energetic electrons can collisionally bring 
the atorhs and ions of the medium to their lowest excited 
States. Many of the lines in such an electron-impact spec­
trum are unobservable in the laboratory; they were for 
many years half-seriously ascribed to an unknown element 
nebulium. But in 1927 the U.S. physicist and astronomer 
Ira S. Bowen found that they were due to forbidden tran­
sitions in the ions of common elements, especially oxygen 
and nitrogen. In the laboratory the excited States are un- 
able to radiate before they are quenched by a collision with 
another atom or the wall of the vessel. But in the tenuous 
environment of a nebula such collisions are so rare as to 
be unimportant. The excited States in question are of low 
energy and are very efficiently populated by the electrons 
in the nebula; indeed, the production of forbidden lines is 
the process that limits the temperature of the electrons. In 
1925 the green auroral line had been similarly identified as 
a forbidden transition in neutral oxygen, and several other 
forbidden transitions are now known in the spectrum of 
the Earth’s upper atmosphere.

A third excitation process was worked out by Bowen in 
1934: it is known as Bowen fluorescence. The strongest 
line of the helium ion, at 304 Ä, is emitted by the nebula, 
and this wavelength happens to coincide with a line of 
doubly ionized oxygen (OIII). Ions raised to this state may 
cascade down, through several intermediate energy levels, 
emitting the observed lines. The last photon radiated can 
initiate a similar process in nitrogen ions (NIII).
The best known nebula, visible to the naked eye as the 

middle “star” in the sword, is the Orion Nebula. Well 
over 200 lines are identified in its spectrum, representing 
a dozen of the common elements in several stages of ion­
ization. Several lines are known in the radio region. The 
composition is similar to that of the Sun. A complicated 
field of radial velocities is found. The general expansion 
is about 12 km/sec (7 mi/sec) relative to the central stars. 
Expanding bubbles are shown in many places by doubled 
lines—both the front and the back are seen, one ap- 
proaching and the other receding. It seems that the whole 
region is in rapid turbulent motion, with discontinuities 
suggesting shock fronts. Similar data are available for one 
or two other diffuse nebulae, but in most cases only a 
general velocity of approach or recession can be obtained.

HII regions can readily be observed in nearby galaxies; 
in more distant ones, the brightest lines sometimes show 
above the stellar continuüm. The forbidden doublet (a 
spectral line with two close components) of 0 + at 3,727 A 
is found this way in about half the galaxies observed, and 
even more frequently in spiral and irregulär galaxies that 
tend to be rieh in gas.

Spectra o f planetary nebulae. Somewhat over a thou- 
sand planetary nebulae are known. The term planetary 
has nothing to do with the nature of the objects: it refers to 
the telescopic appearance of the brighter ones—a greenish 
disk resembling Uranus or Neptune. Photographs usually 
reveal considerable structure in addition to the basic cir­

cular shape. Usually a central star can be seen. Spectral 
lines near the centre are double and indicate expansion 
velocities of 10—30 km/sec (6-18 mi/sec). Comparison of 
this velocity with a typical diameter suggests a lifetime 
of only 30,000 years. It is generally believed that such 
nebulae represent the outer envelope of a very old star, 
whose inner parts are in the process of collapsing into a 
star of very small diameter called a white dwarf. It is not 
surprising that this stellar core has an exceedingly high 
temperature, typically 50,000 K (90,000° F) and some­
times as much as 100,000 K (180,000° F). Though such 
an object would be expected to be deficiënt in hydrogen 
(which is consumed by the processes that cause a star to 
shine), the abundances of it and of the other Chemical 
elements in both nebulae and central stars seem to be 
normal. Perhaps the hydrogen is not used up in the outer 
parts of the star; or perhaps the picture of the central star 
as a white dwarf is in error.

It is uncertain whether the outer boundary of a planetary 
nebulae represents the boundary of the ejected gas or a 
Strömgren sphere embedded in this gas. It is difficult to 
teil directly from the spectra, because any surrounding HI 
region would be very faint. Indirect evidence suggests that 
the smaller nebulae, which are also the youngest and dens- 
est, may have HI regions around them. Stratification may 
be seen directly for ions like He+ and Ne4+, which tend to 
be found closer to the centre than the less-ionized species.

Supernova remnants. The third principal species of neb­
ula is the supernova remnant. The most famous and best 
understood example is the Crab Nebula; the supernova 
associated with it was observed by Chinese and Japanese 
astronomers in 1054. This remarkable nebula still presents 
major new insights; in 1968 the supernova remnant was 
found to be a pulsar.

It is thought that a supernova represents the explosion 
of a massive star, during which a core, about the mass 
of the Sun, is imploded into a neutron star less than 20 
kilometres (12 miles) in radius. Such a collapse releases an 
enormous amount of gravitational energy, comparable to 
the nuclear energy radiated during the lifetime of the nor­
mal star; and a large fraction is stored in the rapid rotation 
of the neutron star. At the same time, the stellar magnetic 
field is enormously compressed and strengthened. As the 
star rotates, its magnetic field acts as a powerful dynamo, 
accelerating ions, and especially electrons, to high veloci­
ties: 900 years after the explosion, the rotation rate of the 
whole star is still 30 revolutions per second, very close to 
that of a Standard electric motor.
Spectroscopically, the star appears blue but shows no 

absorptions. Photometry and time-resolved photography 
show that the light is èmitted in flashes, twice per revo- 
lution, as in a rotating beacon. The source of the light is 
not understood; no other pulsar is detectable optically, but 
they are all older than the one in the Crab. The surround­
ing nebula consists of two parts: an amorphous mass with 
a continuous spectrum and a high degree of polarization; 
and a complicated network of ropy filaments with a nor­
mal nebular spectrum. In 1953 it was suggested that the 
continuüm is due to synchrotron emission: light given off 
by electrons moving at almost the speed of light when 
deflected by a magnetic field. The subsequent observation
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of polarization confirmed this idea, but the energy source 
for the electrons was a mystery until the discovery of the 
pulsar. The synchrotron continuüm extends all the way 
from the radio, through the optical, into the X-ray region. 
The ultraviolet part of this spectrum seems adequate to 
explain the excitation of the gas in the filaments. The gas 
is distinctly deficiënt in hydrogen and rieh in helium.

The radial velocities of the filaments have been explored 
in some detail. There are large irregularities, but the gen- 

Ixpansion eral speed of expansion is about 1,150 km/sec (710 mi/ 
elocities sec). The corresponding transverse expansion can be mea­

sured by comparing photographs taken many years apart; 
the results strongly suggest that the motion has acceler- 
ated somewhat since the explosion, presumably under the 
influence of the energy emitted by the pulsar.
The Crab, though it has received most study, is not a 

typical supernova remnant. Several others are known; they 
show much greater expansion velocities, up to 20,000 km/ 
sec (12,000 mi/sec); naturally, they dissipate much faster 
and are usually observed as rings or hollow spheres. Much 
of the optical excitation may be from interaction with the 
interstellar gas at the advancing front.

Spectroscopy of galaxies. One of the most striking of 
all spectroscopie results was the discovery of the apparent 
expansion of the universe, by the U.S. astronomer Edwin
P. Hubble. He found the remarkably regulär rule that 
distant galaxies appear to recede faster than those that 
are near our own System: their spectral lines are shifted 
towards the red. Hubble’s Law States that the velocity of 
recession is proportional to the distance; it has continued 
to be confirmed by later work. On such faint objects 
as galaxies, for most of which only low- or medium- 
dispersion spectra can be obtained even with very long 
exposure and large telescopes, Doppler shifts can be mea­
sured only because they are so large; a typical spectrum 
on a blue-sensitive plate is only three millimetres long. 
The nebular spectrograph is used at the prime focus of the 
telescope to conserve light.

For the brighter galaxies, it is possible to classify the 
spectra in much the same way as the spectra of individ­
ual, relatively close stars and also to obtain some idea of 
which kinds of star contribute most to the light. Galactic 
spectra resemble the spectra of the median type of their 
component stars and can be simulated by combining the 
spectra of a number of stellar types. The results depend 
on the wavelength region used: hot stars have a more 
important effect on the combined spectrum in the blue,

By courtesy of Mount Wilson and Palomar Observatories
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Figure 28: The relation between redshift and distance for five 
distant galaxies. Redshifts are expressed as velocities, cdtyA,. 
Arrows on right indicate shift for calcium lines H and K. One 
light-year equals about 9.4 trillion kilometres (6 trillion miles).

and cool ones in the red. A correlation of the spectrum 
with the appearance of the galaxy exists. For blue wave­
lengths, elliptical galaxies tend to have predominantly G- 
or K-type spectra, indicating that most stars in them are 
somewhat cooler than the Sun. Irregulär galaxies have 
A-type spectra, considerably hotter than the Sun. Spirals 
are intermediate, the tightly wound ones having cooler 
spectra than the loosely wound ones.
The presence of gas is indicated by emission lines, es­

pecially the nebular doublet (explained above) of ionized 
oxygen at 3,727 Ä, and lines of hydrogen and ionized ni­
trogen in the red. The correlation with the type of galaxy 
resembles that for spectral dass: prominent in irregulars 
and improbable in ellipticals. Gas is associated with young, 
hot stars because copious amounts of gas are necessary for 
star formation, and because hot stars make the gas more 
visible. The Situation in the nuclei of galaxies appears to 
be more complicated, but gas is quite common there.
About two dozen of the type called Seyfert galaxies are 

known, named for the U.S. astronomer, Carl Seyfert, who 
first studied them in detail; they exhibit starlike, very 
bright nuclei, with a high-excitation spectrum of broad 
emission lines. Turbulent motions of several thousand 
kilometres per second are implied. Somewhat similar are 
the N galaxies (nuclear galaxies), usually strong radio 
sources, and some of which have considerable redshifts. 
The relationship of the two groups to each other is ob­
scure, as is the relation of N galaxies to quasars.

Spectroscopy of quasars. Quasi-stellar objects (qso’s), 
or quasars, are objects that appear to be point sources 
of light, like stars, but have large redshifts appropriate to 
distant galaxies. In their spectra, emission lines are promi­
nent, as is a continuüm with absorption lines. Spectra of 
these objects can only be obtained with very large tele­
scopes because of their extreme faintness.

The nature of the line spectrum was a mystery for several 
years, in 1963 when a redshift of 0.158 (the increase of 
wavelength divided by the original wavelength) was found. 
Within two years a redshift of 2 had been found, and 
subsequently even larger ones were detected. If interpreted 
as Doppler shifts, redshifts of 2 or larger correspond to 
velocities of 80 percent or more of the speed of light. 
Altogether, lines of 10 common elements have been iden­
tified, and as far as can be determined the composition is 
like that of the Sun. Relative intensities differ from quasar 
to quasar, but these differences could be due to different 
conditions of excitation. Also, since forbidden lines are 
seen, densities must sometimes be very low in the regions 
where the spectrum, or part of it, is formed.

Absorption lines are common only in those objects with 
redshifts approaching or exceeding 2. Most offen, the ab­
sorption redshift is less than that for the emissions, and 
in some cases there are two or more redshifts. Uniden- 
tified absorptions short of the Lyman-alpha emission are 
common and may be due to hydrogen at still other shifts, 
which cannot be verified by correlation with other lines.

The cause of the redshifts is still undetermined. Its In­
terpretation remains one of the fundamental Problems of 
spectroscopy. Among other possibilities, it has been sug- 
gested that they are caused by gravitational redshifts, but 
it is difficult to imagine any so large; also, the narrowness 
of the spectral lines presents a serious problem because it 
indicates that they must originate in a uniform region of 
the gravitational field.

Radio spectroscopy. The most famous spectral line of 
the radio region is the 21-centimetre emission of the hy­
drogen atom. There are two reasons for its importance: 
hydrogen is the most abundant constituent of the interstel­
lar gas; and the Galaxy is transparent in this wavelength 
region. Moreover, Doppler shifts and the corresponding 
radial velocities can be found by a procedure as simple as 
tuning a radio receiver. The existence of the 21-centimetre 
line was predicted during World War II and was de­
tected almost simultaneously by three different groups a 
few years later.

The States involved in the 21-centimetre transition are 
the so-called hyperfine levels of the ground state. In a 
hydrogen atom, the magnetic moments of the electron 
and proton can point either parallel or antiparallel; the
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latter Situation has the lower energy, just as it would for 
a pair of bar magnets. But the number of electrons with 
higher energy—that is, at the upper level—is kept up by 
thermal collisions; even in the extremely tenuous gases of 
the interstellar medium such collisions occur once every 
400 years. On the average, a radio-frequency photon is 
emitted by an undisturbed, excited atom every 11,000,000 
years: the transition is very infrequent; that is, it is highly 
“forbidden.” Nevertheless, in practice, the line is readily 
detected in any direction, because there is so much hydro­
gen and because radio techniques with large antennas are 
so sensitive.

In surveying the Galaxy, the different Doppler shifts 
of various spiral arms are significant. With the aid of a 

Mapping model of galactic rotation, a detailed map was built up by 
the Galaxy 1958. Because the Doppler shifts are zero in the directions 

toward and away from the centre, there are two gaps in 
the map. The spiral arms can be seen rather well and 
traced for long distances. In the confused region towards 
the centre, rapid motions can be discerned; it appears that 
a ring of gas is moving outwards at about 50 km/sec (30 
mi/sec). It was found that about 2 percent of the mass of 
the Galaxy is in the form of gas. The velocity distribution 
that was once assumed has been shown to be too simple to 
fit the real Galaxy. Despite progress in refining the map, 
a truly satisfactory result has yet to be achieved.
Other galaxies can also be observed, and their general 

Doppler shifts measured. For the nearest objects, fairly 
detailed maps have been produced.

Atomic hydrogen also has a rieh recombination spectrum 
in the radio region, as first predicted in 1959. These lines 
are unobservable in the disturbing environment of the 
laboratory because they are highly susceptible to atomic 
collisions. The electronic States of hydrogen are deseribed 
by a quantum number n, which is 1 for the ground state. 
Lyman alpha, a well-known ultraviolet hydrogen, line, is 
emitted in a transition from n = 2 to n =  1; Balmer alpha, 
or hydrogen alpha (Ha), in the red, is the 3-2 transition. 
These lines belong to well-known hydrogen series of lines 
named after prominent physicists. Radio lines have been 
observed from 8.2 millimetres (56a, 57-56) to 75 centime­
tres (253a, 254-253). Jumps of two, three, and four are 
also found, as are lines of helium and (probably) carbon. 
The best sources are HII regions, as would be expected 
for a recombination spectrum. The physical information 
that can be obtained is similar to that found from optical 
recombination lines. But the radio lines have the impor­
tant advantage of needing no corrections for interstellar 
absorption. A radio continuüm is also produced, as in the 
optical region, by the electrons as they are captured into 
the high orbits.

Molecular lines are known in the range of wavelengths 
2.6 millimetres to 36 centimetres. By the early 1980s 
approximately 50 varieties of molecules and radicals had 
been identified. These include water vapour, ammonia, 
formaldehyde, methyl alcohol (CH3OH), carbon monox- 
ide, hydrogen, cyanide, and some sulfur compounds. It 
is common to find emission lines, as well as absorptions 
against strong sources. The emission lines of OH are no­
table for their high intensity, small size, and unexpected 
intensity ratios. The only likely explanation is that stim- 
ulated emission is amplifying the radio waves; in other 
words, an interstellar maser is operating. (D.M.H.)

Mass spectroscopy

Mass spectroscopy denotes that field of physics in which 
the motion of ions in electric and magnetic fields is used 
to sort ions according to their mass-to-charge ratios. The 
instruments used in these studies are called mass spec- 
trometers and mass spectrographs, and they operate on 
the principle that moving ions may be deflected by electric 
and magnetic fields. The two instruments differ only in the 
way in which the sorted charged particles are detected. In 
the mass spectrometer they are detected electrically, in the 
mass spectrography by photographic or other nonelectrical 
means; the term mass spectroscope is used to include both 
kinds of devices; a person who specializes in their use is 
called either a mass spectrometrist or a mass spectroscopist.

Mass spectroscopes consist of five basic parts: a high 
vacuum system; a sample handling system, through which 
the sample to be investigated can be introduced; an ion­
ization chamber (ion source), in which a beam of charged 
particles characteristic of the sample can be produced; an 
analyzer, in which the beam can be separated into its 
components; and a detector or receiver by means of which 
the separated ion beams can be observed or collected.

Many investigations have been conducted with the help Applica- 
of mass spectroscopy. These include the identification tions 
of the isotopes of the Chemical elements and determi­
nation of their precise masses and relative abundances, 
the dating of geological samples, the analysis of inorganic 
and organic Chemicals especially for small amounts of 
impurities, structural formula determination of complex 
organic substances, the strengths of Chemical bonds and 
energies necessary to produce particular ions, the identifi­
cation of products of ion decomposition, and the analysis 
of unknown materials, such as Moon samples, for their 
Chemical and isotopic constituents. Mass spectroscopes are 
employed also to separate isotopes and to measure the 
abundance of concentrated isotopes when used as tracers 
in chemistry, biology, and medicine.

HISTORY OF MASS SPECTROSCOPY
The foundation of mass spectroscopy was laid in 1898,
when Wilhelm Wien, a German physicist, discovered
that beams of charged particles could be deflected by a
magnetic field. In more refined experiments carried out
between 1907 and 1913 by J.J. Thomson, who had al- Contribu-
ready discovered the electron and its deflection by an tions of J.J.
electric field, a beam of positively charged ions was passed Thomson
through a combined electrostatic and magnetic field. The
two fields in Thomson’s tube were situated so that the ions
were deflected through small angles in two perpendicular
directions. The net result was that the ions produced a
series of parabolic curves on a photographic plate placed
in their paths. Each parabola corresponded to ions of
a particular mass-to-charge ratio, and the lengths of the
parabolic curves provided a measure of the range of ion
energies contained in the beam. Later, in an attempt to
estimate the relative abundances of the various ion species
present, Thomson replaced the photographic plate by a
metal sheet in which was cut a parabolic slit. By varying
the magnetic field, he was able to scan through a mass
spectrum and measure a current corresponding to each
separated ion species. Thus he may be credited with the
construction of the first mass spectrograph and the first
mass spectrometer.
The most noteworthy observation made with the parabola 

spectrography was the spectrum of rare gases present in 
the atmosphere. In addition to lines due to helium (mass 
4), neon (mass 20), and argon (mass 40), there was a line 
corresponding to an ion of mass 22 that could not be 
attributed to any known gas. The existence of different 
mass forms of the same element had been suspected since 
it had been found that many pairs of radioactive materials 
could not be separated by Chemical means. The name iso­
topes was suggested by Frederick Soddy in 1913 for these 
different radioactive forms of the same Chemical species 
since they could be classified in the same place in the 
periodic table of the elements. The ion of mass 22 was, in 
fact, a stable heavy isotope of neon.

Focussing spectroscopes. The spectroscopes discussed 
so far are analogous to the pinhole camera in opties 
because no focussing of the ion beams is involved. The in­
troduction of focussing types of mass spectroscopes came 
in the years 1918-19 and was due to F.W. Aston and to 
A.J. Dempster.

In Aston’s version, successive electric and magnetic fields 
were arranged in such a way that all perfectly collimated 
ions of one mass were brought to a focus independent 
of their velocity, thus giving rise to what is known as 
velocity focussing. Aston’s design was the basis of his later 
instruments with which he systematically and accurately 
measured the masses of the isotopes of many of the ele­
ments. He chose l60  (the isotope of oxygen of mass 16) as 
his Standard of mass.

Dempster’s spectrometer utilized only a magnetic field,
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Figure 29: Linear time-of-flight mass spectrometer.
A pulse of electrons ionizes the sample and a pulsed grid draws ions out of ionizing 
region and accelerates them along a drift region. Since all ions acquire the same energy of 
acceleration, the lighter ions arrivé at the collector first. The separated ion beams can be 
displayed on an oscilloscope.

esolving
Dwer

which deflected the ion beam through an arc of 180°. In 
Dempster’s machine, an ion beam homogeneous in mass 
and energy, but diverging from a slit, could be brought 
to a direction focus. This spectrometer was employed by 
Dempster to make accurate determinations of the abun­
dances of the isotopes of magnesium, lithium, potassium, 
calcium, and zinc, laying the foundation for similar mea­
surements of the isotopes of all the elements.
The resolving power of a mass spectroscope is a measure 

of its ability to separate adjacent masses that are displayed 
as peaks on the detector. If two peaks due to mass m 
and (m +  Am) can just be separated, the resolving power 
is ml Am. The early machines had resolving powers of 
only a few hundred. In 1935 and 1936, Dempster, K.T. 
Bainbridge, and Josef Mattauch working independently, 
developed instruments with electric and magnetic fields 
arranged in tandem in such a way that ion beams that 
emerged from the source slits in divergent directions and 
with different velocities were refocussed. Such focussing is 
termed double focussing. It was thus possible to achieve a 
resolving power of about 60,000.
Alternating field spectrometers. The spectrometers de- 

scribed so far employ steady electric and magnetic fields. 
In 1932 the use of alternating electric fields to separate 
ions of different mass was introduced by Henry D. Smyth. 
Instruments employing this technique are known as radio- 
frequency mass spectrometers, and by 1950, developments 
had improved them so that a resolving power of 100,000 
was possible. Nonfocussed spectrometers were introduced 
that did not require deflecting fields but operated on the 
principle of the pulsed beam. Typical of these is the 
“time-of-flight” spectrometer, shown in Figure 29, which 
depends upon the fact that an accelerated bunch of ions 
will separate during its flight through the drift tube and 
arrivé at the collector as a series of ion pulses, the lighter 
ions arriving first.

In 1953, Wolfgang Pauli and Helmut Steinwedel de- 
scribed the development of a quadrupole mass spectrom­
eter. The application of superimposed radio-frequency 
and constant Potentials between four parallel rods can 
be shown to act as a mass separator in which only ions 
within a particular mass range will perform oscillations of 
constant amplitude and be collected at the far end of the 
analyzer. This device, like the others, has the advantage of 
high transmission.

ION PRODUCTION AND DETECTION
Ion sources. The electron bombardment ion source was 

first used by Dempster. Its Operation depends on the fact 
that an electron, when colliding with a molecule, may 
transfer a sufficiënt amount of its energy to eject one of 
the electrons in the molecule, thus forming a positively 
charged ion. A bombarding electron can transfer much 
more than the minimum amount of energy necessary to 
produce an ion, and the excess energy can cause the ion 
to decompose in various ways with the loss of neutral 
fragments, thus giving rise to a mass spectrum. A simpli- 
fied electron bombardment ion source consists of a heated

filament, generally of tungsten or rhenium, that emits 
electrons in copious numbers. The electrons are attracted 
by slits having a high positive charge and pass through the 
ionization chamber containing the gaseous sample to be 
analyzed; here they are constrained to move in a narrow 
beam by a magnetic field in a direction along their lines of 
motion. Positive ions are formed in the ionization cham­
ber along the length of the electron beam and are ejected 
from the chamber by positively charged, or repeller, elec­
trodes. The ions leaving the source have a spread in energy 
of only a fraction of an electron volt. A sample is required 
in gaseous form at extremely low pressure, and a sample 
consumption of less than a thousandth of a microgram 
each second is typical. The source is frequently used for 
examination of organic compounds that can be vaporized 
without decomposition, as well as for gas analysis.

Instead of electrons, photons in the far ultraviolet region 
may be used, as they have sufficiënt energy to produce 
positive ions in a sample gas or vapour to be analyzed. 
A discharge in a capillary tube through which is passed 
a suitable gas, such as helium, is a good source for such 
radiation. Photo-ionization sources usually produce fewer 
ions than electron bombardment sources but have advan­
tages when the ionization chamber must be held at low 
temperature.

In the vacuum spark source a pulsed, high-frequency po­
tential of about 50 kilovolts is built up between two elec­
trodes until electrieal breakdown occurs. Hot spots appear 
on the electrodes, and electrode material is evaporated and 
partially ionized by bombardment from electrons present 
between the electrodes. The principal merit of the vacuum 
spark source is its ability to produce copious quantities of 
ions of all elements present in the electrodes.

To obtain large ion currents a low voltage arc source 
can be used. The sample vapour, contained in a capillary, 
starts a low-current discharge in the filament chamber, 
the walls of which act as the anode. Electrons from this 
discharge ionize the vapour within the capillary and strike 
an arc to the anode, the ion density within the capillary 
being particularly high. When a magnetic field is used 
parallel to the direction of the primary electrons, the dis­
charge is constrained without the use of a capillary. A 
weak electrostatic accelerating field extracts ions from the 
arc plasma, and these can be collimated and focussed. Ion 
beams of one milliampere (a million times greater than 
those from the sources described above) can be obtained 
and collected to give usable amounts of separated isotopes. 
The surface ionization source depends upon the fact that 
when an atom of low ionization potential is heated on 
a surface of high work function, it is likely to evaporate 
as a positive ion. Neutral atoms striking the hot filament 
may also be re-emitted as ions. The ionization efficiency 
is so high in favourable cases that samples weighing less 
than a picogram (10“12 gram) may be analyzed with a 
precision of a few percent. This type of source has been 
widely used in the age determination of rocks. Substances 
that are adsorbed on a surface can be desorbed as positive 
ions under the action of a sufficiently strong electric field.
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Intense fields, of the order of 108 volt per centimetre, can 
be generated in the neighbourhood of sharp points and 
edges, and these have been used as field emission sources. 
This source is becoming populär in the study of organic 
compounds, which can be introduced as vapours and ion­
ized in the intense fields. The ions are formed with very 
little excitation energy so that there is little fragmentation 
of the molecular ions, making molecular formulas easier 
to determine.

Types of ions. In any of the ion sources described, 
a polyatomic molecule ordinarily is transformed into a 
mixture of so-called parent and fragment ions. Parent 
ions or molecular ions are ions that have been formed 
from complete molecules by removal of one or more 
electrons without fragmentation. One can represent, in 
equation form, the action of an electron e  upon a neu­
tral molecule M  to produce an ion and two electrons 
(electron bombardment), or the action of a photon hv to 
produce an ion and one electron (photo-ionization). Most 
organic compounds are held together by bonds that each 
contain two electrons, so the neutral molecule contains an 
even number of electrons. When an electron is removed, 
the ion formed will contain an unpaired electron; which 
can be symbolized by a dot. The equation for electron 
bombardment is thus M  T- e  =  M +• +  2e, and for photo- 
ionization, M  +  hv  —» M +■ -he. These ions may contain an 
energy considerably in excess of the minimum required 

Fragmen- for fragmentation and may break into a variety of frag- 
tation of ment ions and neutral species. Thus the molecular ions 
ions are the “parent” ions of the mass spectrum. Molecular

ions may carry one or more charges because transfer of a 
large amount of energy by a bombarding electron (or pho­
ton) may expel two or more electrons from the molecule; 
thus, for example, processes such as are represented by the 
equation M  +  e  —> M 2+ +  3e, or M  4- e —> A/3+ + 4e  can 
occur. These are examples of the formation of multiply 
charged ions.
Most of the research carried out in mass spectroscopy is 

concerned with positive ions; that is to say, ions formed 
by removing an electron from a neutral molecule. Elec­
trons having a low kinetic energy can attach to molecules, 
forming negative ions, and these can also be studied by 
mass spectroscopy.
The fragmentation of a molecular ion ABCD+ can 

occur in several ways. For example, the expression 
ABCD+ —* AB+ +  CD • represents simple cleavage, and 
ABCD+ —> AC+ +  BD • a rearrangement reaction when 
(the ion AC+ is called a rearrangement ion). The fraction 
or moiety B has transferred during fragmentation to com­
bine with moiety D. Such rearrangements are commonly 
found in the mass spectra of organic compounds and in- 
volve transfer of hydrogren atoms, or occasionally, small 
groups of atoms.

Ions that make up a mass spectrum also can be classi- 
fied according to their stability. Ions that undergo frag­
mentation within the ionization chamber are classified as 
unstable, ions (both molecular and fragment ions) that 
leavè the ionization chamber and undergo fragmentation 
between the ionization chamber and the detector are said 
to be metastable. Metastable ions that decompose in field- 
free regions of the flight tube can give rise to diffuse peaks 
in the mas spectrum. The positions and shapes of these 
“metastable peaks” can be used to give information about 
the individual steps in the fragmentation processes.

The detection and identification of ions. The two most 
widely used detection Systems for energetic ions are the 
photographic plate and the secondary electron multiplier.

Especially sensitive photographic plates are employed to 
compensate for the low penetrating power of the ions. It 
has proved possible with these to detect an element over 
a sensitivity range of 1 part in 1,000,000,000. In addition 
to the sensitivity, a major advantage of the photographic 
plate arises when it is used in a double-focussing mass 
spectroscope in which the whole, or a major part, of the 
mass spectrum is focussed in a plane (see the design of 
Mattauch and Richard Herzog shown in Figure 32 and 
described below). In this case, one can make use of the 
integrating action of the plate and compare the densities 
of lines due to different elements.

The basic electrieal detector is the so-called Faraday 
cage. The current due to ions striking the eage is usually 
measured with an electrometer amplifier. The stability of 
electrometer amplifiers is such that the ion current issu- 
ing from the ionization chamber, minute as it is, permits 
intensity measurements of 10 parts per million. An ion- 
collector system can be built with two or more slits and 
a corresponding number of Faraday cages that allows the 
simultaneous collection of two or more ion beams. Such a 
system allows the ratio of two ion beams to be measured 
continuously; it is particularly valuable in measuring the 
abundance ratios of the isotopes of an element and in 
detecting small changes in these ratios.

Secondary electron multipliers of the conventional kind 
are used to detect the smallest currents and to reduce the 
time constant, thus increasing the plotting rate of spectra.
They can give a measurable current for the arrival of a
single ion and be used for single ion counting. A scanning Single ion
time of one second for several hundred mass peaks can be counting
achieved if one sacrifices the accuracy of measurement of
relative peak heights for the smallest peaks.
Another method of detecting the positive ions in a beam 

is to allow them to strike a phosphor, thus producing 
scintillations that can be detected by a photomultiplier.
A more sensitive method is to allow the ion beam to 
impinge upon a secondary emitting electrode, maintained 
at a high negative potential. The secondary electrons 
produced are accelerated to a phosphor that is optically 
coupled to a photomultiplier. In this way, high sensitivity 
is attained and the photomultiplier is never exposed to 
the atmosphere yet is conveniently located outside the 
vacuum system.

THE ANALYSIS OF IONS
Magnetic field analysis. Ions of mass m  and charge e  

moving in vacuo with a velocity u in a direction perpen- 
dicular to a magnetic field H  will follow a circular path 
with radius R  given by

R  =  m o/H e.

Therefore, all ions with the same charge and momentum 
entering the magnetic field from a common point will 
move in the same radius R  and will come to a first or­
der focus after 180° as shown in Figure 30, no matter 
what their masses. Hence, the mass spectrometer used by 
Dempster can be referred to as a “momentum spectrome­
ter.” If all ions of charge e  enter the magnetic field with 
an identical kinetic energy eV, due to their acceleration 
through a voltage drop V, a definite velocity v will be as- 
sociated with each mass and the radius will depend upon 
the mass. Since e V =  Vim v 2, Substitution in the previous 
equation will give m /e  =  H  2R 2/2  V. This formula shows 
that the radius of curvature R  for ions in this spectrometer 
depends only on the ratio of the ions’ mass to charge, as 
long as their kinetic energy is the same. Thus, a magnetic 
field can be used to separate a monoenergetic ion beam 
into its various mass components. A magnetic field will 
also exert a focussing action on a monoenergetic beam of

Figure 30: Paths of monoenergetic ions moving in a plane 
perpendicular to a magnetic field, passing through focal point 
B after originating at point A (see text).
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ions of mass ra as is shown in Figure 30. In this figure 
an ion beam emerges from a point A with a spread in 
direction 2a and comes to an approximate focus at B 
after traversing 180°. When a molecular ion of mass ra,, 
carries a single positive charge, it may decompose in front 
of the magnetic sector to form a fragment ion of mass ra2 
and a neutral fragment. If there is no kinetic energy of 
Separation of the fragments, the ion m2, and also the neu­
tral fragment, will continue along the direction of motion 
of ra, with unchanged velocity. The equation of motion 
for the ion m2 entering the magnetic sector can now be 
written from a previous relationship, R = m2v /  He. In this 
equation v is the initial velocity appropriate to ra, and 
given by j2eV /m {. Multiplying both sides of the equation 
v =  V2eV/m l by ra2, one obtains m2v — yJleViml /m,). 
Since the general momentum equation for any mass ra 
can be written rav =  V2eVm, it is apparent from the for- 
mer equation that the momentum ra2v is appropriate to 
an ion of mass ra \ /  ra,. Thus, the decomposition of the 
metastable ion will give rise to a peak at an apparent mass 
ra* =  ra 2 /  ra,, not necessarily an integral number. This 
peak is known as a metastable peak. Generally, metastable 

[etastable peaks occur at nonintegral mass numbers, and because 
ïaks there usually is a kinetic energy of Separation during frag­

mentation of the polyatomic ion, they tend to be more 
diffuse than the normal mass peaks and thus are recog- 
nized easily. For any value of ra* a pair of integers ra, 
and ra2 can be found such that ra* =  ra \ /  ra,. Thus, the 
action of the magnetic field on the charged metastable-ion 
decomposition product can be used to give information 
on the individual fragmentation processes taking place in 
a mass spectrometer.

Electrostatic field analysis. An electrostatic field that 
attracts ions toward a common centre—that is, a radial 
field—will also exert a focussing action on a divergent 
beam of ions as shown in Figure 31. The radial force on

Figure 31: Focussing action of a radial electrostatic field produced 
by two semicylindrical charged electrodes on a monoenergetic 
beam of ions. The ions diverging from point A are brought to a 
focus at point B.

the ions due to the electrostatic field will be Ee, the prod­
uct of the field E  and the ionic charge e, and is equal to 
the centripetal force mv2R, of mass ra moving with veloc­
ity i) about a radius R. Thus, one may write the equation

Ee = m\)2/R  or R = 'hm tf/'hE e.
The radius of the arc traversed by the ions will be pro­
portional to their kinetic energy, and an electric sector, 
will thus produce an energy spectrum of the ions passing 
through it. Alternatively, if narrow collimating slits are 
placed at either end of the sector a monoenergetic beam 
of ions can be selected.
The possibility of using an electric wedge or sector to 

obtain a monoenergetic beam of ions, which is then sepa­
rated for mass analysis by a magnetic sector, is an obvious 
possibility. General equations for combined electric and 
magnetic sectors have been developed; they show that a 
suitable combination of fields will give direction focussing 
for an ion beam of given mass-to-charge ratio, even though 
the beam may be heterogeneous in energy. The term dou- 

►ouble ble focussing is used for those combinations in which the 
>cussing angular and velocity aberrations effectively cancel.

Two of the best examples of double-focussing mass spec­
troscopes, both of which have been used in a variety

of commercial instruments, were built by Mattauch and 
Herzog and by Alfred O. Nier and his collaborators. The 
Mattauch-Herzog geometry is shown in Figure 32 and has

magnetic
sector

electrostatic
sector

Figure 32: A rra n g e m e n t  o f  th e  e le c t r o s ta t ic  a n d  m a g n e t ic  s e c to r s  in  
the  M a tta u c h -H e rz o g  d o u b le - fo c u s s in g  m a s s  sp e c tro m e te r .
The ions are deflected in opposite directions in the electrostatic 
and magnetic fields. The divergent monoenergetic beam contains 
two ion species of different mass to charge ratio. All ions are 
brought to a focus along the plane AB.

the remarkable property of being double focussing for all 
masses. Ions of all masses focus along a line that coincides 
with the second magnetic field boundary. Many versions 
of this design have been used when high resolution (up 
to 105) is desired for accurate mass and abundance mea­
surements and general analytical work. It can give good 
spectra, even for a spread of 5 percent in energy of the ion 
beam, and can be used with virtually any ion source. The 
resolved ion beams can be recorded electrically or with a 
photographic plate.

The design due to Nier is illustrated in Figure 33.

beta slit magnetic

Figure 33: A r ra n g e m e n t  o f  th e  e le c t r o s ta t ic  a n d  m a g n e t ic  
s e c to r s  in  the  N ie r  d o u b le - fo c u s s in g  m a s s  sp e c tro m e te r . 
The angle of the electrostatic sector is 90° and that of the 
magnetic sector 60°. The direction of deflection of the ion 
beam is the same in both sectors.

In a second instrument, Nier was able to achieve high 
sensitivity as well as high resolution. Using an electron- 
bombardment ion source, a resolving power of 2 X 105 
has been attained in a commercial instrument. The design 
has yielded mass measurements of the highest precision 
for a very large number of the isotopes and it has also 
been the most populär design for high resolution work in 
organic chemistry;
A few methods of attaining perfect double focussing are 

known. The simplest is to allow ions to move in a plane 
perpendicular to a homogeneous magnetic field. If the 
ions originale at a point, each ion will travel in a circular 
path appropriate to its momentum and will pass exactly 
through its point of origin after each revolution. In any 
practica! system it is necessary to modify the arrangement 
so as to produce mass dispersion. This was first done by 
injecting a beam of positive ions into crossed homoge­
neous magnetic and electric fields. An ion moving in the 
direction of electric field E

Figure 34: Ion path in the cycloidal mass spectrometer. The
magnetic field H is in a direction perpendicular to the plane
of the diagram.

Nier’s
efforts
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plane of the electric field E  and normal to the magnetic 
field H  will describe a trochoid (the locus of a point on 
a wheel rolling along a straight line) as shown in Figure 
34, and all ions originating at the source or point A will 
be brought to a focus at the collector slits at point B. The 
Separation distance AB of the source and collector can be 
written AB =  (InE/H 2) (m/e). Neither the initial velocity 
nor direction of motion of the ions appears in this expres- 
sion; so these factors do not affect the focus.

All the designs described so far use electric and magnetic 
fields that are invariant with time. Several other designs, 
however, have been constructed in which alternating or 
pulsed fields are used. A method of obtaining mass Sepa­
ration by the use of crossed magnetic and radio-frequency 
fields makes use of the principle of cyclotron resonance. 
The “omegatron” spectrometer is illustrated in Figure 35.

point of formation of ions

radio-
frequency
generator

Figure 35: Path of the ions in the omegatron radio-frequency 
mass spectrometer. A magnetic field is* in a direction 
perpendicular to the plane of the diagram.

Positive ions are produced by a stream of electrons mov­
ing along the direction of the magnetic field. If the time 
of revolution of an ion is equal to the period of the radio- 
frequency field (in phase), the ion can gain energy from 

Cyclotron the field and, as its energy increases, it will travel outward 
resonance in an Archimedean spiral towards a collector. An ion of 

slightly different mass will be out of phase with the radio- 
frequency field and pass successively through maximum 
and minimum radii as it attains its maximum and min­
imum velocities. Ions of mass m, which are in phase, 
will be collected, and those ions of mass (m +  Am) will 
be prevented from reaching the collector. The resolving 
power ml Am  can be shown to be nn/2, in which n is the 
number of revolutions made by the ion before arriving at 
the collector. The resolving power attainable in practice is 
limited by ion scattering over the very long path length, 
which dictates a small instrument. The absence of lirniting 
slits makes the instrument very sensitive and therefore 
useful in such studies as residual gas analysis.
Two other types of mass spectrometer, neither of which 

makes use of a magnetic field, have been developed into 
successful commercial instruments. The first of these is 
the linear time-of-flight spectrometer illustrated in Figure 
29. Ions are formed in the source region and pulses of 
ions are injected into a region where there is no acceler- 
ating force, the so-called drift region. Since all ions enter 
the drift region with essentially the same kinetic energy 
K.E., it can be seen from the equation K.E. =  'hmi)2, 
or o = yJ2K.E./m, that their velocities o will be inversely 
proportional to the square root of their masses m and 
they will take different times to traverse the drift region. 
A detector at the end of the drift region detects the ar- 
rival of the separated ion beams. Each pulse of ions thus 
gives rise to a complete mass spectrum, and spectra can 
be produced at rates as high as 105 per second, making 
the instrument particularly suitable for the study of fast 
reactions and transient species.

The basic concept of the quadrupole mass spectrometer 
is to provide a potential field distribution, periodic in time, 
which will allow ions of a selected mass to pass along an 

Quadru- axis. The field is produced, ideally, between four hyper- 
pole field bolic electrodes, a cross section of the ideal arrangement 

being shown in Figure 36. In practice, four cylindrical 
electrodes are used, and combinations of dc and radio- 
frequency potentials are fed to opposite pairs of electrodes. 
Modern versions of the quadrupole mass spectrometer are 
compact and versatile instruments, offering a resolving 
power of the order of 500, plus a high ion transmission

Figure 36: Quadrupole mass spectrometer, showing the four 
hyperbolic electrodes. Radio-frequency and direct-current 
potentials are applied to opposite electrodes.

and sensitivity. It has been used to detect microscopie 
tracés of gases, and complete spectra can be obtained 
about once every second. The ion mass transmitted by a 
quadrupole mass spectrometer can be selected with high 
precision merely by adjusting the radio frequency, thus 
making the instrument suitable for computer control and 
automatic data presentation.

PRINCIPAL APPLICATIONS
Studies with stable isotopes. The mass spectrometer is 

widely used to measure the masses of isotopes and to 
record the relative abundances with which they occur in 
nature or in artificially enriched samples. Mass spectrom­
eters giving separated ion currents of several milliamperes 
are known as calutrons, and these have been employed 
to produce relatively large and pure samples of particular 
isotopes. Separated isotopes are useful as targets in accel- 
erators and reactors, and as labels in tracer studies.
A variety of compounds is commercially available in 

which the molecules are chemically labelled with a spe­
cific isotope. Labelling with the heavy isotopes 2H, l3C, 
15N, 170 , and lsO is of particular importance in organic 
chemistry and in biology and medicine. The stable iso­
topes of nitrogen and oxygen are used for labelling, as 
no suitable radioactive isotopes of these elements exist. In 
the so-called isotopic dilution method a known amount 
of a labelled compound is added to a complex mixture 
containing some of the same (but unlabelled) compound. 
Measurement with a mass spectrometer of the percentage 
labelling in a small sample of the compound extracted 
from the mixture establishes the original amount of the 
compound present. Important advances have been made 
in such fields as metabolism studies, plant respiration, 
photosynthesis, the direct utilization of oxygen in bio- 
logical oxidations, enzymic hydrolyses, phosphate transfer 
reactions. Stable isotopes of elements beyond oxygen are 
also commonly employed. For example, 59Fe has been 
used to follow hemoglobin cycles in the body.

Exact measurement of atomic masses. Over two-thirds 
of all exact atomic masses are now based on mass spec­
troscopie determinations. Large double-focussing mass 
spectroscopes are employed for the highest accuracy. The 
Standard used is the mass of the ,2C isotope taken as 12 
units exactly, and relative to the Standard, many isotopic 
masses have been measured to better than one part in 107. 
It is possible to deduce the composition of a polyatomic 
ion solely on the basis of an accurate measurement of 
its mass. This information is of particular importance in 
organic chemistry and is discussed below.

Organic chemists nowadays use mass spectrometers rou- 
tinely to determine the structural formulas of organic 
compounds. Any compound that can be vapourized with­
out decomposing can be examined by this technique, Both 
high-resolution (20,000 to 100,000) and low-resolution 
(500 to 5,000) mass spectrometers are used. With a high- 
resolution mass spectrometer it is possible to carry out 
mass measurements on the molecular ion (or any other 
ion in the spectrum) to an accuracy of 1 part in 1,000,000, 
or so. This mass pro vides the best index for determining 
ionic formulas. The accurate masses of the ions C6H 12+

Isotopic
labelling
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and Q H 40 2+ are, for example, 84.0939 and 84.0211, 
respectively, and these ions can easily be distinguished 
solely on the basis of then masses. Once the molecular 
formula is known it is possible to deduce the total of rings 

tructural and double bonds making up the molecular structure and 
>rmulas to begin to speculate on possible structural formulas. In 

order to deduce structural formulas from molecular for­
mulas it is essential to study the fragment ions in the mass 
spectrum. It is still not possible to predict fragmentation 
pattems for organic molecules, but many semi-empirical 
rules of fragmentation are known, and it is usually possible 
to pick out peaks in the spectrum that are characteristic 
of particular Chemical groups. The technique is valuable 
in that it is generally not necessary to know any details 
of the composition of the unknown compound in order 
to deduce a complete or partial structure. Only a small 
quantity of compound, a hundred micrograms or less, is 
necessary for an analysis.
Using a computer coupled to a high-resolution mass 

spectrometer, about 1,000 mass peaks per minute can be 
plotted at a resolving power of up to 20,000, accurate mea­
surements can be made on each peak, and peak heights 
and ion compositions printed out in the form of an “ele­
ment map” to aid in the interpretation of the spectrum. It 
is also possible for the computer to carry out many of the 
logical steps in reducing the data that lead to structural 
elucidation.

Continuous sampling of the materials contained in a 
reaction vessel, followed by analysis with a mass spectrom­
eter, has been used to identify and measure the quantity 
of intermediate species formed during a reaction as a 
function of time. This kind of analysis is important, both 
in suggesting the mechanism by which the overall reaction 
takes place, and enabling the detailed kinetics of reactions 
to be resolved.

Isotopic labelling is widely used in such studies. It can 
indicate which particular atoms are involved in the re­
action; in rearrangement reactions it can show whether 
an intramolecular or intermolecular process is involved; 
in exchange reactions it can show that particular atoms 
of, say, hydrogen, are exchanging between the reacting 
species. Labelling is also widely used in mass-spectrometric 
research to give information about the fragmentation re­
actions occurring in the mass spectrometer.

There are appreciable “isotope effects” by which isotopes 
may be distinguished apart from their difference in mass. 

aleolithic It has been found, for example, that differences can be 
ïmper- measured in the oxygen-18 content of the shells of marine
tures animals that depend upon the temperature of the water

in which the shells were formed. Such differences are 
preserved for millions of years, and they have been used 
to obtain information concerning oceanic temperatures in 
paleolithic times.

A nalysis of other Chemical substances. Using the high- 
frequency spark source already described, many less 
volatile substances can be examined by mass spectrometry.
The usual method of sample preparation is to construct 
the electrodes for the high-frequency spark source out of 
the pure substance to be examined, or if the sample is a 
powder, to mix it with, say, pure nickel powder and to 
compress the mixture into the form of the electrodes. The 
combination of high temperature and high electric field 
within the spark produces ions characteristic of the sam­
ple. The method has found particular application in the 
analysis of inorganic substances, alloys, minerals, and the 
highly purified materials used in atomic-energy research, 
and semiconductor technology. It is possible to detect im- 
purities of the order of one part in 100,000,000, or lower 
by this technique.

If a monoenergetic beam of electrons or photons is used 
as the ionizing radiation and if the energy in the beam is 
slowly increased from a low value, the bombarding energy 
at which ions begin to appear gives the ionization poten­
tial. As the energy is increased further, fragmentation of 
molecular ions will occur. The energy at which a partic­
ular ion appears gives the appearance potential for that Appear- 
ion. Appearance potentials of fragment ions can be used ance 
in conjunction with ionization potentials and calorimetric potentials 
data to estimate various thermodynamic quantities such 
as latent heats and bond strengths.
The absolute time scale of geologie history can be con- 

structed by the use of various isotopic clocks based on 
the radioactive decay of relatively long-lived isotopes (see 
geochronology: Relative and absolute dating). For ex­
ample, uranium occasionally is found in fairly high local 
concentrations in radioactive rocks, along with the stable 
isotopes of lead-206 and lead-207, which are decay Prod­
ucts of uranium-238 and uranium-235. Hence, knowing 
the decay rates of uranium-238 and uranium-235, the 
relative abundances of the uranium and radiogenic lead 
isotopes can be measured to give an estimate of age.
Other natural radioactive processes that have been used in 
age determinations include the decay of potassium-40 to 
argon-40 and the decay of rubidium-87 to strontium-87.

Vacuum techniques. A type of small spectrometer ad- 
justed for helium detection is commonly associated with 
vacuum Systems in laboratories and industry. Connected 
to an evacuated system, it is an efficiënt and reliable aid 
for locating air leaks. In searching for a leak, a small jet 
of helium is played over the exterior of the system at 
the suspected joint or leakage area. When the exact point 
is reached, helium is sucked in along with the air, and 
the spectrometer sounds an alarm. The sensitivity of the 
technique is so great that an air leak can be detected, 
even if hundreds of thousands of other leaks of the same 
magnitude are present. (J.H.Be.)

RADIATION MEASUREMENT
Radiation detection is concerned with a great variety of 
atomic and subatomic particles moving at different speeds 
and with electromagnetic waves of different wavelengths 
moving always at the speed of light. Both waves and 
particles emanate from the Sun, other stars, naturally 
occurring radioactive elements, radioactive isotopes pro­
duced synthetically, nuclear reactors, nuclear fission, and 
in general from interactions between colliding particles, 
between waves and particles, and between bulk matter 
and particles or waves.

The particles considered in this context are long-lived 
electrons, protons, alpha particles (i.e., helium nuclei), 
neutrons, several hundred short-lived subatomic particles, 
and all antiparticles. The whole spectrum of electromag­
netic waves is also considered in this context, from long 
radio waves through light waves, X-rays, to the shortest of 
gamma rays.

For details of the phenomena treated here in general 
terms relevant to radiation detection, see radiation; 
matter; atoms: Radioactivity.
The fundamental mechanism underlying the Operation

of all radiation detectors is the dissipation of energy by a 
charged partiele in a suitable medium and the distribution 
of this energy among atoms and molecules of the detecting 
material. Electromagnetic waves and neutral particles that 
react only weakly with many detection mediums must 
first interact with some suitable material in a way that 
will produce a charged partiele, which can then in turn 
dissipate its energy in the detection media. The essential 
concept of detection lies in thé fact that energy is provided 
by the radiation, and in this discussion it is therefore ap­
propriate first of all to consider general aspects of matter 
and energy in relation to the charged particles that have 
already been mentioned and to electromagnetic waves and 
neutrons; following this, the characteristics of the various 
types of radiation are described and, finally, the detectors 
themselves are reviewed briefly.

THE STRUCTURE OF MATTER
AND ITS INTERACTIONS WITH RADIATION
A normal atom consists of a central nucleus, composed 
of electrically neutral neutrons and positively charged
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protons, around which orbit several negatively charged 
electrons. The number of electrons equals the number of 
protons in the nucleus, the negative charge on each elec­
tron just balancing the positive charge on each proton, so 
that the atom is electrically neutral; this number is called 
the atomic number of the atom, Z, and determines its 
Chemical identity. Electrons around the nucleus exist in 
stable groups of orbits, the innermost, called the K  shell, 
containing two electrons, the next, the L  shell, containing 
eight electrons when it is complete, and each larger shell; 
M, N, O, P, etc., being complete with larger numbers 
of electrons. Each orbit corresponds to a definite state of 
energy, and movement of an electron from one orbit to 
another can take place only by the emission or absorption 
of a fixed amount of energy, an amount that depends 
on the initial and final orbits. It takes energy to move 
an electron away from the nucleus. When an electron is 
removed entirely from the atom, excess energy can be 
absorbed by it in such a way that this excess is manifested 
as kinetic energy (motion) of the free electron. A conve- 
nient unit of energy for describing atomic phenomena is 
the electron volt (eV), which is equal to 1.6 X 10“12 erg. 
The minimum energy needed to remove an outer electron 
from its orbit is called the ionization potential (E) and is 
about 15 electron volts for atoms in the gaseous state. To 
eject one of the innermost electrons from the innermost 
or K  shell, a minimum energy, EK, of much greater value 
is needed, and EK is approximately equal to 10 times 
the square of the quantity, atomic number minus one 
(EK =  10[Z — l]2eV). An atom from which an electron has 
been removed is left with a positive charge and is called a 
positive ion.

Energy of The energy required to ionize an atom can be provided
ionization either by collision with a charged partiele, such as an

electron or a proton, or by absorption of electromagnetic 
radiation in the form of light, X-rays, or gamma rays. 
In the latter type of interaction, electromagnetic energy 
behaves as though it existed in packets, or quanta, of en­
ergy proportional to the frequency of the radiation. Such 
quanta are called photons. Blue light, for instance, has 
a quantum energy of about three electron volts, whereas 
photons of deep-red light of twice the wavelength and half 
the frequency interact as quanta of 1.5 electron volts. An 
X-ray photon capable of providing just enough energy to 
remove one of the K  electrons from an atom of argon, 
(Z =  18), has an energy of 3,000 electron volts. A photon 
of higher energy than EK removes one of the K  electrons 
and provides an excess kinetic energy to the electron, but 
it is rather less likely to cause ionization by photoelectric 
absorption than radiation having a quantum energy just 
equalling Ek> the probability of interaction by this process 
decreases as the photon energy increases. Usually, radia- 
tions of the highest frequencies and photon energies are 
the gamma (y) rays. The probability of photo-ionization 
as a function of photon energy is expressed as the effective 
cross-section area presented to the radiation by each atom. 
As noted earlier, the unit of cross section is the barn, 
which is equal to 10“24 square centimetre.
When a photon of high energy strikes an atom, it can re­

move an electron by a Scattering process called Compton 
scattering, the energy of the primary photon being shared 
between the released electron and a scattered photon. The 
cross section for Compton scattering is proportional to the 
number of electrons in the atom and inversely propor­
tional to the square root of the photon energy.

A fundamental mode of interaction for high-energy pho­
tons is by pair production, in which a photon of energy 
slightly greater than 1,000,000 electron volts (one million 
electron volts, abbreviated MeV) materializes into an elec­
tron and its antiparticle, a positive electron, or positron, 
in the proximity of an atomic nucleps. This interaction is 
possible because of the equivalence of matter and energy 
first enunciated by Albert Einstein in his theory of relativ- 
ity (i.e., energy equals mass times speed of light squared: 
E  =  mc2). An electron (or a positron) of mass ra0 has a 
self-energy m0c2 equal to just over 500,000 electron volts 
(in fact, 0.51 MeV), and a photon of energy 1.02 MeV 
can thus provide the energy for two electron masses, one 
negative and one positive, because the net charge must

remain zero. The cross section—i.e., the probability— 
for pair production increases as the square of the atomic 
number of the target atom and roughly as the square of 
the excess energy (photon energy less 1.02 MeV).

Ionization caused by a charged partiele colliding with an 
atom is a much less well-defined process than those de­
scribed above, and electrons may be ejected with a range 
of energies depending on the mass and energy of the 
incident-charged partiele. The average energy abstracted 
from the partiele is about twice the ionization potential of 
the atom ionized, and the Symbol w is used for this pa­
rameter (a constant that is characteristic for different con- 
ditions); w, the average energy per ionizing event, depends 
to a slight extent on the mass and energy of the incident 
partiele. The probability of ionization at collision is much 
larger for slow-moving particles; therefore, as an energetic 
charged partiele traverses a given thickness of material, 
it is slowed down more and more rapidly as energy is 
dissipated in the ionizing process, until all the energy is 
lost and the partiele is absorbed. Massive particles, such as 
protons, which have a mass about 1,800 times that of an 
electron, are not greatly deflected by the electron structure 
of the atoms through which they pass and a fairly definite 
range for them can be assigned, depending on their initial 
energy. Electrons, on the other hand, are easily deflected; 
a beam of electrons initially having the same energy (i.e., 
being monoenergetic) undergoes exponential absorption 
as it passes through matter, owing to electrons’ being scat­
tered out of the beam. A maximum range, however, can 
still be measured.

Neutrons, having no electric charge, cannot interact with 
the electron structure of atoms but can penetrate the nu- Neutron 
cleus and cause a reaction. In some cases, the disturbed reactions 
nucleus splits apart, as in the case of the uranium isotope 
of mass 235 (235U), which breaks up into two fission frag- 
ments carrying kinetic energy of 150 MeV. In other cases, 
a charged partiele, either a proton or an alpha partiele (a; 
a helium nucleus) is ejected; for example, a boron-10 (l0B) 
nucleus ejects an alpha partiele, and a lithium-7 nucleus is 
left, after reaction with a neutron. The reaction is written:
10B 4- n —»7Li +  a (2.5 MeV); or 10B(«, a) 7Li. Sometimes 
a neutron is absorbed by a nucleus. When a stable nu­
cleus is formed by absorption of a neutron, the excess 
energy is released as a gamma ray. Some nuclei that result, 
however, are unstable and decay by what is called radioac­
tive emission of electrons (usually referred to as bèta [ß] 
particles) and gamma rays. The radiation resulting from 
such neutron capture and reaction appears many seconds, 
days, or years later. In the other examples mentioned, the 
radiation is prompt; i.e., it is emitted in a time less than a 
nanosecond (10~9 second) after the reaction.
In one class of interaction, an elastic collision takes 

place, and the energy of the neutron is shared between a 
scattered neutron and a projected nucleus.

DETECTION PROCESSES AND DETECTION MEDIUMS
The distribution of energy among the atoms and molecules 
of a suitable detection medium is the fundamental process 
in a radiation detector.

A charged partiele (electron, proton, alpha partiele, or 
fission fragment) of energy E  that dissipates all its energy 
in a gas, by knocking electrons out of atoms, leaves a 
column of positive ions and free electrons along its track.
The number of such electron-ion pairs produced is equal 
to the energy E, divided by the value of w, the energy 
per ion pair appropriate to the gas and the partiele. If 
electrodes are set up on either side of the track, to produce 
an electric field, free electrons are attracted to the positive 
electrode, or anode, and positive ions are attracted to the 
negative electrode, or cathode. If all of the separated ions 
and electrons are collected, the electric charge available 
for measurement is equal to E/w  multiplied by e, the elec­
tron charge, of value 1.6 X 10 19 coulomb (unit of charge).
For an energy of 1,000,000 electron volts and energy per 
ion pair of 30 electron volts, the charge collected would 
be 5 X 10“15 coulomb. Because the minimum value of a 
pulse of electric charge that can be measured by avail­
able electronic apparatus is about 1,000 electron charges 
(1.6 X 10“16 coulomb), an ionization chamber can be used
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for detecting the passage of a charged partiele that dissi- 
pates a minimum energy of about 30,000 electron volts in 
the detection medium; i.e., the gas in the chamber.

>ne source The charged partiele providing energy to ionize the gas 
f charged may be produced by decay of a radioactive material emit- 
articles ting an alpha or bèta partiele; and the radioactive source 

may be placed outside the detector, so that the radiation 
must pass through a suitably thin portion of the chamber 
wall (a window) to reach the gas. If the absorption of par­
tiele energy in a window would be inconveniently large, 
the source is mounted inside the detector, directly in con­
tact with the gaseous detection medium. In some circum- 
stances, the radioactive material is available in the form 
of a gas—e.g., carbon dioxide with carbon-14 (14C 02)— 
which can be mixed with the ionization-chamber gas or 
can itself be used as the detection medium.
When the charged particles are produced as a result of 

gamma ray or neutron interactions, similar considerations 
apply; the interacting material may be in the form of a ra­
diator outside the detector, inside the detector but separate 
from the detection medium, or distributed throughout the 
detection medium. For example, a neutron detector might 
consist of an ionization chamber containing a layer of 
boron-10, or it might be made by filling an ion chamber 
with boron trifluoride containing boron-10 (10BF3), a gas 
at room temperature. In either case, neutron interactions 
would be detected by ionization produced in the gas by 
the l0B(«, <x) reaction.

Ionization detection. A detection system meant to pro­
duce electrieal signals when a particular type of radiation 
is present thus consists of a source of radiation, an in­
teracting medium (for neutrons and gamma rays), and a 
detecting medium together with some means of Convert­
ing the energy dissipated in this material into the required 
Signal. Such an active detector may make use of ioniza­
tion and charge collection in the detection process; the 
ionization medium may be a gas or may be a suitable 
semiconducting solid. The class of detectors comprises 
ionization chambers and conduction counters.

Geiger-Müller counter tubes. In some gas-filled devices, 
a sufficiently high electric field is applied to cause the 
free electrons produced by the primary partiele to move 
sufficiently fast to ionize more atoms, thereby increasing 
the original charge by the process of gas multiplication. 
Proportional counters use this process to give internal am- 
plification factors of up to 1,000,000 times while still giv- 
ing an output proportional to the initial signal. At higher 
values of gas multiplication, complex processes come into 
play that give a large output signal from the smallest levels 
of initial ionization, and the output is then independent 
of the primary signal. Such tubes are called Geiger-Müller 
counter tubes.

Spark chamber. A gas detector using high values of 
gas multiplication is the spark counter, in which a spark 
jumps between two electrodes along the track of an ion­
izing partiele. Because the spark indicates the position of 
the partiele, assemblies of spark counters are arranged 
inside spark chambers to indicate the paths of penetrating 
particles by observation of the sparks produced.

Cloud and bubble chambers. Rather less active track 
delineating devices depending directly on the production 
of ions along the path of the partiele are cloud chambers 
and bubble chambers. In the former, vapour from a su- 
persaturated atmosphere of water or alcohol condenses on 
ions to form visible droplets, which can be photographed. 
In the bubble chamber, a superheated liquid is used, and 
ions form nuclei for local boiling, again giving a visible 
track.

The detailed physics of the various types of ionization 
detector summarized above depends to a large degree on 
the behaviour of electrons and ions under the applied 
electric field.

Fluorescent detectors. A second main class of radiation 
detectors depends on the conversion of the distributed 
energy of the primary ionizing partiele into light, which 
is then used to generate photoelectrons (electrons emit­
ted from a surface as a result of light falling on that 
surface) from the cathode of a photomultiplier tube. The 
photoelectron current is multiplied in the tube to give

an adequately large output signal. Detection mediums 
that convert the energy of moving electrons into light are 
known as phosphors. The light of a television picture tube 
is produced by the impact of energetic electrons on a 
phosphor deposited on the inner surface of the faceplate 
of the picture tube. The process of light production is 
known as fluorescence. Early examples of its use in radia- Fluores- 
tion detection, albeit with visual rather than instrumental cence 
observation of the light, are the detection of X-rays by the 
German physicist Wilhelm Conrad Röntgen in 1895 using 
barium-platinocyanide, and the detection of alpha parti­
cles by observation of the scintillations produced in zinc 
sulfide by the British physicist Ernest Rutherford during 
the early 1900s.
As well as the rather transient effects so far considered, 

the passage of an ionizing partiele through certain types of 
material can give rise to more or less permanent changes 
along the track. A familiar example is the photographic 
film. Perhaps less well known is the blackening of glass 
under intense irradiation from beta particles or gamma 
rays. The degree of darkening either of film or glass can 
be used to determine the total exposure of the sample 
to radiation, and badges containing sensitive substances 
are sometimes worn to indicate the amount of invisible 
radiation to which their wearers are exposed.

The properties o f  ionization m edium s. Gases. Once a 
gas has been ionized, the free electrons must be separated 
from the positive ions by an electric field if a useful charge 
signal is to be produced. In the absence of a field, the at- 
traction between positive and negative charges, combined 
with the random motion of the gas molecules, causes the 
oppositely charged particles to recombine. At room tem­
perature, molecules of a gas are in constant random mo­
tion with an average kinetic energy of 0.04 electron volt.
This energy is proportional to the absolute temperature of 
the gas. For a given mass of gas in a fixed volume (i.e., a 
given gas density), the pressure exerted by the gas on the 
walls of the vessel is proportional to the absolute tempera­
ture and to the density. The average distance travelled by 
a gas molecule before it collides with another molecule is 
called the mean free path and is inversely proportional to 
the number of molecules per unit volume.

In a gas at the Standard temperature of 0° C and 
the Standard pressure of one atmosphere, one cubic cen- 
timetre contains 2.7 X IO19 molecules, and the mean free 
path (symbolized by the Greek letter lambda, X) is about 
2 X IO-5 centimetre.

Between collisions with gas molecules, a positive ion ob- 
tains energy from an electric field produced between elec­
trodes in an ion chamber and thus is accelerated toward 
the negative electrode, or cathode. This energy is small 
compared with the average kinetic energy that the ion 
possesses in common with the surrounding gas molecules, 
and because the ion and the molecules are similar in mass, 
velocity (the downfield velocity component) is lost at each 
collision. The positive ion thus drifts toward the cathode 
in a series of steps that have an average value proportional 
to the field strength multiplied by the square of the free 
time between collisions. The drift velocity is proportional Drift 
to this average step distance divided by the free time, velocity 
Since the free time is inversely proportional to the mean 
free path, the drift velocity, W+, is proportional to field 
strength, E, multiplied by the mean free path, X. At a con­
stant temperature, mean free path is inversely proportional 
to the gas pressure, p, and the ion drift velocity can be 
written W+ =  [iE/p, in which the constant symbolized by 
the Greek letter mu, p, is called the mobility of the ion for 
the particular gas. With the electric field, E, expressed in 
volts per centimetre and the velocity, W+, in centimetres 
per second, the mobility, p, is given in cmsec per V/cm, 
otherwise written as centimetres squared per volt-second.
The electric field between plane parallel electrodes is 

equal to their potential difference (P.D.) divided by their 
spacing. With a spacing of x  cm and a P.D. of v volt,
E = v/x  volts per centimetre, and for a gas pressure 
of p atmospheres, the ion drift velocity (see above) is 
W+ =  p(E/p), which, substituting for E, gives W+ = pv/p% 
centimetres per second; the time t for the ion to travel a 
distance s centimetres isT =  s/W+ = spx/\iv second (i.e.,
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Mean free 
path in 
argon

the distance multiplied by spacing and pressure, divided 
by field, multiplied by mobility). For an ion formed close 
to the anode, so that  ̂=  x, the transit time is proportional 
to the square of the electrode spacing. With argon at one 
atmosphere, an applied voltage of 500 volts and a spacing 
of five centimetres, E  is 100 V/cm; W+, for the argon ion 
Ar2+, is 190 cm/sec; and the transit time is 26 millisec- 
onds. With a gas filling pressure of one-tenth atmosphere, 
the velocity would be 10 times higher and the transit time 
10 times smaller.
A free electron, having a mass only 770,000 of that of 

an argon molecule, cannot transfer much kinetic energy 
to a gas molecule in an elastic collision, being somewhat 
analogous to a table tennis ball bouncing off a cannon 
ball. The energy acquired by the electron from the electric 
field thus accumulates, and the agitation energy becomes 
much larger than that of the thermal energy (heat) of the 
gas. The electron changes direction at each collision with 
a molecule, so that the motion remains random; with a 
superimposed drift velocity, as with the ion, and, by a 
similar argument, the drift velocity, W~, is found to be 
proportional to field multiplied by mean free path. The 
mean free path of an electron in a gas, X, is affected by the 
value of E, because this determines the agitation energy, 
and a simple value of mobility is not applicable. In fact, it 
can be shown that the drift velocity is proportional to the 
field E  multiplied by electron mean free path X divided by 
the square root of the parameter symbolized by the Greek 
letter eta, q, which is the ratio of average agitation energy 
of electron and gas molecule: EX/r\ï/z. A free electron thus 
has an agitation energy of 0,04q electron volt in a gas 
at room temperature, and, under sufficiently high values 
of electric field, this energy can increase to a value at 
which inelastic collisions with molecules occur, when the 
electron transfers energy to the structure of the molecule. 
In a monatomic gas such as argon, the lowest level at 
which energy can be transferred from an electron is 11.57 
electron volts, so q can rise to about 300. In a more com­
plex gas, such as carbon dioxide, energy can be exchanged 
at low values with the vibrational and rotational energy 
Systems of the polyatomic molecule, keeping the electron 
agitation energy down to a low value for fields below
2,000 volts per centimetre.
The mean free path of free electrons in argon decreases 

markedly as the agitation energy increases. As a result, 
the drift velocity of electrons in pure argon at a pressure 
of one atmosphere does not exceed 106 centimetres per 
second. The admixture of a small proportion of a com­
plex gas to argon reduces the agitation energy of electrons, 
however, and allows much higher values of drift velocity 
to be obtained. In an ion chamber containing argon plus 
1 percent nitrogen, at one atmosphere, an electron has 
a drift velocity of 0.5 X 106 centimetres per second in a 
field of 100 volts per second and crosses a distance of five 
centimetres in 10 microseconds (10 5 second). A knowl- 
edge of the value of drift velocity and the way it depends 
on electric field strength is necessary to understand the 
mechanism of ionization detectors.
The effect of small admixtures of other gases to a noble 

gas such as argon has been described in relation to elec­
tron drift velocity. A similar profound effect is produced 
on the ionizing efficiency of fast charged particles.

The value of w, the energy per ion pair abstracted from, 
say, an alpha partiele in pure neon, is 36.3 electron volts. 
(The ionization potential of neon is 21.5 electron volts.) 
If, however, about 0.1 percent of argon is added to the 
neon, w is reduced to 26.3 electron volts, which is the 
energy per ion pair for pure argon. The improvement in 
energy transfer is caused by the fact that much of the 
energy abstracted from the primary partiele in pure neon 
is used in exciting a level in the neon electron system 
that requires 16.6 electron volts but that does not result 
in ejection of an electron. This excited state in neon lasts 
for a long time (on the time scale of atomic phenomena) 
and has an average lifetime of about a millisecond, after 
which it decays by emission of an ultraviolet quantum. 
Such long-lived excited conditions are called metastable 
States. The mean free time between collisions is about 10-7 
second, so that a neon atom excited into its metastable

state will undergo many collisions in its life, and in the 
gas mixture containing argon it will certainly collide with 
an argon atom, having an ionization potential of 15.7 
electron volts. Because the excitation energy, Ex, of the 
neon atom is 16,6 electron volts, there is a high probabil­
ity that the energy can be transferred to the argon atom, 
causing ionization. Such collisions of the second kind, as 
this type of energy transfer is called, greatly increase the 
efficiency of production of ionization in a mixture of a 
noble gas with another gas having an ionization potential 
less than E, the energy of excitation of the metastable state 
of the noble gas.
The same principle that allows energy transfer from 

a metastable state of one molecule to ionize a second 
molecule allows a charge transfer from a positive ion to 
a molecule of lower ionization potential. Thus, in an ar- 
gon-alcohol mixture, collision between an argon ion and 
a molecule of ethyl alcohol results in neutralization of the 
argon ion by extraction of an electron from the alcohol 
molecule. This process is of particular importance in un­
derstanding the Operation of a Geiger counter tube.

At high values of electric field, electrons obtain high 
average energy, the instantaneous value being distributed 
statistically about the average. Occasionally an electron at- 
tains an energy larger than the ionization potential of the 
gas molecule with which it collides, and ionization occurs. 
The actual number of ions produced by an electron in 
moving one centimetre through a gas under the influence 
of a field E  (in units of volts per centimetre per atmo­
sphere [V/cm/atm] is given by a coëfficiënt, called the first 
Townsend coëfficiënt and symbolized by the Greek letter 
alpha, a. Values are given in Table 5, as is the effect of 
adding argon to neon.

Table 5: Townsend Coëfficiënt 
for Various Gases

E a, ion pairs per centimetre

(V/cm/atm) argon neon neon +0.1%  
argon

air

3,800 0.2 6 120 _
7,600 3.8 38 230 —

19,000 40 200 380 —

38,000 530 530 830 38

In such high electric fields, electrons produced by an 
ionizing collision are themselves accelerated and cause 
further ionization, and the tertiary electrons thus pro­
duced go on to produce further ionizing collisions, an 
electron avalanche rapidly building up. The process can 
be visualized by considering two parallel electrodes in a 
chamber filled with argon at a pressure of one atmosphere 
and supporting a voltage difference of just over 10,000 
volts. At this field, the first Townsend coëfficiënt in ar­
gon produces about 10 electron-ion pairs per centimetre. 
An electron produced at the cathode—for instance, by 
an incident ultraviolet photon—is accelerated toward the 
anode; after passing through orte millimetre of gas, it is 
probable that one ionizing collision has occurred, and so 
there are now two electrons; after two millimetres each 
electron has ionized again, and there are four electrons. 
This process continues, and, at the n\h millimetre, there 
are 2n electrons; when the avalanche reaches the anode it 
contains 210 electrons (2,0 =  1,024). This analysis is only 
illustrative. An accurate analysis shows that an electron 
formed at the cathode under the given conditions pro­
duces 150 times more ion pairs on its way to the anode 
than does an electron formed halfway between the plates. 
Some possible arrangements, therefore, are not all suit­
able for use in a gas multiplication detector, because the 
amount of multiplication varies markedly with the posi­
tion of the initial ionization in the chamber. A cylindrical 
geometry, consisting of an anode wire stretched along the 
axis of a cylindrical cathode, provides an electric field 
that has a high value close to the anode surface and falls 
away rapidly as distance from the anode increases; this 
arrangement allows of controllable gas multiplication in 
the proportional counter.
At higher values of electric field than the 10,000 volts per

Electron
avalanche
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centimetre per atmosphere applied across a parallel plate 
system in an argon filled chamber that gives a coëfficiënt 
a  equal to 10, the initial part of the electron avalanche is 
so intense that Ultraviolet photons of high enough energy 
to ionize the gas are produced, generating electrons at a 
little distance from the primary region. A second bead 
of intense ionization is produced, generating photons in 
its tum, arid the discharge is propagated across the gap 
between the electrodes to form a spark, in a time of about 
10 8 second, short compared with the transit time of an 
electron, which is about one microsecond (IO-6 second). 
Providing the high voltage supply to the electrodes is ca- 
pable of supplying the required current without reduction 
in voltage, the spark becomes a sustained discharge, fed 
by electrons generated from the cathode by photoemission 
(from the ultraviolet photons produced in the spark) and 
by electrons produced at the cathode by the arrival of 
positive ions. An ion of argon having a potential energy 
of 15.7 electron volts, extracts an electron from the metal 
of the cathode against the surface force (symbolized by 
the Greek letter phi, (p) of phi electron volts and becomes 
a neutral atom with an excitation energy of (15.7 —(p) 
electron volts. All this happens at a distance of about 
5 X 10“8 centimetre from the surface, and in a time of 
IO-12 second the excited atom strikes the metal. If the ex­
citation energy is greater than the surface force, cp, which 
is called the work function, then there is some probability 
that a further electron will be extracted and move into the 
discharge. Typical values of the work function lie around 
four electron volts, and, because ‘Ais,- (E t is the ionization 
potential) for many gases is greater than five electron volts, 
this process is quite effective in generating electrons.

Certain complex gas molecules, such as ethyl alcohol, dis- 
sipate the excitation energy left after neutralization among 
the vibrational States; in this case, no electron is extracted.

If the high voltage supply to the electrodes is not capable 
of supplying a continuous current to the discharge, the 
spark persists until the charge drawn from the capacitance 
(i.e ., the property of nonconduction that allows storage of 
charges; here, the capacitance is formed by the electrodes 
and the Connections to the system) causes the field to drop 
below the level at which ionization by collision can occur: 
the spark is then extinguished.

The processes described above are of importance in 
Geiger counters and spark chambers.

S o lid s . In an ionization chamber using gas as the de­
tection medium, no current passes between the electrodes 
in the absence of ionization in the gas; the neutral gas 
is an insulator. It is equally difficult, however, to make 
a gas detector with adequate stopping power to absorb 
the energy from ä penetrating partiele, such as a high- 
energy electron, or with a high enough atomic number 
and atomic density to pro vide a high detection efficiency 
for gamma rays, and it would be desirable to use a solid 

onization detection medium In such solid material, atoms are rel- 
irocess in atively immobile, and their electronic structures interact
olids with each other to such an extent that it is not possible to

assign specific outer orbital electrons to a particular atom. 
The concept of ionization is thus not as clear-cut as it is 
with a gas, in which the atoms or molecules are essentially 
independent; furthermore, in metals and semiconductors 
at room temperature, some electrons are always free to 
move under the influence of an electric field, and so these 
materials show electrieal conductivity. An insulating solid 
has the outer electrons sufficiently firmly bound to the 
array of atoms so that they are not free to move. Absorp­
tion of energy from a photon or a charged partiele may 
break the bonds holding an electron in place, and it is 
then free to move in a field. The vacancy thus created 
in the electron structure of the atomic array leaves a net 
positive charge in the locality, which charge is referred to 
as a positive hole. The imbalance in forces produced by 
an electric field causes a neighbouring valence electron to 
move toward the anode, filling up the original vacancy; 
the hole has now migrated one step toward the cathode. 
Conduction in an insulator can thus take place by migra- 
tion of holes and electrons. In some materials, however, 
the holes have low or zero mobility.
The minimum energy needed to free an electron from

the valence band of energy to the conduction band of en­
ergy, so that it can move in an electric field, is called the 
band gap, which is about five electron volts in diamond The 
and in silver chloride. In semiconductors, the band gap is band gap 
lower; in Silicon, it is 1.1 electron volts, and in germanium 
it is 0.72 electron volt. In these materials, which are used 
for making transistors, the conductivity is lower as the 
material is purer (pure Silicon has a resistivity in excess 
of 100 megohms at room temperature, between opposite 
faces of a cube with sides of one centimetre). This con­
ductivity results from the presence of electrons raised into 
the conduction band by the Statistical fluctuation of ther­
mal energy and corresponds to an electron density of 1010 
per cubic centimetre and a lifetime of 100 microseconds 
before the electron is trapped. Each electron produced un­
der these circumstances generates a hole, so that the hole 
density in Silicon of a high purity is also 1010 per cubic 
centimetre at room temperature. High-purity material in 
which all charge carriers (both electrons and holes) are 
thermally generated is said to have intrinsic conductivity.
The rate of generation is 1014 per second per cubic cen­
timetre at room temperature.
The movement of a free electron in a solid under the 

influence of an electric field is similar to the description 
given for the movement of an ion in a gas; energy is 
obtained from the field and is lost when the electron is 
scattered by the pattern of forces formed by the inter- 
locking electron bonds that hold the solid together. The 
drift velocity thus tums out to be proportional to the 
product of field and mean free path, as in the case of the 
gas ion, and a mobility, p, can be assigned. For Silicon 
at room temperature p is 1,350 centimetre squared per 
volt-second, whereas p+, hole mobility, is 500 centimetres 
squared per volt-second.

The range of an electron of initial energy of two million 
electron volts in solid Silicon is 0.5 centimetre, compared 
with 500 centimetres in argon gas at atmospheric pressure, 
and the energy per electron-hole pair, w, is 3.5 electron 
volts. A conduction counter made from a one-centimetre 
cube of intrinsic conductivity Silicon could thus be used to 
absorb the energy from high-energy particles. An energy 
of 250,000 electron volts absorbed generates about 75,000 
electron-hole pairs, giving a collected charge of 1.2 X 10"14 
coulomb, which is well above the limit of detection set by 
amplifier noise. With a potential difference of 100 volts 
between opposite faces of the cube, this charge is collected 
in a time of about 10 microseconds.

During this time, however, 109 charge carriers generated 
by thermal energy have been collected, and this number is 
not constant for each 10-microsecond period but is subject 
to Statistical Variation about this average value. For 5 per­
cent of the time the value will deviate from the mean by 
more than twice the square root of the average number; in 
this case by more than 6 X 104. If the conduction detector 
is imagined as a device sampling the charge collected in 
successive periods of time, each of which is equal to the 
time taken for charge carriers to cross the block from 
anode to cathode (10 microseconds in the example con­
sidered), then the Statistical fluctuation described would 
make it difficult to identify with any certainty the extra 
signal caused by the absorption of 0.25 million electron 
volts from a charged partiele in the sensitive volume of the 
Silicon block. In order to reduce this conductivity noise, Need for 
it is necessary to cool the material because the density of cooling a 
thermally generated carriers is proportional to the thermal medium 
agitation energy of the electron in the solid. At the tem­
perature of liquid nitrogen, the density of free carriers is 
reduced from 1010 per cubic centimetre of Silicon to effec- 
tively zerö, and the cooled Silicon should then be suitable 
for detecting electrons.
Unfortunately, it is difficult to make Silicon of intrinsic 

purity, and the impurities that are commonly present de- 
crease the resistivity. Silicon is tetravalent, which means 
that the outer shell of the atom contains for electrons.
In the lattice of the crystalline form in which Silicon is 
normally prepared, each atom shares its valence electrons 
with four neighbouring atoms, so that each electron pairs 
with an electron from the adjacent atom. An atom of 
phosphorus is pentavalent (i.e ., has five outer shell elee-
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trons); when it is incorporated in the Silicon lattice as an 
impurity, it forms electron pair (or covalent) bonds with 
the four adjacent Silicon atoms. This bonding leaves a 
spare electron that has a binding energy of only 0.054 
electron volt and so is readily freed from its parent atom 
by thermal energy at room temperature and is free to take 
part in conduction. Trivalent impurities, such as boron, 
bind three adjacent atoms with covalent bonds, leaving a 
positive hole that can drift away under thermal excitation 
and having an effective binding energy of 0.08 electron 
volt.

Silicon of the highest purity contains about 1013 atoms per 
cubic centimetre of excess impurity of either type, giving 
rise to resistivity of about IO4 ohms per centimetre cube 
at room temperature, which increases to about 106 ohms 
per centimetre cube if the temperature is lowered to 77 K. 
Material with excess of pentavalent (donor) impurity con- 
ducts by electrons and is called an «-type semiconductor. 
With trivalent (acceptor) impurity and conduction by hole 
migration, the material is called a p-type semiconductor.

Various methods have been developed to manufacture 
materials with low electronic conductivity, with p- and 
«-type layers, and with p-n  junctions. Although Silicon 
and germanium are by far the most commonly used mate­
rials for solid-state ion chambers, the classical work in this 
area was carried out on single crystals of silver chloride 
cooled to 77 K.

Scintillation counter. The distributed energy of a 
charged partiele may be used to cause the emission of 
iighl from a sunauic medium» die auauipliGii of this light 
by a cathode, called a photocathode, produces electrons 
(photoelectrons) that escape from the surface of the cath- 

Photo- ode into the evacuated interior of an electron tube called a 
multiplier photomultiplier. The photoelectrons are accelerated by an 

electric field and strike an electrode coated with secondary 
emitting material. Each electron striking this surface with 
an energy of 1-500 electron volts knocks out secondary 
electrons that can be accelerated in tum onto a second 
electrode, or dynode, as the coated electrodes are called, 
and so on through a series of dynodes that are at succes- 
sively more positive potential.
With a secondary emission coëfficiënt of four electrons 

per primary electron of energy 100 electron volts, a 10- 
dynode multiplier gives a gain of four raised to the 10th 
power, (410), which is slightly more than 1,000,000. Each 
primary photoelectron produced by the absorption of a 
light photon then produces at the anode of the tube 
a pulse of charge containing 1,000,000 electrons and of 
magnitude 1.6 X IO-13 coulomb. Two primary electrons 
striking the first dynode simultaneously produce a pulse 
of 2,000,000 electron charges at the output, and so on. 
The photomultiplier is a linear amplifier— i.e., giving an 
output proportional to the primary photoelectron signal. 
A light-emitting detection medium (a phosphor), coupled 
to the photocathode of a photomultiplier operated to give 
a suitable value of gain, forms a scintillation counter; and 
in this type of detector the useful primary signal, compa- 
rable to the electrons and ions formed along the track of 
a partiele in a gas, is the emission of photoelectrons. A 
high yield of photoelectrons for a given energy dissipated 
in the phosphor requires a photocathode of high quan­
tum efficiency (efficiency measured by photoelectrons per 
incident photon), coupled with minimum light loss to a 
transparent phosphor that converts ion excitation energy 
into photons, with high efficiency. The wavelength of the 
fluorescent light must match the photocathode efficiency 
curve. In practice it is found that the most useful photo- 
cathodes give high quantum efficiency in the blue region 
of the spectrum and that the most useful phosphors emit 
blue fluorescence.

Photocathodes. Cathodes useful for scintillation coun­
ters are formed by semiconducting compounds of anti- 
mony and the alkali metals cesium, sodium, and potas- 
sium. Most commonly used are cesium-antimony (Cs3Sb) 
and cesium-potassium antimony (K2CsSb).

Secondary emitters. The two cathodes described above 
are good secondary emitters and are conveniently formed 
in photomultiplier tubes by reacting the alkali metals 
(cesium and potassium) with antimony-coated dynodes at

the same time as the cathode is formed. Another useful 
material is beryllium oxide.

In a photomultiplier tube, dynodes are arranged so that 
an electric field accelerates secondary electrons from the 
surface and directs them to the next dynode in line. One 
method of doing this is to make a dynode in the form of Types of 
parallel inclined slats with the upper plane covered by a dynodes 
fine, transparent mesh. Electrons pass through the mesh of 
the first dynode to strike the inclined slats. The field from 
the mesh of the second dynode, spaced two millimetres 
below, extracts the secondaries from the space between the 
slats of the dynode of origin and accelerates them through 
the mesh to strike the second dynode slats, and so on.
The efficiency of extraction of secondary electrons in this 
“venetian-blind” geometry lies between 90 and 95 percent.
Other types of dynode in common use are the box-and- 

grid and the linear-focussed structure. The latter consists 
of carefully shaped electrodes arranged in facing but offset 
pairs and designed to direct the secondaries from their 
point of origin to the next dynode without producing low- 
field regions, which are inherent in the venetian-blind and 
box-and-grid Systems.

Photomultiplier tubes. The great majority of scintilla­
tion counters use end-window photomultiplier tubes hav­
ing semitransparent photocathodes of diameter ranging 
from two to 30 centimetres. All of these employ a dynode 
system fitting into a neck of five centimetres diameter, 
the cathode being spaced away from the first dynode by a 
distance of about half the end-window diameter. An elec­
tron optical system prevides shaped electric fields to direct 
photoelectrons into the first dynode, and larger tubes in 
general require higher voltages between cathode and first 
dynode. With the gain of an individual dynode varying as 
the seven-tenths power of the interdynode voltage, a 10- 
dynode tube has a gain varying as the seventh power of 
the overall tube voltage, so that it is necessary to provide 
stable high voltage supplies to operate photomultiplier 
tubes at constant gain.

The secondary emission coëfficiënt of dynode surfaces 
is slightly dependent on temperature, and most photo­
multiplier tubes decrease in gain by about 0.5 percent as 
the temperature (around 20° C, or 68° F) increases by 
one degree Celsius (1.8 degrees Fahrenheit). For accurate 
measurement, it is therefore necessary to hold the system 
at constant temperature or to provide a circuit that makes 
slight adjustments to the tube operating voltage to keep 
the gain constant. The transit time of an electron from 
the cathode to its arrival at the anode as a pulse of charge 
depends on the tube design and the operating voltage.

Because scintillation counters are often used to measure 
the strength of small sources of radioactive isotopes, it is 
necessary to construct the photomultiplier tube with the 
minimum amount of radioactive contamination. In prac­
tice this condition requires the use of glass containing the 
minimum amount of potassium-40, which is a beta- and 
gamma-emitting isotope, and sometimes calls for the tube 
envelope to be made, as far as possible, of fused silica.
Phosphors. In a scintillation counter, a large, transpar­

ent block of phosphor is coupled to the end window of 
a photomultiplier tube and surrounded by an efficiënt 
diffuser to ensure efficiënt transfer to the photocathode 
of the fluorescent light provided by partiele excitation.
With such an arrangement the energy, absorbed from a 
charged partiele that results in the emission of a single 
photoelectron from the cathode of 24 percent quantum ef­
ficiency for three-electron-volt photons, can be measured.
This figure is analogous to w, the energy per ion pair, for 
a conduction medium, and the most efficiënt phosphors 
in use require about 200 electron volts to give a single 
photoelectron.

One useful class of phosphors is provided by fluorescent 
organic materials, such as anthracene and naphthalene, 
that can be made as transparent crystals of useful size.
As molecules excited by absorption of energy from a pri­
mary partiele return to their ground state, light is emitted, 
and the decay time of this fluorescence is a few nanosec- 
onds (10“9 second). If a small amount of anthracene is 
dissolved in naphthalene, however, the composite crystal 
emits light characteristic of anthracene fluorescence—but
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with the longer decay time of naphthalene. It appears that 
energy is transferred from molecule to molecule without 
radiation until radiation occurs, and this will take place 
from molecules having the highest emission probability.

This effect is exploited in liquid and plastic phos­
phors, which consist of efficiënt organic fluors, such as 
p-terphenyl dissolved in toluene or in polyvinyl-toluene.

All of these materials show a marked loss of efficiency as 
the rate of energy loss from the primary partiele increases, 
a loss that has been explained in terms of nonradiative dis- 
sipation of energy by damäged molecules. The reduction 

Quenching of fluorescent efficiency by competing routes for energy 
dissipation is called quenching; oxygen dissolved in the 
solvent of a liquid phosphor must be carefully removed to 
prevent quenching.
Inorganic phosphors are transparent insulating crystals 

containing a small Proportion of a suitable impurity. Pro­
duction of an electron-hole pair by an energetic ionizing 
partiele occurs as described above. The hole is neutralized 
by extracting an electron from a nearby impurity centre, 
and this ionized centre in turn attracts the free electron 
from the conduction band to form a neutralized but ex­
cited impurity centre. The excess energy is emitted as a 
photon of energy that is less than the band-gap of the 
crystal and dependent on the properties of the impurity.

The phosphor in greatest use in scintillation counters is 
thallium-activated sodium iodide; this can be grown into 
single crystals up to 75 centimetres (30 inches) in diam­
eter and 25 centimetres (10 inches) thick. The material 
is extremely hygroscopic (moisture absorbing) and must 
be protected from the water vapour in the atmosphere by 
mounting it in a hermetically sealed can, with a window 
for eoupling to a photomultiplier tube. In order to maxi- 
mize the collection of fluorescent light, all the surface of 
the crystal except that facing the window is covered with a 
tightly packed thin layer of white diffusing titanium diox­
ide. This method of mounting is applied to many types of 
phosphor, whether hygroscopic or not.

Non-scintillating phosphors. Some phosphors are used 
for radiation detection because of their ability to store up 
energy in the crystal lattice over a period of exposure to nu­
clear radiation. Such materials are inefficiënt scintillators 
because the metastable state of the excited impurity centre 
is long-lived at room temperature and requires thermal 
excitation to temperatures perhaps 200°-300° C (392°- 
572° F) above room temperature to cause de-excitation. 
Calcium fluoride activated with manganese is one such 
phosphor. Energy stored in the lattice is estimated at some 
later time by rapidly heating the material, which starts to 
emit light at a temperature of about 200° C. The light 
rapidly rises in intensity to a peak at about 260° (500° 
F) then falls off as the temperature rises further and all 
the excited States are retumed to ground level. The light 
output from the thermoluminescent phosphor is observed 
by a photomultiplier tube and plotted against the temper­
ature of the sample. The total amount of light emitted is 
proportional to the energy absorbed.

The energy dissipated in a solid can be stored, after a 
fashion, by disrupting the bonds holding atoms to their 
neighbours, thus changing their potential energy. A spe­
cial glass made from equal proportions of aluminum and 
lithium phosphate incorporating a few percent silver phös- 
phate is nonfluorescent under ultraviolet light. Exposure 
to ionizing radiation breaks the silver atom bonds and 
produces silver impurity centres that tum  the glass into 
a phosphor that fluoresces under ultraviolet light with an 
intensity depending on the energy dose absorbed. The 
weak fluorescence is orange in Colour, and the intensity is 
measured in a photoelectric instrument.

Photo- A mechanism similar to the above operates in photo­
graphic graphic emulsion, in which the bonds of silver atoms to
emulsion bromine atoms are dismpted by energy absorption. In this

material, however, the evaluation technique involves de­
velopment of the emulsion that causes each grain or small 
crystal of silver bromine (AgBr) to contain two or three 
free silver atoms reduced to atomic silver, thus becoming 
visible. Photographic films äre widely used for measur- 
ing exposure to radiation, as are thermoluminescent and 
radiation-activated phosphors.

Ionization counters. The basic detection process, the 
collection of separated charge carriers produced by energy 
from a fast ionizing partiele, and the properties of con­
duction mediums, have been described. In the case of a 
gas, it has been shown that the value of uy the energy per 
ion pair, is about 30 electron volts but depends on the gas 
and is modified by small admixtures of other gases. The 
movement of electrons in the collecting field also depends 
on the gas composition and pressure.

Detectors using variations of the same principles are pulse 
ion chambers, Silicon and germanium detectors, Geiger 
counters, spark chambers, and cloud chambers.

Spark chambers, cloud chambers, and bubble chambers.
The production of a spark, initiated by the presence of 
one or more primary electrons, has been described. In a 
spark chamber, an assembly of accurately parallel plates 
spaced perhaps one centimetre apart has plates 1, 3, 5, 
etc. connected together and to electrieal ground. Plates 2,
4, 6, etc. are connected via a resistor to a relatively low 
voltage supply of 100 volts or so and also to a pulsed 
high-voltage unit, which applies a field of about 20,000 
volts per centimetre across the plates in the opposite sense 
to the low-voltage field when triggered from a coincidence 
detector. Such chambers are made with dimensions up to 
three metres on a side and contain up to 80 plates. They 
are mounted between the poles of large magnets to mea­
sure partiele momentum by forcing a partiele to move in a 
circular path the radius of which depends on the magnetic 
field and the particle’s mass, velocity, and charge. The gas 
used in a spark chamber is commonly air.

Spark location is usually obtained by photographing the 
chamber, but electronic methods of locating the spark 
within the chamber have also been developed.

A venerable precursor to the spark chamber for track de- The Wil- 
lineation was the cloud chamber, developed by the Scottish son cloud 
physicist C.T.R. Wilson between 1896 and 1912. A cham- chamber 
ber with a glass window opposite a movable floor is filled 
with a gas saturated with ethyl alcohol vapour. Expansion 
of the chamber volume by rapidly lowering the floor of the 
chamber, thus increasing its volume and thereby reducing 
the pressure suddenly, causes supersaturation of the alco­
hol vapour, which then condenses as droplets on any ions 
(or dust particles) that are present. With a dust-free filling 
and a clearing field between electrodes in the chamber, 
which is switched off when an observation is to be made, 
droplet-delineated partiele tracks show up clearly against 
the black floor of the chamber and can be photographed.
The reset time after expansion is five to 10 seconds, a time 
that compares unfavourably with the few milliseconds of 
the spark chamber.
The bubble chamber, developed by a U.S. nuclear physi­

cist, Donald A. Glaser, in 1952, uses a superheated liquid 
in place of a vapour to obtain better stopping power in 
the track medium. Diethyl ether, compressed to a pressure 
of several atmospheres and heated well above the boiling 
point, remains superheated when the pressure is released, 
long enough for tiny bubbles to form around the ions in 
a partiele track. Liquid hydrogen is used in neutron de­
tection chambers. Being built up to two metres (6.6 feet) 
in diameter, bubble chambers, with their large magnet 
systems, are impressive engineering achievements. Their 
recycle time is about one second.

APPLICATIONS IN SCIENCE, INDUSTRY, AND TECHNOLOGY
The dissipation of energy by ionizing radiation in matter Dosage 
causes damage, either temporary, as in the ionization of measure- 
a gas, or more permanent, as when Chemical bonds are ment 
broken or atoms are displaced from their position in the 
lattice structure. The unit used for the measurement of 
radiation dosage is called the rad. This unit corresponds 
to the dissipation of an energy of 100 ergs per gram of 
material at the point of interest. Devices for measuring 
dosage are ion chamber dosimeters, photographic dosime­
ters; thermoluminescent phosphor dosimeters; and radio- 
photoluminescent glass dosimeters. The use of a Geiger 
counter for uranium prospecting is part of general public 
knowledge. It is one example of an instrument used to 
detect gamma rays emitted by a radioactive material; it 
gives an electrieal pulse each time a gamma ray interacts
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in the sensitive volume of the counter tube. Radioactive 
elements may also emit beta particles, which are high- 
velocity electrons, and alpha particles, which are positively 
charged nuclei of helium atoms, and specialized detectors 
are necessary for these radiations. The distinction between 
alpha and beta particles, which are components of ordi- 
nary matter, and gamma rays is that the latter consist of 
electromagnetic waves, essentially similar to X-rays and 
light waves but extending to higher energies and shorter 
wavelengths.

In nuclear reactors, uranium undergoes fission when 
bombarded with neutrons, and the two (or sometimes 
three) fragments of the uranium nucleus fly apart with 
great velocity, generating heat as they lose energy to the 
surrounding material. Neutrons are uncharged particles, 
about 1,840 times more massive than an electron, and are 
produced in fission and in a number of nuclear reactions. 
Detectors are needed for the detection and measurement 
of neutrons and sometimes for fission reactions.

Extrater- The surface of the Earth is bombarded day and night with
restrial cosmic rays, possessing extremely high energy, even after
radiation passing through the full depth of the atmosphere. Outside 

this protective mantle there is a continuous bombardment 
of ultraviolet rays and X-rays, protons from the Sun and, 
passing through space and through the Earth as though it 
were transparent, a cosmic flux of neutrinos, which are 
almost indetectable uncharged particles produced during 
radioactive decay.
Scientists seek to detect these different radiations, to mea-

S ü i£  t i i c n  ciic ij^ ica  a iiü . iu  u c ic x  m m c  lu e  u is ia .u i <xi w iiiu n
they interact with instruments, and to measure the total 
amount of particles or radiation that has passed through a 
particular position over a period of time. The absorption 
of radiation may also be used to provide information on 
the thickness of the absorbing material.

The widespread use of X-rays and radioisotopes in 
medicine and industry, the lethal concentrations of ra­
dioactive material in nuclear reactors, the possibilities of 
widespread contamination following nuclear warfare, all 
combine to generate a need for detectors and instruments 
that measure the degree of hazard existing in any given en­
vironment—the so-called health-physics instruments. The 
possibility of tagging individual molecules with radioactive 
atoms, and so extending the sensitivity of analytical meth­
ods, has produced a huge demand for detectors used in 
analytical instruments that find application in medicine, 
biology, and Chemical analysis. Improvements in spectro- 
graphic techniques both on the surface of the Earth and in 
satellite environments give rise to a need for detectors of 
hard (high-energy) ultraviolet radiation, which merges into 
the soft (low-energy) X-ray region; these in general have 
to be specially developed for the experiments in hand.
Nuclear physics experiments demand increasingly com­

plex arrays of detectors that are connected together in elab- 
orate computer-controlled Systems and that may involve 
the precise measurement of position of interaction of a 
partiele of known energy and its time of interaction to an 
accuracy of a fraction of a nanosecond. In the industrial 
field, the control of nuclear reactors demands specialized 
detectors, and the application of radioisotopes (radioactive 
atoms) in thickness gauges and in analytical instruments 
generates a need for a wide range of equipment. In the 
search for raw materials for nuclear power, a range of 
portable instruments involving rugged detectors has be­
come necessary, and, of course, similar instruments merge 
into the health-physics aspects of civil-defense instrumen- 
tation. More complex instruments and detectors are used 
in geological evaluation of rock strata for the petroleum 
industry and in the search for other raw materials. (Ed.)

ASTRONOMICAL PHOTOMETRY
Astronomical photometry is a branch of astronomy deal- 
ing with the measurement and study of the brightness of 
celestial objects. In astronomy, the term photometry is 
most commonly applied to measurements of brightness 
that extend, in any one observation, over a limited band of 
wavelengths only, rather than over all wavelengths of light. 
The relationship of the dominant, or effective, wavelength 
(represented by Xq) to the bandwidth being observed (rep-

resented by AX) is a ratio (AX/Xq) that is typically between 
one-third and ‘Aoo. In contrast, the terms radiometry and 
bolometry, in astronomical usage, are applied to bright­
ness measurements comprising all wavelengths, while the 
term spectrophotometry is generally used when only a 
very narrow band of wavelengths is measured at one time; 
i.e., when the ratio AX/Xq is chosen close to zero. (For the 
related study of the electromagnetic spectra produced by 
celestial objects, see the section Spectroscopy: Astronomi­
cal spectroscropy).
Originally, the role of photometry was to help identify 

stars in the Compilation of star catalogs and charts. As Major ap- 
photometric methods became more sophisticated, pho- plications 
tometry became a developed branch of astronomy aimed 
toward the determination of the physical properties of 
stars; it is also used extensively in studies of most other 
classes of celestial objects, each of which requires special 
consideration and treatment or, in some instances, a spe­
cial technique.

Historical survey. Photometry is one of the earliest 
branches of astronomy, the variety of brightnesses of the 
stars and planets having been obvious from time im- 
memorial. Originally, it sufficed to arrange these celestial 
objects subjectively in sequence from the brightest to the 
faintest, as was done by Hipparchus around 130 bc. His 
work was expanded by Ptolemy about 300 years later to 
include about 1,000 stars. Both men used a system of 
“magnitudes,” in which the brightest stars were ranked 
first magnitude and the faintest perceptible to the naked 
cy c  siAih. F ür liier c ia ssificar ion  of me naked-eye siars by 
magnitudes was done in the late 16th and early 17th 
centuries by Tycho Brahe and Johann Bayer. After the 
telescope was invented, Classification was rapidly extended 
to fainter stars by Galileo and others. All these early ob- 
servers employed subjective estimates of stellar magnitude 
(sometimes using their own terminology and units, such 
as grades). As a result, there was little homogeneity to 
their Systems.

The need for a comprehensive and consistent set of visu- 
ally estimated stellar magnitudes was first met by Friedrich 
W.A. Argeiander in several works, culminating with his 
great Bonner Durchmusterung (“Bonn Survey,” publisher 
between 1859 and 1862), a catalog that gave magnitudes 
for about a third of a million stars in the northern half 
of the sky, down to about the tenth magnitude. The 
magnitude intervals were subdivided into 10 subclasses, 
corresponding closely to the least perceptible differences 
in brightness as judged by eye; thus, Argelander’s magni­
tude estimates appear in decimal form. For example, 4.3 
designates a stellar brightness three subclasses fainter than 
fourth magnitude. Argeiander fitted his magnitude scale to 
the traditional one of six magnitude classes for the naked- 
eye stars. This system of magnitudes, while convenient 
and useful, was entirely subjective in nature and lacked a 
physical or quantitative definition.

Early in the 19th Century, astronomers began to inter- 
compare quantitatively the brightness of stellar images 
with visual photometers, devices with which the observer 
matches two star images, one of which may be that of an 
artificial star, in the field of view of a telescope. Gustav 
Fechner, a German scientist, observed that the response 
of the eye was characterized by approximately equal Sen­
sation for equal ratios of brightness, while others found 
that the old magnitude intervals corresponded to bright­
ness ratios of between 2.2 and 2.8—or, in other words, 
stars of the second magnitude, for example, were from 2.2 
to 2.8 times brighter than stars of the third magnitude.
The English astronomer Norman Robert Pogson proposed 
in 1856 the adoption of 2.512 (the fifth root of 100) as 
the formal basis of a physically defined magnitude scale.
This, the Pogson scale, is now universally adopted by as- Pogson 
tronomers and may be stated conveniently: the difference scale of 
in magnitude between two stars is given by 2.5 times the magnitude 
logarithm (to base 10) of the brightness ratio. If the ratio is 
obtained from measurements at a specific wavelength, the 
result is a monochromatic (one-colour) magnitude; if the 
ratio is obtained in terms of the response of a particular 
light receiver to a specific band of wavelengths, the result 
is a heterochromatic (more than one colour) magnitude



586 Analysis and Measurement

The Inter­
national
System of 
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The colour 
index

in what is called a natural system characteristic of that 
photometric instrument and technique.
Adopting the Pogson scale, astronomers made use of 

visual photometers toward the end of the 19th Century 
to re-establish the magnitude system on a physical basis, 
while they fixed the magnitudes in the range from fourth 
to sixth to agree with the ancient and the Durchmusterung 
values. Several new catalogs achieved improved accuracy 
because of the physically defined scale. The most impor­
tant of these were the Potsdamer Photometrische Durch­
musterung, which included 14,199 stars brighter than 7.5 
magnitude in the Northern Hemisphere, and the Revised 
Harvard Photometry, which included 9,110 stars brighter 
than 6.5 magnitude over the entire sky as well as 36,682 
fainter stars to about ninth magnitude.

In the last decade of the 19th Century, bright stars were 
found to produce photographic images larger and denser 
than those of faint stars, so that measures of these image 
properties could be used to establish magnitudes. It is no­
table, however, that the dimensions of the optical images 
of stars in the focal plane of a telescope are substantially 
identical for all stars, bright and faint. The form and 
dimensions of the image are determined chiefly by the 
disturbing influences of atmospheric turbulence upon the 
diffraction pattem formed by the objective. The optical 
images from bright and faint stars differ only in energy 
flux. On the other hand, photographic images of bright 
stars are larger because of the turbidity and halation (a 
blurring caused by reflection) characteristics of the photo­
graphic emulsion; in particular, the size of a stellar photo­
graphic image is not a manifestation of the star’s diameter.

Photographic photometry, despite calibration difficulties, 
soon largely displaced visual photometry. The photo­
graphic method not only determined photographic magni­
tudes in the blue spectral region, to which it was primarily 
sensitive, but, with suitable colour Alters and orthochro- 
matic emulsions, established photovisual magnitudes that 
closely matched the colour characteristics of the visual 
system of magnitudes. The photographic and photovisual 
magnitudes were adopted as the International System and 
served until about the middle of the 2Üth Century, when 
photoelectric techniques were adopted because of their 
greater accuracy.
The earliest efforts to measure stellar brightness by means 

of the photoelectric effect, the conversion of light to 
electric current, were made in 1913. The technique was 
restricted to the brightest stars, however, because of inade­
quate sensitivity, although its inherent accuracy surpassed 
that of all other photometric methods. One of the chief 
difficulties was the accurate measurement of the feeble 
current produced by photocells. Until electronic amplifiers 
displaced the more primitive electrometers, photoelectric 
photometry remained severely handicapped. In 1932 in 
the United States Albert Edward Whitford made use of 
an electronic amplifier for the first time in astronomy. A 
second major advance took place when practical photo­
multipliers (see below Principles o f photometric methods: 
General techniques) became available after World War II. 
Photoelectric methods now surpass all others in reliability, 
accuracy, and sensitivity.

The UBV system. What is called the ubv system of 
stellar magnitudes has been widely adopted as a successor 
to the International System. It is based on photoelectric 
photometry in three broad bands: the ultraviolet (U), blue 
(B), and visual (V) spectral regions; the latter two are 
similar to those of the old photographic and visual mag­
nitudes. The additional U band includes the important 
spectral region that includes the Balmer discontinuity, in 
which light intensity drops suddenly owing to absorption 
by ionized hydrogen.

Apart from the Balmer discontinuity and the spectral 
lines, the distribution of stellar radiation with wavelength 
is known to approximate roughly the distribution of radia­
tion from what the physicist calls blaekbodies (i.e., bodies 
emitting radiation freely at all wavelengths) with tempera­
tures ranging from about 2,000 to 50,000 K. The relative 
strengths of the B and V magnitudes vary with stellar tem­
perature and consequently with spectral type. For a given 
star, the quantity B-V, termed a colour index, expresses in

magnitude form the ratio of brightnesses in two different 
wavelength bands. It might be expected, therefore, that a 
star’s spectral type could be inferred from its B-V colour 
index; but this inference is valid only when the starlight 
has not passed through regions of interstellar dust. The 
dust scatters light more strongly at short wavelengths; and 
for every three magnitudes lost in the V band there are 
about four lost in B, resulting in an apparent reddening 
of the B-V colour index by about one magnitude. The 
apparent B-V of a star must therefore be corrected for 
this reddening, called colour excess, before any inference 
of the star’s spectral type can be made. It is here that a 
third band in the ultraviolet plays a role, as it makes pos­
sible the determination of colour excess, total absorption, 
and spectral type for many stars. This kind of information 
about stars can be obtained more certainly when the ubv 
photometric data are supplemented by spectroscopie data, 
but ubv photometry can be carried out on stars far too 
faint for spectroscopie studies.
Many more stars have been measured in the ubv than 

in any other photoelectric system. Such measurements are 
available to observers as Standards of reference over the 
entire sky. Included are stars of most spectral types, lumi- 
nosities, and degrees of reddening. The magnitudes have 
been made to coincide closely with the historical magni­
tudes for the bright stars; that is, the zero point for the V 
magnitudes has been fitted to selected stars in the Nórth 
Polar Sequence, which in turn had been fitted to the old 
Durchmusterung values. The B-V and U-B colour indices 
are defined as zero for A0 stars of normal luminosity, thus 
conforming to the earlier zero-point convention. On the 
whole, the ubv bands are readily duplicated to a sufficiënt 
accuracy by appropriate combinations of photomultipli­
ers and Standard filters as well as Standard photographic 
emulsions whenever photographic photometry is desired.

Principles of photometric methods. General techniques. 
In astronomical photometry, the process starts at the fo­
cal plane of a telescope, and from the start the principal 
methods differ greatly.

In photoelectric photometry, the image of a single star is 
passed through a smalï diaphragm in the focai piane and 
falls upon a photoelectric detector; all other images in the 
focal plane are blocked off and wasted. Photographic pho­
tometry, on the other hand, has the advantage of recording 
simultaneously all the images to which the plate is exposed. 
An additional advantage of the photographic method is 
that the plate becomes a permanent record, useful also 
for purposes other than photometry. Unfortunately, these 
advantages can be gained only at the cost of considerably 
reduced accuracy, for the complex relationships between 
the size and density of photographic images of stars and 
the brightness of the optical images are not subject to füll 
control or accurate calibration. Nonuniform sensitivity 
or development over the surface of the emulsion, other 
photographic effects, the atmospheric dispersion and tur­
bulence as they affect the chromatic form of the images, 
and field errors caused in the telescope opties all act to 
introducé large accidental and systematic errors.
Photoelectric photometry owes its accuracy primarily 

to two factors: the highly linear relation between the 
amount of incoming radiation and the electric current it 
produces and the use of precise electrieal measurement 
techniques. In contrast, the photochemical processes and 
densitometric techniques (measuring the degree of dark- 
ening of photographic film) used in photographic cali­
bration are relatively crude. For this reason, virtually all 
modern magnitude scales are established with photoelec­
tric photometers, whereas the photographic methods are 
used only where their advantages may be exploited and 
deficiencies minimized. For example, after photoelectric 
measurements have been made, in a small area of the sky, 
of a select few individual stars that embrace an adequate 
range of magnitude and colour index, a photograph of the 
same area offers a means of determining the magnitudes 
of many more stars by interpolation. This simultaneously 
eliminates some of the chief shortcomings of the photo­
graphic method and provides much data with little tele­
scope observing time.

The two chief stellar photometric instruments in current

Advantages 
and dis- 
advantages 
of photog- 
raphy
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use are the photoelectric photometer, which attachés di­
rectly to the telescope, and the iris photometer, a device 
used to measure the degree of darkening of images on a 
photographic plate. As noted above, a diaphragm in the 
photoelectric photometer’s focal plane serves to isolate the 
single image to be measured. Large diaphragms adiriit im­
ages of extended objects such as nebulae or planets; small 
ones isolate a star from a close companion or reduce the 
amount of background light from the sky when the star 
to be measured is very faint.
The light comprising the stellar image passes through the 

diaphragm, an appropriate filter, a field lens, and into a 
photomultiplier, a device that produces a relatively strong 
electric current from a weak light input. The purpose of 
the field lens is to focus a small image of the telescope’s en- 
trance pupil onto the input of the photomultiplier. Typical 
output currents for stellar measurement lie in the range 
from 10-5 to 10_ 11 ampere, despite the large amplifica- 
tion factor achieved within the photomultiplier, typically 
around 106. The output current may be measured in a 
variety of ways.
A photoelectric photometer has some viewing eyepieces 

to allow selection of and alignment on the object to be 
measured or to permit guiding on a separate stellar image. 
There may also be provisions for simultaneous observing 
of several colours or multiple images or for scanning 
across an image.

In order to retain the highest accuracy in photoelectric 
photometry, all of the instrumentation must be stable, 
accurately calibrated, and free from effects that are depen- 
dent on such extraneous influences as temperature or ori­
entation in the Earth’s magnetic and gravitational fields. 
But even when these effects are minimized, there remain 
limitations to accuracy imposed by the atmosphere.
Because the transparency of the Earth’s atmosphere is 

neither perfect nor constant and may not be uniform 
around the sky, it is usually necessary to compare pho­
toelectric measurements of stars quickly and repeatedly, 
using nights of the greatest clarity. (Exceptions to this 
rule are sometimes permissible; for example, when the 
instrument is equipped to compare two nearby images 
simultaneously.) Reference stars of known magnitude as 
near the program stars as possible are customarily cho- 
sen to facilitate rapid manipulation of the telescope and 
to minimize the influence of differences in atmospheric 
conditions. The atmosphere’s extinction of starlight is de- 
pendent on both the path length traversed by the light and 
the transparency of the air; it also depends on colour, be­
ing more pronounced at shorter wavelengths. Accordingly, 
all photoelectric measurements require slight corrections, 
since seldom will the stars be observed through identical 
lengths of air path. It is customary to apply these correc­
tions to convert the magnitudes into what they would be 
in the absence of an atmosphere.

In the iris photometer, a beam of light is made to pass 
through the photographic plate, and the diameter of the 
beam is adjusted by means of an iris diaphragm to always 
pass a constant amount of light around and through a 
stellar image. The iris diameter thus adjusted will usually 
be found to be approximately proportional to the magni­
tudes of the imaged stars, over a range of several mag­
nitudes. The stars of the calibrated sequence provide the 
link between arbitrary iris diameters and the magnitudes 
and permit the magnitudes of the program stars to be de­
termined by interpolation. Another method of calibrating 
the image properties with magnitudes, believed by some to 
be superior in accuracy and range, consists of studying the 
image profiles with a microdensitometer; i.e., by passing 
through them a very fine pencil beam of light.
Visual photometry continues in use in a few special ar­

eas of research. For extremely close visual binary stars, 
no other method has proved successful in measuring the 
magnitude of each component separately or in obtaining 
a difference in magnitude, Ara. Experienced observers of 
double stars attempt to estimate Ara directly, but the re- 
liability varies with the seeing quality and proximity and 
Ara of the pair. Some observers of double stars make use 
of a double-image polarizing eyepiece that provides for 
equalizing the brightnesses in calibrated fashion; accura-

cies of about 0.05 magnitude can be obtained, although 
the measures are difficult.

Visual estimates of stellar brightness are also made by 
dedicated hobbyists, a particularly valuable pastime for 
those who observe the long-period variable stars whose 
slow Variation few major observatories can follow thor- 
oughly or economically. Although such visual estimates o f 
magnitude seldom are more accurate than 0.1 magnitude, 
the amplitudes of Variation o f the long-period variables are 
so large that this accuracy is sufficiënt for most purposes.

From photographs of wider double stars, estimates of the 
difference in magnitude can also be made profitably by vi­
sual inspection, particularly when an objective grating has 
been used to limit the apparent difference in magnitude 
to 0.5 magnitude or less.

Selected areas; transfer photometry. At one time, the 
magnitudes of stars in one region of the sky were de­
termined by making a photograph of the desired region 
and superimposing on it a second exposure of a region 
containing stars of known magnitude. In this process, 
termed transfer photometry, both the magnitude scale and 
the zero point of one region were effectively transferred 
to another. The reference regions were set up in several 
places in the sky, known as selected areas. Because one of 
the regions was centred about the north celestial pole and 
was therefore observable at all seasons in the Northern 
Hemisphere, it became the Standard reference region. The 
photometrically calibrated stars in it make up the North 
Polar Sequence. The accuracy of the photographically de­
termined magnitudes in this and other selected areas is 
insufficiënt to warrant their continued use; indeed, sys- 
tematic errors of scale amount to as much as 30 percent at 
the 18th magnitude. All modem transfer work is therefore 
done with photoelectric photometers.

Broad-band photometry. If all stars were of identical 
colour—that is, of identical spectral energy distribution— 
their apparent magnitudes would be independent of the 
wavelength chosen for measurement and o f the bandwidth 
used. In this idealized Situation, any detector could be 
employed without spectral restrictions; and consequently, 
an observer would exploit the füll spectral response of his 
most sensitive detectors in order to measure the magni­
tudes of the faintest objects in the most efficiënt way. In 
fact, however, the stars do have a wide variety of spectral 
energy distributions, and this imposes the necessity o f de- 
termining magnitudes in restricted bands of colour.

From the definition given earlier of the Pogson magni­
tude scale, it would appear that monochromatic magni­
tudes pertaining to a specific wavelength are best suited 
to physical interpretation, because comparing the bright­
nesses of stars at wavelengths that might differ among stars 
of different energy distribution would have little physical 
meaning. But in order to study the most distant stars, 
whose apparent intensity is inherently so feeble, moder- 
ately broad bands are needed to provide sufficiënt energy 
to be detectable by even the most sensitive light receivers. 
Thus, the astronomer is compelled to make a compro- 
mise between a clear physical definition and the need to 
use sufficiently broad bands to examine stars in a con­
sistent fashion, from the brightest to the faintest. In this 
discussion of the way in which broad-band magnitudes 
may be used and interpreted, it will simplify matters to 
exclude from consideration peculiar stars, novae, emission 
nebulae, and other sources of nonthermal radiation whose 
spectral energy distribution may be entirely dissimilar to 
that of most stars.

With any broad spectral band there can be associated a 
representative wavelength, Xn at which a monochromatic 
band of arbitrary narrowness would produce the same 
system of magnitudes for stars of a given spectral energy 
distribution when measured with the same telescope and 
detector system. Accordingly, the representative wave­
length, Xn can be defined by an equation that includes 
variables for photometer response and for stars of differ- 
ing spectral energy distribution. In comparing the values 
that the representative wavelength takes for the hottest 
and coolest stars, it is found that its range of Variation 
depends on both the width and symmetry of the band 
in question. As a typical example, the V and B bands of

North 
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the ubv system have values of representative wavelength 
that vary by about 2 or 3 percent over the normal range 
of stellar energy distributions. Experience has shown that 
this departure from monochromaticity is quite tolerable 
in the context of many applications, some of which will 
be mentioned presently, but that it is unacceptable for 
certain more critical applications, which will be taken up 
in the foliowing section.

In practice, a broad-band-magnitude system is readily 
defined by (1) a set of magnitudes for specified stars as 
measured with a particular photometric apparatus and (2) 
a specification of the instrument’s response function. Al­
though exact duplication of the apparatus response func­
tion cannot be expected in other photometers, sufficiently 
close approximation can usually be achieved, and small 
corrective transformations can be applied to produce re­
sults virtually consistent with those of the original equip- 
ment. It can be shown that broad-band magnitudes are in 
many instances adequate approximations of monochro­
matic magnitudes when the wavelength of the latter is 
defined by an equation that is somewhat different, though 
analogous, to that for Xr. This is designated as the effective 
wavelength, Xq, and it lies within the range through which 
Xr varies over the range of stellar energy distribution en- 
countered among stars and can be thought of simply as a 
kind of mean value of Xr.

Some examples of applications to which broad bands 
are suited have been mentioned earlier: estimating the 
spectral types of stars as well as measuring the amount 
of reddening and absorption influencing their apparent 
colour indices and magnitudes. (In instances of extreme 
reddening, small corrections may be required if Xr differs 
significantly from X{).) Other examples are stellar distances 
derived photometrically and absolute magnitudes.

Distances of remote stars can be deduced from their 
apparent brightnesses. In principle, it suffices to compare 
the apparent brightness of a star of unknown distance 
with that of one of the same spectral type and luminosity 
class at a known distance, since the ratio of apparent 
brightnesses (due allowanee being made for any absorp­
tion) is simply the ratio of the square of their distances. A 
more customary way of treating this problem involves the 
concept of absolute magnitude, which is taken to be the 
apparent magnitude that a star would have if it were to 
be viewed from a Standard distance of 10 parsecs (about 
32.6 light-years). The relation between the absolute and 
apparent magnitudes, M, m, and the distance, d, expressed 
in parsecs can be derived from the inverse-square law of 
diminishing brightness in magnitude form; it States that 
the absolute magnitude is equal to the apparent magni­
tude minus a logarithmic value of the distance:

M  = m — 5 log — .
10

If there is any interstellar absorption, A, then it is also 
subtracted from the apparent magnitude:

d
M = m  — A — 5 log — .

10

These relationships serve to define a set of absolute mag­
nitudes for stars of known distance, so that the relative 
intrinsic brightnesses and total energy Outputs of different 
types of stars can be determined. A profoundly important 
relationship between the absolute magnitudes and spec­
tral types of stars was established in this way by Ejnar 
Hertzsprung and Henry Norris Russell early in the 20th 
Century and elaborated upon by numerous subsequent 
investigators. The relationship, commonly referred to as 
the Hertzsprung-Russell diagram from the form in which 
it is usually displayed, has played a fundamental role in 
studies of the constitution and evolution of the stars.
Conversely, the absolute magnitude of a star can be in- 

ferred from its spectral type and luminosity dass, and this 
inference together with its apparent magnitude permits a 
determination of its distance.

Broad-band Systems, such as the ubv system and its 
predecessors, have been of immense value in providing

information about the stars in the Galaxy, extragalactic 
distances, and other im portant basic and Statistical data.
For this kind of application, monochromatic magnitudes 
would not have been significantly better.
Narrow-band photometry. Several types of investigation 

require narrow bands even at the cost of limiting sensitiv­
ity and thereby excluding application to the faintest stars.
In general, the narrower and more numerous the bands 
are within a spectral range, the more may the photometric 
methods approach the spectroscopie in terms of the num ­
ber of independent parameters that can be determined. In 
addition, the narrowing o f a band toward monochromatic­
ity aids in physical Interpretation, particularly in relating 
the photometric data to theoretical stellar models and to 
spectrophotometry.

Two general types of narrow-band photometry have been 
profitably applied to stellar problems: one in which the 
strength of a stellar absorption line is measured, the other 
in which selected regions o f the continuüm  are measured.
In the former, the bandwidth is typically very narrow,
10 to 30 A wide, while in the second the bands are of 
intermediate width, typically 150 to 300 Ä.

As an example of the former, the Hß (hydrogen-beta) The 
system introduced by Bengt Strömgren is based on mea- hydrogen- 
sures of the strength of the Balmer Hß line, a hydrogen beta system 
absorption line at 4861 Ä, which, for the stars of spectral 
type 09 to B9, is well correlated with luminosity. When 
ubv photometry is supplemented by Hß photometry, the 
colour indices B-V and U-B (corrected for reddening) 
show spectral type, while the Hß strength shows the lumi­
nosity. Despite the narrow band required for the Hß mea­
sure, the efficiency of the photometric method, in terms of 
the time needed to reach a given faint star, is higher than 
that of the traditional spectroscopie method. Stars of other 
spectral types may be studied in an analogous way, mak­
ing use of other appropriate spectral-absorption features.

In a different approach to obtaining two-dimensional 
Classification of stars through photometry, several inves­
tigators have used four or more bands of intermediate 
width that, being less wasteful of light, allow the study of 
fainter stars. A number of general characteristics of stellar 
spectral energy distribution may be selected as criteria: a 
colour index based on the region at shorter wavelengths 
than the Balmer discontinuity (see above The UBV sys­
tem), the depth of the Balmer discontinuity, a colour 
index in the region between 3,800 and 4,600 Ä that is 
generally characterized by a different colour temperature 
than that at longer wavelengths than 4,600 Ä , or various 
combinations of these. In some instances it is possible 
to form compound colour indices that are insensitive to 
interstellar reddening but that remain sensitive to some 
inherent property of the star. In general, it has not been 
possible to accomplish two-dimensional Classification over 
the entire range of spectral types; instead, particular Sys­
tems are devised for use within restricted spectral ranges.
Spectrophotometry. In spectrophotometry, photometric 

methods are employed to study in great detail the spec­
tral energy distribution of stars, generally with emphasis 
on the continuüm rather than the spectral lines. Spec­
trophotometry has been done both photographically, by 
the scanning of a spectrogram and its calibration images 
with a microphotometer, and photoelectrically, by the di­
rect scanning of a spectrum at the telescope. The scanning 
can be continuous or may consist of discrete measures 
made at selected places along a spectrum. If at selected 
places, the spectral regions may be isolated by filters; it 
is more customary, however, to use a spectrograph as a 
dispersing instrument with one or more slits located in the 
focal plane that admit restricted and well-defined bands 
of wavelengths into the light receivers. The bandwidth is 
generally so restricted that the measures are essentially 
monochromatic.
As in broad-band photometry, the photographic method 

is less wasteful of light, since the entire spectrum is pho- 
tographed; photoelectric direct scanning wastes most of 
the light but is capable of very high precision. Spectropho­
tometry, at least with high resolution, is applicable only to 
the brightest stars and requires large telescopes for maxi­
mum light collection. Fortunately, among the bright stars
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there are examples of most types of normal stars, so that a 
large body of fundamental knowledge on stellar radiation 
can be obtained.

An important application of spectrophotometry is the 
study of interstellar absorption, particularly how the ab­
sorption varies with wavelength. For this purpose, two 
stars of the same spectral type, one reddened, the other 
unreddened, are compared spectrophotometrically. An­
other important result of spectrophotometry is the ab­
solute calibration of stellar energy output through direct 
comparison with artificial Standards of radiation. From 
such measurements, it is known, for example, that the 
radiation received at the Earth from an AO star of 0 
magnitude at 5,560 Ä (close to the effective wavelength of 
the V magnitude) is 3.8 X IO-9 erg per second per square 
centimetre per angstrom.

Surface photometry. Many celestial objects extend over 
an appreciable angle and present an apparent surface in 
the field of view. Examples are galaxies, nebulae, the Sun, 
the Moon, and most planets. Photometric studies of such 
objects can be made in two ways: in detail over the sur­
face, as a function of position, or in whole, whereby the 
integrated light of the entire surface is taken.

The results of detailed surface photometry of an object 
are conveniently displayed in an isophotal map, a map 
in which contours of constant brightness are drawn much 
in the same fashion as altitudes in a terrestrial contour 
map. Customarily, isophotometric mapping is done by an 
instrument that follows contours of constant density on 

Iso- a photograph. This technique of isophotometry can be
photome- applied in the study of galaxies. If photographs have been
try of made at different effective wavelengths, it is possible to
galaxies distinguish regions containing the older and redder ob­

jects from those regions containing young stars and stellar 
associations.

A more recent technique consists of the Superposition of 
a positive photograph taken in one colour onto a negative 
taken in another colour. By appropriate control of the bal- 
ance of photographic densities, the images of selected types 
of stars will cancel, leaving the regions containing extreme 
blue and red objects showing up boldly as dark or light 
areas. This is an example of the use of photometric tech­
niques in a qualitative rather than quantitative fashion.

While fumishing less information than detailed surface 
photometry, integrated magnitudes based on the entire 
surface of an extended object provide a convenient mea­
sure of the total radiation emitted. The ratio of the total 
luminosity to the total mass of a galaxy is an important 
parameter in the study of these objects. Moreover, for 
the most remote galaxies, integrated magnitudes provide 
a means of estimating their approximate distances.

In the study of emission nebulae, measures of the strength 
of various emission lines provide information about the 
Constitution, density, and temperature of the nebulae. 
Recently developed techniques employing pressure-modu- 
lated Fabry-Pérot interferometers provide, in addition, de­
tails about the mass motions of the nebular gases.
Variation of light from astronomical objects. A consid­

erable number of celestial objects vary in brightness, some 
being highly regulär and repetitive in behaviour, others 
quite irregulär. Many of these objects have provided im­
portant clues to astronomical problems.

Among the variable stars are some, such as the RR Lyrae 
variables and the Cepheids, whose light Variation is caused 
by physical pulsation. Since early in the 20th Century the 
Cepheids have played a vital role as astronomical distance 
indicators. Because those stars possess easily recognized 
light-Variation characteristics in terms of the shapes, am­
plitudes, and periods of their light curves, they have been 
studied intensively. In particular, those Cepheid variables 
located in the neighbouring galaxies called the Magellanic 
Clouds show that their average brightnesses are highly cor- 
related with their periods. Since all stars in the Magellanic 
Clouds are roughly at the same distance, the correlation 
must apply to their average absolute magnitudes also. 
Once their mean absolute magnitudes are known, it is suf­
ficiënt to observe the period of any other Cepheid variable 
to infer its mean absolute magnitude and from this (and 
its mean apparent magnitude) its distance. This process,

stated here in an oversimplified form, is used to deter- 
mine the distances of the nearest galaxies. Although the 
RR Lyrae variables are not as intrinsically luminous and 
cannot be seen as individual stars at such distances, they 
serve a similar purpose in aiding the astronomer to deduce 
the distances of some star clusters within the Galaxy.

Pulsating stars, in some instances, also provide knowl­
edge of stellar diameters. Their brightnesses are known to 
vary as a consequence of a pulsation process in which both 
diameter and surface temperature vary cyclically. If at two 
times during the cycle the colour indices and, thus, surface 
temperatures are the same, then the ratio of brightnesses 
must be proportional to the square of the radii at these 
times. If radial velocities are also known, the varying rate 
at which the stellar surface moves throughout the cycle 
is known; and, when the rate is integrated, the distance 
traversed between any two instants can be deduced. Thus, 
the difference between, as well as the ratio of, the two 
radii is available, and thus the radii can be determined.
By carrying out such a process for many pairs of instants 
of common colour index, detailed knowledge of the star’s 
pulsation in diameter can be obtained.

An important group of stars is the eclipsing binaries, Eclipsing 
double stars too remote and too close together to be re- binary stars 
solved, and whose orbital plane is oriented in space to 
pass through or very near the Earth. The combined light 
of an eclipsing binary, viewed of necessity in a single 
image, diminishes whenever one star eclipses the other; 
thus, there are two times per period when the apparent 
brightness reaches a minimum. From an analysis of the 
geometrical shape of the light curve, it is possible to infer 
important properties of the stars and their orbits. If radial- 
velocity curves are also available for the two components, 
it is possible to determine the stars’ masses and diameters.

In the solar system, the rotational characteristics of many 
minor planets have become known from cyclic Variation 
in their brightnesses, as has the rotational period of the 
planet Pluto. Observations of the occultation of stars by 
the Moon have provided important new information on 
the diameters of stars. Very fast photometry is required 
to follow the rapid extinction of light as the Moon’s edge 
cuts the star from view; the shape of the extinction curve 
requires resolution in time on the order of milliseconds.

Two types of cosmic objects discovered in recent years 
show characteristic variations in energy output, sometimes 
including the optical spectral region. They are pulsars and 
quasi-stellar sources. In one pulsar, near the centre of the 
Crab Nebula, the optical brightness varies with the same 
periodicity (33 milliseconds) as its radio emission. Irregu­
lär brightness variations occurring in quasi-stellar sources 
over times of only months imply that their sizes must be 
no larger than the distance traversed by light in such times, 
and thus they must be many times smaller than galaxies.

Limits of observations. There are practical limitations 
to both the accuracy and dynamic range of astronomical 
photometry. The factors determining the limits are to be 
found in the Statistical character of the detection of small 
numbers of photons, the irreducible units of light; in the 
nature of the photometric instrumentation; and in the 
behaviour of the terrestrial atmosphere.

The spectral transmission of the atmosphere is charac- 
terized by numerous wavelength regions called Windows 
(regions of relative clarity) separated by regions of high 
opacity. Even within the Windows, the atmosphere not 
only absorbs light and disturbs the images formed by 
telescopes; it also emits light, so that even a moonless sky 
is not totally dark. In addition, there is a background of 
scattered light from interplanetary dust and distant unre- 
solved stars, nebulae, and galaxies. On a dark, clear night, 
the surface brightness of the sky is equivalent to about 
one star of 22nd visual magnitude in every square second 
of arc. Ultimately, this background light limits the extent 
to which faint stars can be detected on a fully exposed 
photograph.

The faintest stars that have been photographed thus far 23rd- 
by traditional methods are at about the 23rd magnitude, magnitude 
approximately one-third as bright as the sky background, stars 
This limit, 23rd magnitude, also represents the extent to 
which photoelectric photometry has been carried, because,
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in the absence of photographic star charts, the positions of 
any fainter stars remain unknown. If photoelectric pho­
tometry of a 23rd-magnitude star is carried out with a 
5"-of-arc diaphragm, the light from the star would repre- 
sent only about 2 percent of all the sky light admitted. 
At this faint level, only about two photons of visual light 
arrivé per hour per square centimetre at the Earth from 
the star. Thus, quite apart from the brighter sky back­
ground, a very large telescope aperture and a very long 
observing time are necessary to collect a statistically sig­
nificant quantity of light. Similar Statistical considerations 
may limit the speed with which even bright objects may 
be observed, as in the case of räpid-scanning devices or 
observations of occultations of stars.
At the faintest levels, it appears that electronographic 

techniques, as developed by Andre Lallemand and Gerald 
E. Krön, will make possible the measurement of fainter 
stars beyond the reach of either conventional photoelectric 
or photographic methods. Krön has extended photometry 
in this fashion almost to the 24th magnitude. The essential 
principle employed is the replacement of the photographic 
plate by a photoelectric imaging device. In the latter, an 
image is produced on a photographic plate by highly ac­
celerated electrons emitted by a photocathode placed at 
the optical focal plane of the telescope. The advantage 
over conventional photography lies in the much higher 
efficiency and sensitivity, while the advantage over con­
ventional photoelectric photometry lies in the fäct that a 
feeble star does not häve to compete for detection with all 
the light from the surrounding sky background as admit­

ted by a diaphragm, but only with that sky light arising 
from the small area occupied by the image itself.
There are also limitations on the working range of photo­

metric processes. A photoelectric photometer, for example, 
typically is restricted to a range of less than 15 magnitudes 
because of factors such as Saturation and fatigue of instru­
mental components at the brightest levels and electrieal 
or Statistical limitations at the faintest levels. Much wider 
ranges are possible by means of calibrated optical attenu- 
ation and overlapping intervals of measurement. The full 
range of photoelectrically measured astronomical objects 
is now about 50 magnitudes, extending from the Sun at 
an apparent magnitude of —26.8 to the faintest star at 
about 23rd magnitude.

In terms of accuracy, photometric measures in principle 
can be carried out over sufficiently long time intervals 
or can be repeated indefinitely to reduce the residual 
uncertainty inherent in the averaged results. Even this 
procedure, however, reaches practical limits imposed by 
systematic errors caused by imperfect calibration or obser- 
vational procedures, the approximate character of transfor- 
mations to Standard Systems, residual errors in the known 
magnitudes of Standard stars, and unrecognized sources 
of error. In practice, the best photoelectric magnitudes of 
bright stars are typically accurate within about 1 percent, 
while, for certain forms of differential photometry, accu- 
racies about 50 times greater can be achieved. On the 
other hand, photographically interpolated magnitudes are 
seldom more accurate than about 4 percent.

(R .H .H .)

MATERIALS TESTING
Materials testing involves measuring the characteristics 
and behaviour of such substances as steel or wood under 
various conditions. The data thus obtained can be used 
in specifying materials and their properties for various 
applications. A full- or small-scale model of a proposed 
machine or structure may be tested. Altematively, inves- 
tigators may construct mathematical models that utilize 
known material characteristics and behaviour to predict 
capabilities of the structure.
Materials testing breaks down into five major categories: 

mechanical testing; testing for thermal properties; testing 
for electrieal properties; testing for resistance to eorrosion, 
radiation, and biological deterioration; and nondestructive 
testing. Standard test methods have been established by 
such national and international bodies as the International 
Organization for Standardization (iso), with headquarters 
in Geneva, and the American Society for Testing and 
Materials (astm), Philadelphia.

MECHANICAL TESTING
Structures and machines, or their components, fail be­
cause of fracture or excessive deformation. In attempting 
to prevent such failure, the designer estimates how much 
stress (load per unit area) can be anticipated, and specifies 
materials that can withstand expected stresses. A stress 
analysis, accomplished either experimentally or by means 
of a mathematical model, indicates expected areas of high 
stress in a machine or structure. Mechanical property tests, 
carried out experimentally, indicate which materials may 
safely be employed.
Static tension and compression tests. When subjected 

to tension (pulling apart), a material elongates and even- 
tually breaks. A simple static tension test determines the 
breaking point of the material and its elongation, des- 
ignated as strain (change in length per unit length). If 
a 100-millimetre steel bar elongates 1 millimetre under 
a given load, for example, strain is (101—100)/100 =  1/ 
100 =  1 percent.
A static tension test requires (1) a test piece, usually 

cylindrical, or with a middle section of smaller diameter 
than the ends; (2) a test machine that applies, measures, 
and records various loads; and (3) an appropriate set of 
grips to grasp the test piece. In the static tension test, 
the test machine uniformly Stretches a small part (the test

section) of the test piece. The length of the test section 
(called the gauge length) is measured at different loads 
with a device called an extensometer; these measurements 
are used to compute strain.
Conventional testing machines are of the constant load, 

constant load-rate, and constant displacement-rate types 
(see Figure 37). Constant load types employ weights di­
rectly both to apply load and to measure it. Constant load­
rate test machines employ separate load and measurement

Figure 37: Testing machines:
(A) constant displacement-rate type; (B) constant load type; 
(C) constant load-rate type.
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units; loads are generally applied by means of a hydraulic 
ram into which oil is pumped at a constant rate. Constant 
displacement-rate testing machines are generally driven by 
gear-screws.

Test machine grips are designed to transfer load smoothly 
into the test piece without producing local stress concen- 
trations. The ends of the test piece are often slightly en- 
larged so that if slight concentrations of stress are present 
these will be directed to the gauge section, and failures will 
occur only where measurements are being taken. Clamps, 
pins, threading, or bonding are employed to hold the test 
piece. Eccentric (nonuniform) loading causes bending of 
the sample in addition to tension, which means that stress 
in the sample will not be uniform. To avoid this, most 
gripping devices incorporate one or two swivel joints in 
the linkage that carries the load to the test piece. Air bear- 
ings help to correct horizontal misalignment, which can 
be troublesome with such brittle materials as ceramics.

Static compression tests determine a materiafs response 
to crushing, or support-type loading (such as in the beams 
of a house). Testing machines and extensometers for com­
pression tests resemble those used for tension tests. Spec­
imens are generally simpler, however, because gripping is 
not usually a problem. Furthermore, specimens may have 
a constant cross-sectional area throughout their full length. 
The gauge length of a sample in a compression test is its 
full length. A serious problem in compression testing is 
the possibility that the sample or load chain may buckle 
prior to material failure. To prevent this, specimens are 
kept short and stubby.

Static shear and bending tests. Inplane shear tests in­
dicate the deformation response of a material to forces 
applied tangentially. These tests are applied primarily to 
thin sheet materials, either metals or composites, such as 
fibre glass reinforced plastic.
A homogeneous material such as untreated steel casting 

reacts in a different way under stress than does a grained 
material such as wood or an adhesively bonded joint. 
These anisotropic materials are said to have preferential 
planes of weakness; they resist stress better in some planes 
than in others, and consequently must undergo a different 
type of shear test.

Shear strength of rivets and other fasteners also can be 
measured. Though the state of stress of such items is 
generally quite complicated, a simple shear test, providing 
only limited information, is adequate for most purposes. 

Tensile Tensile testing is difficult to perform directly upon cer-
testing tain brittle materials such as glass and ceramics. In such 
of brittle cases, a measure of the tensile strength of the material may
materials be obtained by performing a bend test, in which tensile

(Stretching) stresses develop on one side of the bent mem- 
ber and corresponding compressive stresses develop on the 
opposite side. If the material is substantially stronger in 
compression than tension, failure initiates on the tensile 
side of the member and, hence, provides the required 
information on the material tensile strength. Because it 
is necessary to know the exact magnitude of the tensile 
stress at failure to establish the strength of the material, 
however, the bending test method is applicable only to a 
very restricted class of materials and conditions.
Measures o f ductility. Ductility is the capacity of a ma­

terial to deform permanently in response to stress. Most 
common steels, for example, are quite ductile and hence 
can accommodate local stress concentrations. Brittle ma­
terials, such as glass, cannot accommodate concentrations 
of stress because they lack ductility; they, therefore, frac- 
ture rather easily.

When a material specimen is stressed, it de forms elas- 
tically (i.e., recoverably) at first; thereafter, deformation 
becomes permanent. A cylinder of steel, for example, may 
“neck” (assume an hourglass shape) in response to stress. 
If the material is ductile, this local deformation is perma­
nent, and the test piece does not assume its former shape 
if the stress is removed. Finally, fracture occurs.

Ductility can be expressed as strain, reduction in area, 
or toughness. Strain, or change in length per unit length, 
was explained earlier. Reduction in area (change in area 
per unit area) may be measured, for example, in the test 
section of a steel bar that necks when stressed. Toughness

measures the amount of energy required to deform a piece 
of material permanently. Toughness is a desirable mate­
rial property in that it permits a component to deform 
plastically, rather than crack and perhaps fracture.
Hardness testing. Based on the idea that a material’s 

response to a load placed at one small point is related 
to its ability to deform permanently (yield), the hard­
ness test is performed by pressing a hardened steel ball 
(Brinell test) or a steel or diamond cone (Rockwell test) 
into the surface of the test piece. Most hardness tests are 
performed on commercial machines that register arbitrary 
values in inverse relation to the depth of penetration of 
the ball or cone. Similar indentation tests are performed 
on wood. Hardness tests of materials such as rubber or 
plastic do not have the same connotation as those per­
formed on metals. Penetration is measured, of course, 
but deformation caused by testing such materials may be 
entirely temporary.

Some hardness tests, particularly those designed to pro­
vide a measure of wear or abrasion, are performed dy- 
namically with a weight of given magnitude that falls from 
a prescribed height. Sometimes a hammer is used, falling 
vertically on the test piece or in a pendulum motion.
Impact test. Many materials, sensitive to the presence 

of flaws, cracks, and notches, fail suddenly under impact.
The most common impact tests (Charpy and Izod) em- The 
ploy a swinging pendulum to strike a notched bar; heights Charpy 
before and after impact are used to compute the energy and Izod 
required to fracture the bar, and, consequently, the bar’s tests 
impact strength. In the Charpy test, the test piece is held 
horizontally between two vertical bars, much like the lintei 
over a door. In the Izod test, the specimen stands erect, 
like a fence post. Shape and size of the specimen, mode 
of support, notch shape and geometry, and velocities at 
impact are all varied to produce specific test conditions.
Nonmetals such as wood may be tested as supported 
beams, similar to the Charpy test. In nonmetal tests, 
however, the striking hammer falls vertically in a guide 
column, and the test is repeated from increasing heights 
until failure occurs.
Some materials vary in impact strength at different tem­

peratures, becoming very brittle when cold. Tests have 
shown that the decrease in material strength and elasticity 
is often quite abrupt at a certain temperature, which is 
called the transition temperature for that material. De­
signers always specify a material that possesses a transition 
temperature well below the range of heat and cold to 
which the structure or machine is exposed. Thus, even 
a building in the tropics, which will doubtless never be 
exposed to freezing weather, employs materials with tran­
sition temperatures slightly below freezing.
Fracture toughness tests. The stringent materials- 

reliability requirements of the space programs undertaken 
since the early 1960s brought about substantial changes in 
design philosophy. Designers asked materials engineers to 
devise quantitative tests capable of measuring the propen- 
sity of a material to propagate a crack. Conventional 
methods of stress analysis and materials-property tests 
were retained, but interpretation of results changed. The 
criterion for failure became sudden propagation of a crack 
rather than fracture (see Figure 38). Tests have shown that 
cracks occur by opening, when two pieces of material part 
in vertical plane, one piece going up, the other down; by 
edge sliding, where the material splits in horizontal plane, 
one piece moving left, the other right; and by tearing, 
where the material splits with one piece moving diagonally 
upward to the left, the other moving diagonally downward 
to the right.

Creep test. Creep is the slow change in the dimensions 
of a material due to prolonged stress; most common 
metals exhibit creep behaviour. In the creep test, loads 
below those necessary to cause instantaneous fracture are 
applied to the material, and the deformation over a period 
of time (creep strain) under constant load is measured, 
usually with an extensometer or strain gauge. In the same 
test, time to failure is also measured against level of stress; 
the resulting curve is called stress rupture or creep rup- 
ture. Once creep strain versus time is plotted, a variety 
of mathematical techniques is available for extrapolating
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Figure 38: Typical fracture toughness test. The clip-on 
extensometer output signal is monitored to recognize 
the stress level at which the crack suddenly 
propagates because the extensometer will sense a 
sudden increase in strain without a corresponding 
increase in load.
By courtesy of K.E. Hofer, IIT Research Institute

creep behaviour of materials beyond the test times so that 
designers can utilize thousand-hour test data, for example, 
to predict ten-thousand-hour behaviour.

A material that yields continually under stress and then 
returns to its original shape when the stress is released is 
said to be viscoelastic; this type of response is measured 
by the stress-relaxation test. A prescribed displacement or 
strain is induced in the specimen and the load drop-off 
as a function of time is measured. Various viscoelastic 
theories are available that permit the translation of stress- 
relaxation test data into predictions about the creep be­
haviour of the material.
Fatigue. Materials that survive a single application of 

stress frequently fail when stressed repeatedly. This phe- 
nomenon, known as fatigue, is measured by mechanical 
tests that involve repeated application of different stresses 
varying in a regulär cycle from maximum to minimum 
value. Most fatigue-testing machines employ a rotating 
eccentric weight to produce this cyclically varying load. A 
material is generally considered to suffer from low-cycle 
fatigue if it fails in 10,000 cycles or less.

The stresses acting upon a material in the real world 
are usually random in nature rather than cyclic. Conse- 
quently, several cumulative fatigue-damage theories have 
been developed to enable investigators to extrapolate from 
cyclic test data a prediction of material behaviour under 
random stresses. Because these theories are not applicable 
to most materials, a relatively new technique, which in- 
volves mechanical application of random fatigue stresses, 
statistically matched to real-life conditions, is now em­
ployed in most materials test laboratories.

7actors in Material fatigue involves a number of phenomena, 
naterial among which are atomic slip (in which the upper plane
atigue of a metal crystal moves or slips in relation to the lower

plane, in response to a shearing stress), crack initiation, 
and crack propagation. Thus, a fatigue test may measure 
the number of cycles required to initiate a crack, as well 
as the number of cycles to failure.
A cautious designer always bears the Statistical nature of 

fatigue in mind, for the lives of material specimens tested 
at a common stress level always range above and below 
some average value. Statistical theory teils the designer 
how many samples of a material must be tested in order to 
provide adequate data; it is not uncommon to test several 
hundred specimens before drawing firm conclusions.

MEASUREMENT OF THERMAL PROPERTIES
Thermal conductivity. Heat, which passes through a 

solid body by physical transfer of free electrons and by 
Vibration of atoms and molecules, stops flowing when the

temperature is equal at all points in the solid body and 
equals the temperature in the surrounding environment.
In the process of attaining equilibrium, there is a gross 
heat flow through the body, which depends upon the tem­
perature difference between different points in the body 
and upon the magnitudes of the temperatures involved.
Thermal conductivity is experimentally measured by de- 
termining temperatures as a function of time along the 
length of a bar or across the surface of flat plates while si- 
multaneously Controlling the external input and output of 
heat from the surfaces of the bar or the edges of the plate.
Specific heat. Specific heat of solid materials (defined 

as heat absorbed per unit mass per degree change in 
temperature) is generally measured by the drop method, 
which involves adding a known mass of the material at 
a known elevated temperature to a known mass of water 
at a known low temperature and determining the equilib­
rium temperature of the mixture that results. Specific heat 
is then computed by measuring the heat absorbed by the 
water and container, which is equivalent to the heat given 
up by the hot material.

Thermal expansion. Expansion due to heat is usually 
measured in linear fashion as the change in a unit length of 
a material caused by a one-degree change in temperature.
Because many materials expand less than a micrometre 
with a one-degree increase in temperature, measurements 
are made by means of microscopes.

MEASUREMENT OF ELECTRICAL PROPERTIES
Understanding of electrieal properties and testing methods 
requires a brief explanation of the free electron gas theory 
of electrieal conduction. This simple theory is convenient 
for purposes of exposition, even though solid-state physics 
has advanced beyond it.

Electrieal conductivity involves a flow or current of free 
electrons through a solid body. Some materials, such as 
metals, are good conductors of electricity; these possess 
free or valence electrons that do not remain permanently 
associated with the atoms of a solid but instead form an 
electron “cloud” or gas around the peripheries of the atoms 
and are free to move through the solid at a rapid rate. In 
other materials, such as plastics, the valence electrons are 
far more restricted in their movements and do not form a 
free electron gas. Such materials act as insulators against 
the flow of electricity.

The effect of heat upon the electrieal conductivity of a Variation 
material varies for good and poor conductors. In good among 
conductors, thermal agitation interferes with the flow of conductors 
electrons, decreasing conductivity, while as insulators in­
crease in temperature, the number of free electrons grows, 
and conductivity increases. Normally, good and poor con­
ductors are enormously far apart in basic conductivity, 
and relatively small changes in temperature do not change 
these properties significantly.

In certain materials, however, such as Silicon, germanium, 
and carbon, heat produces a large increase in the number 
of free electrons; such materials are called semiconduc­
tors. Acting as insulators at absolute zero, semiconductors 
possess significant conductivity at room and elevated tem ­
peratures. Impurities also can change the conductivity of 
a semiconductor dramatically by providing more free elec­
trons. Heat-caused conductivity is called intrinsic, while 
that attributable to extra electrons from impurity atoms is 
called extrinsic.

Conductivity of a material is generally measured by 
passing a known current at constant voltage through a 
known volume of the material and determining resistance 
in ohms. Total conductivity is simply the reciprocal of 
total resistivity.

TESTING FOR CORROSION, RADIATION,
AND BIOLOGICAL DETERIORATION
Testing for breakdown or deterioration of materials under 
exposure to a particular type of environment has greatly 
increased in recent years. Mechanical, thermal, or electri- 
cal property tests offen are performed on a material before, 
during, and after its exposure to some controlled environ­
ment. Property changes are then recorded as a function of 
exposure time. Environments may include heat, moisture,
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Chemicals, radiation, electricity, biological substances, or 
some combination thereof. Thus, the tensile strength of 
a material may fall after exposure to heat, moisture, or 
salt spray, or may be increased by radiation or electrieal 
current. Strength of organic materials may be lessened by 
certain classes of fungus and mold.

Corrosion. Corrosion testing is generally performed to 
evaluate materials for a specific environment or to eval- 
uate means for protecting a material from environmental 
attack. A Chemical reaction, corrosion involves removal of 
metallic electrons from metals and formation of more sta­
ble compounds such as iron oxide (rust) in which the free 
electrons are usually less numerous. In nature, only rather. 
chemically inactive metals such as gold and platinum are 
found in pure form; most others are mined as ores that 
must be refined to metal. Corrosion simply reverses the 
refining process, retuming the metal to its natural state. 
Corrosion compounds form on the surface of a solid ma­
terial. If the compounds are hard and impenetrable, and 
if they adhere well to the parent material, the progress of 
corrosion is arrested. If the compound is loose and poroüs, 
however, corrosion may proceed swiftly and continuously. 

logy If two different metals are placed together in a solution 
ie (electrolyte), one metal will give up ions to the solution
anic more readily than the other; this difference in behaviour
battery will bring about a difference in electrieal voltage between 

the two metals. If the metals are in electrieal contact with 
each other, electricity will flow between them and they 
will corrode; this is the principle of the galvanic cell or 
battery. Though useful in a battery, this reaction causes 
Problems in a structure; for example, steel bolts in an 
aluminum framework may, in the presence of rain or 
fog, form multiple galvanic cells at the point of contact 
between the two metals, corroding the aluminum.
Corrosion testing is performed to ascertain the perfor­

mance of metals and other materials in the presence of 
various electrolytes. Testing may involve total immersion, 
as would be encountered in seawater; or salt fog, as is 
encountered in chemical-industry processing operations or 
near the oceans where seawater may occur in fogs. Mate­
rials are generally immersed in a 5 percent or 20 percent 
solution of sodium chloride or calcium chloride in water, 
or the solution may be sprayed into a chamber where 
the specimens are freely suspended. In suspension testing, 
care is taken to prevent condensate from dripping from 
one specimen onto another. The specimens are exposed 
to the hostile environment for some time, then removed 
and examined for visible evidences of corrosion. In many 
cases, mechanical tests after corrosion exposure are per­
formed quantitatively to ascertain mechanical degradation 
of the material. In other tests, materials are stressed while 
in the corrosive environment. Still other test procedures 
have been developed to measure corrosion of metals by 
flue or stack gases.
Radiation. Materials may be tested for their reactions 

to such electromagnetic radiation as X-rays, gamma rays, 
and radio-frequency waves, or atomic radiation, which 
might include the neutrons given off by uranium or some 
other radioactive substance. Most affected by th.ese forms 
of radiation are polymers, such organic compounds as 
plastic or synthetic rubber, with long, repeated chains of 
similar Chemical units.

Radiation tests are performed by exposing the materials 
to a known source of radiation for a specific period of 
time. Test materials may be exposed by robot control to 
nuclear fuels in a remote chamber, then tested by conven­
tional methods to ascertain changes in their properties as a 
function of exposure time. In the field, paint samples may 
be exposed to electromagnetic radiation (such as sunlight) 
for prolonged periods then checked for fading or cracking.
Exposure to radiation is usually, but not always, detri- 

mental to strength; for example, exposure of polyeth- 
ylene plastic for short periods of time increases its ten­
sile strength. Longer exposures, however, decrease tensile 
strength. Tensile and yield strength of a type of carbon- 
silicon steel increase with exposure to neutron radiation, 
although elongation, reduction in area, and probably frac­
ture toughness apparently decrease with exposure. Certain 
new wood/polymeric composite materials are even pre-

pared by a process that employs radiation. The wood is 
first impregnated with liquid organic resin by high pres­
sure. Next, the wood and resin combination is exposed to 
radiation, causing a Chemical change in the form of the 
resin, producing a strengthened material.
Biological deterioration. In recent years there has been 

considerable activity in the new field of formulating tests 
to ascertain the resistance of organic materials to fungi, 
bacteria, and algae. Paints, wrappers, and coatings of 
buried pipelines, structures, and storage tanks are typical 
materials exposed to biological deterioration.
When biological composition of the soil in a given area 

is unknown, colonies or cultures of its various fungi, bac­
teria, or algae are isolated and incubated by Standard lab­
oratory techniques. These are then used to test materials 
for biological degradation, or to test the effectiveness of a 
fungicide or bactericide. In testing for algae resistance, for 
example, treated and untreated strips of vinyl film, such 
as might be used to line a swimming pool, are immersed 
in growing tanks along with seed cultures of algae plants.
Within three days, luxuriant algae growths appear on un­
treated samples.

NONDESTRUCTIVE TESTING
The tensile-strength test is inherently destructive; in the 
process of gathering data, the sample is destroyed. Though 
this is acceptable when a plentiful supply of the mate­
rial exists, nondestructive tests are desirable for materials 
that are costly or difficult to fabricate, or that have been 
formed into finished or semifinished products.
Liquids. One common nondestructive technique, used 

to locate surface cracks and flaws in metals, employs a pen- 
etrating liquid, either brightly dyed or fluorescent. After 
being smeared on the surface of the material and allowed 
to soak into any tiny cracks, the liquid is wiped off, leaving 
readily visible cracks and flaws. An analogous technique, 
applicable to nonmetals, employs an electrically charged 
liquid smeared on the material surface. After excess liquid 
is removed, a dry powder of opposite charge is sprayed on 
the material and attracted to the cracks. Neither of these 
methods, however, can detect internal flaws.
Radiation. Internal as well as extemal flaws can be 

detected by X-ray or gamma-ray techniques in which the 
radiation passes through the material and impinges on a 
suitable photographic film. Under some circumstances, it 
is possible to focus the X-rays to a particular plane within 
the material, permitting a three-dimensional description 
of the flaw geometry as well as its location.
Sound. Ultrasonic inspection of parts involves transmis- Ultrasonic 

sion of sound waves above human hearing range through method 
the material. In the reflection technique, a sound wave is 
transmitted from one side of the sample, reflected off the 
far side, and returned to a receiver located at the starting 
point. Upon impinging on a flaw or crack in the mate­
rial, the signal is reflected and its travelling time altered.
The actual delay becomes a measure of the flaw’s loca­
tion; a map of the material can be generated to illustrate 
the location and geometry of the flaws. In the through- 
transmission method, the transmitter and receiver are lo­
cated on opposite sides of the material; interruptions in 
the passage of sound waves are used to locate and mea­
sure flaws. Usually a water medium is employed in which 
transmitter, sample, and receiver are immersed.
Magnetism. As the magnetic characteristics of a mate­

rial are strongly influenced by its overall structure, mag­
netic techniques can be used to characterize the location 
and relative size of voids and cracks. For magnetic testing, 
an apparatus is used that contains a large coil of wire 
through which flows a steady alternating current (primary 
coil). Nested inside this primary coil is a shorter coil (the 
secondary coil) to which is attached an electrieal measur- 
ing device. The steady current in the primary coil causes 
current to flow in the secondary coil through the process 
of induction. If an iron bar is inserted into the secondary 
coil, sharp changes in the secondary current can indicate 
defects in the bar. This method only detects differences 
between zones along the length of a bar and cannot de­
tect long or continuous defects very readily. An analogous 
technique, employing eddy currents induced by a primary
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coil, also can be used to detect flaws and cracks. A steady 
current is induced in the test material. Flaws that lie across 
the path of the current alter resistance of the test material; 
this change may be measured by suitable equipment.

Infrared. Infrared techniques also have been employed 
to detect material continuity in complex structural situ- 
ations. In testing the quality of adhesive bonds between 
the sandwich core and facing sheets in a typical sandwich 
construction material such as plywood, for example, heat 
is applied to the surface of the sandwich skin material. 
Where bond lines are continuous, the core materials pro­
vide a heat sink for the surface material, and the local 
temperatures of the skin will fall evenly along these bond 
lines. Where the bond line is inadequate, missing, or faulty, 
however, temperature will not fall. Infrared photography 
of the surface will then indicate the location and shape 
of the defective adhesive. A Variation of this method em­
ploys thermal coatings that change colour upon reaching 
a specific temperature.

Finally, nondestructive test methods also are being sought 
to permit a total determination of the mechanical prop­
erties of a test material. Ultrasonics and thermal methods 
appear most promising in this regard. (K.E.H.)
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pects of Separation techniques; Analytical Chemistry (monthly) 
treats separations as part of analytical procedures for Chemi­
cal compounds; Journal o f  Chromatographie Science, Journal 
of Chromatography, and Chromatographia (all monthly) deal 
specifically with chromatography; Industrial and Engineering 
Chemistry (monthly) often treats separations from the indus­
trial viewpoint.

(B.L.K.)
Chromatography. e. heftmann (ed.), Chromatography, 2nd 

ed. (1967); h.g. cassidy, Fundamentals o f  Chromatography 
(1957). Some specific aspects are discussed in alberto frige- 
rio and malcolm mccamish (eds.), Recent Developments in 
Chromatography and Electrophoresis: Proceedings o f  the 10th 
International S ym posium . . . June 1979 (1980); and t.c.j. 
gribnau, j. visser, and R.j.F. nivard (eds.), Affimty Chro­
matography and Related Techniques: Proceedings o f  the 4th 
International Symposium, June 1981 (1982).

Theory: j.c. giddings, Dynam ics o f  Chromatography ( 1965).
Thin-layer chromatography: j.g . Kirchner, Thin-Layer 

Chromatography (1967); e. stahl (ed.), Thin-Layer Chromatog­
raphy: A Laboratory Handbook (1965).

Paper chromatography: r.j. block, e.l. durrum , and g.
zweig, Ä Manual o f  Paper Chromatography and Paper Elec­
trophoresis, 2nd ed. rev. (1958); i.m . hais and k. macek, Paper 
Chromatography: A Comprehensive Treatise, 3rd ed. (1963).

Gas chromatography: a .b. littlewood, Gas Chromdtogra- 
phy: Principles, Techniques, and Applications, 2nd ed. (1970); 
o .E . schupp, Gas Chromatography (1968).

Gel chromatography: l. fischer, An Introduction to Gel
Chromatography (1969); h . determann, Gel Chromatography, 
2nd ed. (1969).

(J.C.Gi/Ro.A.K.)
Spectroscopy. Atom ic and X-ray spectroscopy: r.a . sawyer, 

Experimental Spectroscopy, 3rd ed. (1963), treats in detail in­
struments and practical methods especially for photographic 
spectroscopy and gives a survey of the historical development 
of spectroscopy, with many references. g. herzberg, Atom ­
spektren und Atomstruktur (1936; Eng. trans., Atomic Spectra 
and Atomic Structure, 2nd ed., 1944), develops the elementary 
theory needed for the understanding of spectra; harvey elliot 
white, Introduction to Atom ic Spectra (1934), is an older, but 
thorough treatment. Brief tabulations including the wavelengths 
of the brightest spectral lines emitted by most atoms may be 
found in r.c. weast (ed.), Handbook o f  Chemistry and Physics, 
48th ed. (1967, revised periodically). Extensive tabulations of 
wavelengths may be found in g .r. harrison, Wavelength Ta­
bles (1939); A. zaidel et al., Tables o f  Spectral Lines (1970); 
and A.R. striganov and n .s. sventitskii, Tables o f  Spectral 
Lines o f  Neutral and Ionized A tom s (1968). X-ray data, samples 
of optical spectra of some materials, tabulation of wavelengths, 
and details of methods of detection of radiation may be found 
in D.E. Gray (ed.), American Institute o f  Physics Handbook, 
2nd ed. (1963). a .e. sandstrom , “Experimental Methods of 
X-ray Spectroscopy,” Handbuch der Physik, vol. 30 (1957), is a 
survey of X-ray spectroscopy, written in English.

Molecular spectroscopy: Elementary general books include: 
c.N. banwell, Fundamentals o f  Molecular Spectroscopy (1966); 
GORDON M. BARROW, Introduction to Molecular Spectroscopy 
(1962); and Gerald w. king, Spectroscopy and Molecular Struc­
ture (1964). Classic, authoritative works include: G. herzberg, 
Moleküspektren und Molekülstruktur (Eng. trans., Molecular 
Spectra and Molecular Structure, vol. 1, Spectra o f  Diatomic 
Molecules, 2nd ed., 1950; vol. 2, Infrared and Raman Spec­
tra o f  Polyatomic Molecules, 1946; vol. 3, Electronic Spectra 
and Electronic Structure o f  Polyatomic Molecules, 1966); c.h. 
townes and a .l. schawlow, Microwave Spectroscopy (1955); 
and N.F. RAMSEY, Molecular Beams (1963); alexis t . bell and 
Michael L. HAiR (eds.), Vibrational Spectroscopies for Absorbed 
Species (1981), a collection based on a 1979 symposium of the 
American Chemical Society.

(J.O.S.Jr./E.B.W.)
Astronomical spectroscopy. Stellar, nebular, and galactic 

spectroscopy are covered in the compendium Stars and Stellar 
Systems, ed. by g .p. kuiper and b.m. middlehurst; most rel­
evant volumes are 1, Telescopes; 2, Astronomical Techniques; 
5, Galactic Structure; 6, Stellar Atmospheres; and 7, Nebulae 
and Interstellar Matter. Articles in the Annual Review o f  As­
tronomy and Astrophysics are: c. arpigny, “Spectra of Cornets 
and Their Interpretation,” 3:351-376 (1965); e.m. burbidge 
and M. Schmidt respectively, “Quasi-Stellar Objects,” 5:399- 
452 (1967) and 7:527-552 (1969); f .j. kerr, “The Large-scale 
Distribution of Hydrogen in the Galaxy,” 7:39-66 (1969); and 
A.K. DUPREE and L. goldberg, “Radiofrequency Recombina­
tion Lines,” 8:231-264 (1970); William buscombe (comp.), M K  
Spectral Class i f  cations (1981), is a general catalog.

(D.M.H.)



Analysis and Measurement 595

Mass spectroscopy. f.w. aston, Mass Spectra and Isotopes 
(1933), a comprehensive account of the early work that laid 
the foundations of accurate mass and isotopic abundance mea­
surements; M.G. INGHRAM and R.J. HAYDEN, A Handbook on 
Mass Spectroscopy (1954), a survey of instrument types in- 
cluding detailed descriptions of the physics of ion sources and 
detectors together with the theory of ion sources and detectors 
together with the theory of ion focussing and mass analysis; 
F.H. field and J.L. franklin, Electron Impact Phenomena and 
the Properties of Gaseous Ions (1957), a study of the proper­
ties of gaseous ions with particular emphasis on the Chemical 
physics of the Systems; h .e. duckworth, Mass Spectroscopy 
(1958), a monograph giving good general coverage, including 
applications in physics, geophysics, and related Sciences; j.h . 
beynon, Mass Spectrometry and its Use in Organic Chem­
istry (1960), practical information and many references to all 
aspects of mass spectrometry; h . budzikiewicz, c. djerassi, 
and D.H. Williams, Mass Spectrometry of Organic Compounds 
(1967), a comprehensive account of the methods used to deter- 
mine structural formulas of organic compounds. See also h.e. 
rose and r.a .w. johnstone, Mass Spectrometry for Chemists 
and Biochemists (1981); urs p. schlunegger, Advanced Mass 
Spectrometry: Applications in Organic and Analytical Chem­
istry (1980); and frèd w. mclafferty, Interpretation of Mass 
Spectra (1980).

(J.H.Be.)
Radiation measurement. jack sharpe, Nuclear Radiation 

Detectors, 2nd ed. rev. (1964), is a compact survey of the basic 
physics of detectors; w.h . tait, Radiation Detection (1980), is 
an introductory text; glenn f. knoll, Radiation Detection and 
Measurement (1979), is a more extensive work covering tech­
niques. Specific detectors are dealt with in the following: geof- 
frey DEARNALEY and D .c. Northrop, Semiconductor Counters 
for Nuclear Radiations, 2nd ed. rev. (1966); c.h . wang, david 
l. willis, and Walter d . loveland, Radiotracer Methodology 
in the Biological, Environment and Physical Sciences (1975), 
which includes a detailed explanation of liquid scintillation 
counting; d .h. wilkinson, Ionization Chambers and Counters 
(1950, reissued 1970); bruno b. rossi and hans h. staub, 
Ionization Chambers and Counters (1949, reprinted 1977). Of 
the last two books. Wilkinson’s is predominantly theoretical 
in nature, whereas Rossi and Staub’s deals with experimental 
techniques developed in the Manhattan Project. The Interna­
tional Atomic Energy Agency (iaea), Vienna, publishes a num­
ber of books and reports that are readily available. In the field 
of health physics, reports no. 109 and 120 in the iaea “Tech­
nical Reports Series” deal with personnel dosimetry Systems 
and the monitoring of radioactive contamination on surfaces, 
respectively, whereas Nuclear Accident Dosimetry Systems is 
one of the iaea “Proceedings Series” (all 1970). Papers on de­
tectors are regularly published in many journals, including the 
Review of Scientific Instruments (monthly), of which the May 
1961 issue was devoted entirely to spark chambers; Nuclear 
Instruments and Methods (bimonthly); and IEEE Transactions: 
Nuclear Science (bimonthly), which include the proceedings of 
the Scintillation and Semiconductor Counter Symposium held 
every other year since 1948. Specific questions are discussed 
in PARRY H. moon and domina eberle spencer, The Photic 
Field {1981).

(Ed.)
Astronomical photometry. Historical: h.f. weaver, “The De­

velopment of Astronomical Photometry,” Pop. Astr., vol. 54 
(1946); G. EBERHARD, H. KOHLSCHUETTER, and H. LUDENDORFF
(eds.), Handbuch der Astrophysik, vol. 2 (1929-31); w. Wien

and F. harms (eds.), Handbuch der Experimentalphysik, vol. 
26 (1937); joel stebbins, “The Electrieal Photometry of Stars 
and Nebulae,” Mon. Not. R. Astr. Soc., 110:416-428 (1950); 
Pubis. Washburn Obs., vol. 15, ch. 1 (1928).
Photographic photometry: h .f. weaver, “Photographic Pho­

tometry,” in s. flügge (ed.), Handbuch der Physik, vol. 54 
(1962), in English; J. stock and a.d . Williams, “Photographic 
Photometry,” with a section by b.m. middlehurst, in w.a. 
hiltner (ed.), Astronomical Techniques, ch. 17 (1962); c.e.k. 
mees, The Theory of the Photographic Process, 3rd ed. (1966).
Photoelectric photometry: a.e. whitford, “Photoelectric 

Techniques,” in s. flügge (ed.), Handbuch der Physik, vol. 
54 (1962), in English; f .b. wood, Photoelectric Photometry for 
Amateurs (1963).

Spectrophotometry: a.d. code, “Stellar Energy Distribution,” 
in j.L. greenstein (ed.), Stellar Atmospheres, ch. 2 (1960); j .b. 
oke, “Absolute Spectral Energy Distributions in Stars,” A. Rev. 
Astr. Astrophys., 3:23-46 (1965).

General: g .p. kuiper and b.m . middlehurst (eds.), Stars and 
Stellar Systems, vol. 2 and 3 (1962-63), contain many articles 
dealing directly or indirectly with astronomical photometry. 
The ubv system was first described by h .l. Johnson and w.w. 
Morgan in “Fundamental Stellar Photometry for Standards of 
Spectral Type on the Revised System of the Yerkes Atlas,” 
Astrophys. J., 117:313-352 (1953). See also arne a. henden 
and Ronald H. KAITCHUCK, Astronomical Photometry (1982).

(R.H.H.)
Materials testing. j . marin, Engineering Materials: Their 

Mechanical Properties and Applications (1952), a classic work 
describing the qualitative mechanical behaviour of materials, 
and Mechanical Behaviour of Engineering Materials (1962), a 
comprehensive treatment of the determination and utilization 
of mechanical properties of materials in design; z.d. jastrzeb- 
ski, Nature and Properties of Engineering Materials (1959), 
similar to Marin’s earlier work, but updated to the end of the 
decade; h .r. clausen et al. (eds.), Encyclopedia of Engineering 
Materials and Processes (1963); and j .m. Alexander and r .c. 
brewer, Manufacturing Properties of Materials (1963); two 
comprehensive and easily read texts on material properties.
Other general works include: c.w. Richards, Engineering Ma­

terials Science (1961), a highly readable and up-to-date book; 
F.A. MCCLINTOCK and A.s. argon (eds.), Mechanical Behavior 
of Materials (1966), an excellent description of both sophisti­
cated and conventional techniques for acquiring and utilizing 
modern material property data; and o.j. horgev (ed.), ASME 
Handbook, vol. 1, Metal Engineering: Design, 2nd ed. (1965), 
the official Mechanical Engineering Society position on the 
utilization of advanced material properties in design; i.e. Camp­
bell, High-Temperature Technology (1956); and w.d . kingery, 
Introduction to Ceramics (1960); books illustrating the utiliza­
tion of ceramic materials and emphasizing high-temperature 
applications; j.e. dorn (ed.), Mechanical Behavior of Mate­
rials at Elevated Temperatures (1961), a thorough treatment 
of advanced material properties, particularly of metals, as in- 
fluenced by high temperature; and h.e. davis, g.e. troxell, 
and c.T. wiSKOciL, The Testing and Inspection of Engineering 
Materials, 3rd ed. (1964), a highly comprehensive and easily 
understood work offering sufficiently detailed information on 
the various testing methods for use in the training of materials 
testing personnel. john j. burke and volker weiss (eds.), Non­
destructive Evaluation of Materials (1978), is a compendium of 
conference papers.

(K.E.H.)
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Angiosperms: The Flowering Plants

The angiosperms, more generally known as the flow­
ering plants, constitute the largest and most conspic- 
uous group of modern plants. They predominate in 
number of species—perhaps up to 250,000—and in num­

ber of individuals and constitute the dominant Vegetation 
of the Earth’s surface today. Even in coniferous forests, in 
moss and liehen tundra, and in fern and cycad thickets, 
angiosperms often play a conspicuous role.

The taxonomie disposition of the flowering plants is

somewhat unsettled; some earlier classifications list them 
as a class, Angiospermae (of the division Spermatophyta), 
but more recent Systems raise the group to the level of 
a division (roughly comparable to the “phylum” rank 
among animals), called Anthophyta, or more recently, 
Magnoliophyta.
For coverage of related topics in the Macropcedia and 

Micropcedia, see the Propcedia, section 313, and the Index.
This article is divided into the following sections:
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THE ANGIOSPERMS: DIVISION MAGNOLIOPHYTA
Angiosperms inhabit the most diversified environments 
and may be found wherever higher plants can survive. 
They have evolved a remarkable variety of life forms, a 
much greater variety than is to be found in the other 
divisions of the plant kingdom. They range in life span 
from a few weeks to several thousand years. Angiosperms 
provide man with food, shelter, clothing, drugs, and orna­
mental plants. The most important of all sources of food 
are such angiosperms as the cereal grasses (especially rice; 
wheat; and maize, or corn), sugarcane, potatoes, tuberous 
vegetables (yams, taro, etc.), and fruits.

Vegetable fats, oils, and masticatories are also of great 
value. Besides providing nourishment, fats and oils are 
used in technology, medicine, and the perfume indus­
try. Spices are supplied by such angiosperms as pepper, 
laurel, clove, cinnamon, and vanilla. Plants containing 
stimulants, especially tea, coffee, and cacao, are of great 
importance, as are those that produce narcotics that are 
widely used in medicine {e.g., morphine). Vegetable fibres 
(e.g., cotton and flax) are important for the manufacture 
of clothing. Many trees yield useful woods, a number of 
which are of high commercial value. Chemicals of vari­
ous kinds are also derived from wood. More than 10,000 
species of flowering plants are used in medicine. The num­
ber of species used in industry is considerably less, but

some of them, especially the tropical rubber trees, are ex- 
ceptionally important. Finally, angiosperms ornament the 
land and provide the most natural human environment.
Flowering plants present an immense diversity in habit, 

form, and size, ranging from the minute, almost mi­
croscopie watermeal (the smallest known angiosperm) to 
gigantic trees like eucalyptuses. Most angiosperms grow 
erect upon the ground, but many of them are trailing, 
climbing, or physically supported on other plants. The 
majority are terrestrial. Most of them contain Chlorophyll 
and can manufacture their own food from raw materials, 
but some (as saprophytes) absorb their food from decaying 
plants or (as parasites) obtain their food from other living 
plants. Members of several families are camivorous, like 
the sundew (Drosera), obtaining a part of their food from 
insects and other small animals.
Although many angiosperms are woody (trees and 

shrubs), the majority are herbaceous. It is now widely 
accepted that the arborescent habit is in general primitive 
in angiosperms and that all herbaceous plants originated 
from woody ancestors; the exceptions include woody rep- 
resentatives of the goosefoot family (Chenopodiaceae) and 
all of the arborescent monocots (palms, screw pines, bam- 
boos, and others). Herbaceous angiosperms have more ad­
vanced characters than woody angiosperms and are more

Diversity 
of the 
flowering 
plants
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Diversity among flowering plants.
(Top left) Australian eucalyptus tree (Eucalyptus regnans, family Myrtaceae), largest of the 
flowering plants. Top row: (left) Dodder (Cuscuta, family Convolvulaceae), a climbing parasite; 
(centre) Old World pitcher plant (Nepenthes), a photosynthetic plant that captures insects; 
(right) duckweed (Lemna, family Lemnaceae), one of the smallest of the flowering plants. 
Centre: (above) B lossom  of saucer magnolia (Magnolia soulangeana, family Magnoliaceae), a 
primitive flowering plant; (below) Sumatran rafflesia flower, world’s largest known flower. The 
flower of this parasitic plant, which has no green parts, is bright red and fleshy. (Centre right) 
A bromeliad, an epiphytic air plant that grows upon (but is not parasitic on) trees and shrubs. 
(Bottom left) Golden barrel cactus (Echinocactus grusonii, family Cactaceae), a xerophyte. 
(Bottom right) Victoria water lily (Victoria amazonica), a hydrophyte.
(Top left) Douglass Baglin; top row: (left) Ray Kriner— Grant Heilman, (centre) W H. Hodge, (right) Dennis Brokaw; centre:
(above) A.W. Ambier— National Audubon Society; (below) W H.'Hodge; (centre right) Russ Kinne— Photo Researchers; (bottom left) 
W.H. Hodge; (bottom right) John H. Gérard

plastic in terms of evolution. In herbs, the reproductive 
phase comes much earlier and with a minimum expen- 
diture of material for construction of vegetative organs, 
while production of seeds is at a maximum in comparison 
to the vegetative mass. Furthermore, herbaceous species

commonly expand their geographic range more rapidly 
than trees and play an important role in global Vege­
tation. The development of herbaceous angiosperms has 
had special significance for the evolution of herbivorous 
mammals and ground-feeding birds.
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Life cycle

The typical angiosperm plant body—with its leaves, stems, 
and roots—is the conspicuous phase of the angiosperm 
life cycle and is called the spore-bearing (sporophyte) 
generation; each of its living cells has at least two com­
plete sets of chromosomes, twice as many as the cells of 
the gamete-bearing (gametophyte) generation that follows. 
During flowering this plant produces microspores, which 
develop into male gametophytes, and megaspores, which 
develop into female gametophytes.

As in gymnosperms, both male and female gametophytes 
are reduced to microscopie proportions. The male game­
tophyte is ultimately shed as the pollen grain; the female 
gametophyte, the embryo sac, is retained on the sporo­
phyte in the ovule. If suitable pollen grains are trapped 
on the receptive stigmatic surface of a flower, they may 
germinate and one may fertilize the egg nucleus in the 
embryo sac. A zygote is formed, and the ovule develops 
into the seed. The seed ripens and awaits germination to 
become the conspicuous sporophyte plant body. Thus the 
cycle is complete.
Pollination and fertilization. The vast majority of angio­

sperms are normally characterized by cross-pollination, or 
the transfer of pollen from one flower or plant to another, 
but self-pollination, or the transfer of pollen from anther 
to stigma of the same flower, is not uncommon. Cross- 
pollination has the advantage of producing new combina- 
tions of existing genes, and the offspring that arise from a

cross are often superior in vigour to those in which both 
gametes came from the same plant. A great variety of 
adaptations, in both flower behaviour and structure, pre­
vent or restrict self-pollination. One of the commonest and 
most effective of these mechanisms is self-sterility (see re- 
PRODUCTION AND REPRODUCTIVE SYSTEMS: Pollination).

Shortly after the pollen-grain reaches the stigma, it ger- 
minates and the emerging pollen tube grows down the 
inside of the style and into the cavity of the ovary. The 
tube nucleus is carried near the tip of the pollen tube, fol­
lowed by the generative cell. While the tube is developing 
(or earlier, even before the pollen grain is shed), the gen­
erative cell divides into two male gametes. In most cases 
the pollen tube enters the ovule through a tiny opening, the 
micropyle. Less commonly the pollen tube penetrates the 
basal (chalazal) region of the ovule.

After its entrance into the female gametophyte, the tip 
of the pollen tube ruptures, discharging the two male ga­
metes into the cytoplasm of the female gametophyte. One 
of the male gametes penetrates the egg and unites with 
the female nucleus, thus effecting fertilization. The result­
ing zygote normally develops into the embryo. The other 
male gamete unites with two other nuclei (the polar nu­
clei) of the female gametophyte (or with a nucleus formed 
by prior fusion of the polar nuclei), thus forming the en- 
dosperm nucleus. The endosperm nucleus gives rise to a 
food storage tissue called endosperm. The participation of 
each of the two male gametes in a fusion process is unique 
to the angiosperms and is called double fertilization.

development of a megaspore four megaspores

Double
fertilization



Angiosperms 599

Embryo and seed development. The development of 
the embryo from the zygote begins with rapid nuclear 
divisions accompanied by the formation of cell walls. The 
early stages of embryo development within the seed are 
similar in both classes of the angiosperms. But further 
development proceeds in different ways: in dicotyledons 
a lateral seed leaf (cotyledon) arises on each side of the 
stem primordium, while in the monocotyledons only one 
of two primordial cotyledons develops and is displaced 
toward the apex. The developmental process clearly indi­
cates that the monocotyledonous embryo arose from the 
dicotyledonous type by way of a distinct alteration in 
early stages of development. In dicotyledons the embryo 
is typically differentiated into four main parts: the radicle, 
or the embryonic root; the hypocotyl, or the transition 
region from root structure to stem structure; the cotyle­
dons, attached to the upper end of the hypocotyl; and 
the plumule, or the bud of the embryo, inserted between 
the cotyledons (see reproduction and reproductive 
Systems: Seed and fruit).

The primary endosperm nucleus divides to form the en­
dosperm, or food storage tissue of the seed, which serves 
to nourish the developing embryo and often, later, the 
germinating seed. From the evolutionary point of view 
the endosperm is a “new” structure characteristic of the 
angiosperms only. Often, however, the endosperm degen- 
erates before the seed is mature, and the food is stored 
in the thickened cotyledons (as in beans, peas, and other 
legumes) or in other parts of the embryo, especially the 
hypocotyl.

The seed of a primitive angiosperm is characterized by 
abundant endosperm and a minute, undifferentiated em­
bryo. The seeds of more advanced groups usually have 
scanty endosperm or none at all and a large, differenti- 
ated embryo.

The nucellus is generally resorbed during development 
of the seed, but in some groups it persists and gives rise 
to a food storage tissue called perisperm. The integument 
develops into the seed coat (testa), a protective covering 
for the embryo.

The ripened seeds are enclosed in a fruit, which is ex- 
clusively an angiosperm organ specialized for protection 
and dispersal of the seeds. The other major group of seed- 
producing plants, the gymnosperms, do not bear fruit. A 
fruit is a modified gynoecium (mainly ovary), often with 
adherent parts of the flower.

Fruits may be divided into two major types: dry and 
fleshy. Dry fruits may be further subdivided into two 
groups depending upon the number of seeds and whether 
the fruit opens at maturity (dehiscent) or remains closed 
(indehiscent). Fleshy fruits are indehiscent. When a group 
of fruits develops from a cluster of distinct but closely 
packed flowers, as in the mulberry and pineapple, it is 
called a multiple fruit. This conventional Classification of 
fruits, though empirical, is useful for the Classification and 
identification of angiosperms. But for phylogenetic studies 
it would be more useful to have an evolutional Classifica­
tion of fruits based on fundamental features of the flowers 
from which the fruits are derived.

Form and function

Vegetative organs. Like other vascular plants, angio­
sperms have specialized conducting tissues. The xylem 
serves in the conduction of water and minerals and also 
provides strength. The phloem serves to conduct dissolved 
food and minerals. In a tree the wood is the xylem and 
the bark is the phloem. Only the inner (live) bark serves 
in conduction, and in a large tree only the outer part of 
the wood serves in conduction. The xylem of most an­
giosperms has specialized conducting tubes called vessels, 
but in certain types (aquatics, parasites, saprophytes, and 
succulents) the vessels have been secondarily lost during 
evolution. A few primitive angiosperms, however, never 
had vessels; those include members of the families Win- 
teraceae, Trochodendraceae, and Tetracentraceae, among 
others. The essential cell type in phloem is the sieve ele­
ment. The sieve elements are joined end to end to form 
sieve tubes, with the sieve areas concentrated onto the

sieve plate at the end. Furthermore, each sieve tube is 
in longitudinal contact with another kind of specialized 
cell, the companion cell. Gymnosperms, in contrast, have 
a simpler type of phloem, lacking companion cells, and 
with the sieve areas not concentrated onto terminal sieve 
plates. In some of the more primitive angiosperms, such 
as Austrobaileya, the phloem is not very different from 
that of gymnosperms.

The leaves of angiosperms are endlessly varied in size, 
shape, and structure. Their arrangement on the stem may 
be altemate, opposite, or whorled. The altemate arrange­
ment is primitive, opposite- and whorled-leaf arrange- 
ments having been derived in the course of evolution. The 
leaves of primitive angiosperms are mostly simple, entire, 
pinnately veined, leathery, and smooth. Leaves shed in 
the winter or in the dry season are secondary and have 
originated from “evergreen” leaves. The deciduous habit 
may have evolved primarily in the tropics as an adapta- 
tion for survival during the dry season and permitted such 
forms to spread from the tropical zone to more seasonal 
beits. But most deciduous woody forms have originated in 
the course of angiosperm dispersal from the lower to the 
higher latitudes.

Leaves and other aerial green parts have specialized pores 
called stomata (singulär stoma) in the epidermis. These 
openings are spaces between two specialized crescent- 
shaped epidermal cells known as guard cells. In many 
angiosperms the stomata are associated with two or more 
cells that differ in shape from the other epidermal cells. 
These distinct cells are called subsidiary, or accessory, 
cells of the stoma. A few main types of stomatal com- 
plexes based on number and arrangement of subsidiary 
cells have been recognized among the angiosperms. The 
stomatal complexes are an increasingly important source 
of taxonomie characters.

Two types of root structure are apparent among angio­
sperms, corresponding in general to the division into 
monocotyledons and dicotyledons (see Table 1 below).

Reproductive organs. The outstanding structure in the 
life history of angiosperms is the flower, a highly modified 
and specialized reproductive shoot in which the spore- 
bearing organs or sporophylls (stamens and carpels) are 
bome on a more or less shortened axis (receptacle) and 
are usually surrounded by a perianth (sepals and petals). 
A flower that has both stamens and carpels is termed 
bisexual (or, according to more accurate terminology, 
amphisporangiate). If either the stamens or the carpels 
are absent, the flower is unisexual (or, more accurately, 
monosporangiate) and is either male (staminate or mi- 
crosporangiate) or female (carpellate or megasporangiate). 
When a plant bears either staminate or carpellate flowers, 
it is called dioecious; when it bears both staminate and 
carpellate flowers, it is called monoecious. There are no es­
sential differences between the flower of angiosperms and 
the strobilus of gymnosperms. It is usually said that an­
giosperms differ from gymnosperms in having the ovules 
(potential seeds) bome within a closed cavity, the ovary, 
formed by the carpel (or carpels). But this difference is not 
clear-cut; the carpel is open at the time of pollination in 
some primitive angiosperms, and in some gymnosperms 
(Araucaria) the seed is enclosed in the seed scale. (For 
details of floral structure, see reproduction and repro­
ductive SYSTEMS.)
The receptacle is a stem with intemodes much shortened 

or suppressed. The most primitive flowers have an elon- 
gated receptacle with an indefinite and variable large num­
ber of floral parts arranged spirally upon it. In the course 
of flower evolution the receptacle has become shorter, 
and the parts fewer, fixed in number, and arranged in 
whorls. These flowers are characteristic of the advanced 
angiosperms.

The sepals (collectively called the calyx) are usually green 
and more or less leaflike or bractlike, but they may be 
reduced. Morphologically, they are specialized leaves. The 
main function of the calyx is the protection of the inner 
and more delicate floral parts as these develop in the bud. 
In some genera (Trollius, Lilium , Tulipa, Allium, and 
others) sepals are much like the petals and scarcely distin- 
guishable except by position and by vascular anatomy.

Leaves

Sepals and 
petals
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The petals (collectively called the corolla) usually alter- 
nate with the sepals and differ from them in being usu­
ally more delicate in texture, larger in size, and of some 
colour other than green. In some primitive angiosperms 
(Magnoliales, Illiciales, etc.), all the perianth parts are 
morphologically equivalent and of leaf origin. But in 
most families the petals have originated as an evolution- 
ary petaloid elaboration of stamens. Thus the corolla has 
arisen in two ways, and the petals of roses, for example, 
are not morphologically equivalent to those of magno- 
lias. In several advanced orders the petals are united to 
form a gamopetalous or sympetalous (as opposed to a 
polypetalous) corolla. The main function of the petals is 
to attract pollinators. In many angiosperms the perianth 
consists of sepals only, which may be scalelike, as in the 
oaks, or large and showy, as in the anemones, taking the 
place of the corolla. Such flowers, with the perianth con- 
sisting of sepals only, are called apetalous. The absence of 
a corolla is secondary rather than primitive, at least in the 
great majority of angiosperm species.

Jtamens The stamens (microsporophylls) are collectively called the 
androecium. Each stamen is usually differentiated into a 
stalk (filament) and a distal, spore-bearing portion (anther). 
The more advanced types of stamens are characterized by 
a distinct slender filament, whereas in many primitive an­
giosperms (Degeneria, Himantandra, some Magnoliaceae, 
and others) the stamens are broad, flat structures with no 
differentiation of a filament. The anther typically consists 
of four pollen sacs (microsporangia), two in each lobe or 
anther half, the tissue separating them disintegrating prior 
to flowering, and the resulting anther seemingly two-celled 
(biloculate). The strip of tissue between the pairs of micro­
sporangia is called the connective. In primitive stamens 
the connective is produced beyond the microsporangia, 
forming a more or less distal appendage. In primitive 
groups, the microsporangia are long and narrow.

Floral structures characteristic of angiosperms.

The primary spore-forming cells in a microsporangium 
give rise to a large number of diploid {In) spore mother 
cells, each of which produces by two cell divisions a group 
of four haploid (n) microspores. The microspore, after ger- 
mination, when the cells of the male gametophyte appear 
within the wall, becomes the pollen grain. Each pollen 
grain contains a greatly reduced male gametophyte, which 
consists of two cells only—a small generative cell and a 
larger tube cell or “vegetative” cell. The microspore (and 
pollen grain) has a cell wall of two layers: an outer (exine) 
and an inner (intine). The exine is more or less sculp- 
tured in pattems that characterize particular species. The 
cell wall usually has one or more thin places (apertures) 
where the exine is not fully formed and through which the 
pollen tube later may emerge. There are two major types 
of germinal apertures: furrows (colpi; singulär colpa) and 
pores. The most primitive angiosperm pollen grain is the

monocolpate type, with one polar germinal furrow. Such 
monocolpate pollen grains have a continuous aperture 
membrane devoid of special openings (ora; singulär os) in 
the exine for the emergence of the pollen tube. Monocol­
pate pollen is characteristic of the Magnoliales and some 
other primitive dicotyledons, of the majority of mono­
cotyledons, and of many gymnosperms. In the course of 
evolution, several other types of pollen grains have been 
derived, differing in number of furrows or pores.

The carpels (megasporophylls) are collectively called the Carpels 
gynoecium. The carpel consists of the ovary with enclosed 
ovules, and the stigma, a receptive surface for pollen 
grains, typically borne at the apex of a stalk, called the style 
(or stylodium, as some authors prefer to name the simple 
style of an individual carpel). The most primitive carpel 
is reminiscent of a young leaf folded along the midrib; 
such a carpel is called conduplicate and is characteristic of 
certain primitive angiosperms—e.g., the genera Degeneria 
and Tasmannia, and to a lesser degree the family Mag­
noliaceae. A very important taxonomie characteristic of 
primitive carpels is the absence of styles, the stigmatic 
surface being along the margins (sutures) of the carpels.
Of the two basic types of ovule arrangement (placenta- 
tion) within the carpel, laminar (superficial) and sutural 
(submarginal), the former is probably more primitive.

The gynoecium may consist of one to many carpels.
The carpels may be arranged in either a spiral or a 
whorl on the receptacle. The most primitive types of 
gynoecia are characterized by a large number of carpels 
arranged spirally upon a long receptacle, as in Magno­
lia. In the course of gynoecium evolution the number of 
carpels typically decreases, and the whorled arrangement 
evolves. Gynoecia with individually distinct (free) carpels 
are called apocarpous; such gynoecia are characteristic for 
the more primitive orders of angiosperms, as Magnoliales, 
Ranunculales, Dilleniales, Alismales, and others. During 
their evolution carpels have gradually united with each 
other in various forms, generally termed coenocarpous 
gynoecia. There are technically three types of coenocar­
pous gynoecia: syncarpous (two—or more—locular, with 
axile placentation, as in Lilium); paracarpous (unilocular, 
with parietal placentation, as in Viola); and lysicarpous 
(unilocular, with free central placentation, as in Primula).
In descriptive morphology of plants, however, all gynoe­
cia with united carpels are termed syncarpous. The term 
pistil has been a source of confusion as it is used both 
for a single carpel and for coenocarpous gynoecia; some 
authors suggest abandoning it.

In the less advanced types of coenocarpous gynoecia, the 
individual styles of carpels are more or less free, and only 
the ovaries are fused, as in Hypericum. In more advanced 
gynoecia, the styles and their stigmas are united (com­
pound), as in Rhododendron. In more primitive groups, 
the flower is hypogynous, the gynoecium being situated 
above the place of attachment of the perianth and sta­
mens, and the ovary is termed superior. In more advanced 
groups, the flower is frequently epigynous, the ovarian 
part of the gynoecium being fused with the basal part of 
the perianth, or in a few cases embedded in the receptacle, 
and the ovary is termed inferior (the perianth and stamens 
seem to arise from its summit).

The ovule, destined to become a seed, consists of the nu- 
cellus (megasporangium), completely surrounded by one 
or two integuments, except for a narrow opening (mi- 
cropyle) at the top of the ovule. Each ovule is borne on a 
stalk (funiculus) and may be erect (orthotropous) or, more 
commonly, recurved (anatropous). The basal part of the 
ovule, where all its parts merge, is called the chalaza. In 
more primitive angiosperms the ovules are massive and 
vested with two integuments. In more advanced groups 
the ovules are small and have only one integument. In 
some representatives of the order Santalales, especially in 
the families Loranthaceae and Balanophoraceae, the ovule 
is reduced, has no integuments, and the sporangium is 
naked.
The female gametophyte (embryo sac) develops within 

the megasporangium and most commonly forms by the 
division of the innermost megaspore of the tetrad of po­
tential megaspores, the other three degenerating. The func-
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tional megaspore greatly enlarges, absorbing the abortive 
megaspores and some of the surrounding nucellar tissue. 
The nucleus of the functional megaspore divides into two 
daughter nuclei, which move to opposite ends of the greatly 
elongated megaspore. Each daughter nucleus then divides, 
and ordinarily two in turn soon give rise to two groups of 
four cells (eight in all). One nucleus from each polar group 
moves to the centre of the young gametophyte. These 
two nuclei, called polar nuclei, come in contact with each 
other and may fuse immediately or remain distinct for 
a time. In the gametophyte there are soon formed three 
cells at the micropylar end (one is the female gamete, or 
egg, and the other two are called synergids) and three cells 
at the chalazal end (called antipodals). Thus, the female 
gametophyte of angiosperms is extremely simplified and 
completely devoid of all tracés of gametangia.

Evolution and paleontology

Origin of angiosperms. The angiosperms appear to have 
arisen from some gymnosperm ancestors in a single lin- 
eage (monophyly). It is quite possible that the angiosperms 
were connected with the Bennettitales (a group related to 
living cycads) through a common ancestor as yet unknown 
but possibly some primitive seed fern.
The first angiosperms (and their immediate gymnosperm 

precursors) may have been inhabitants of the mountains, 
where they probably formed small, semi-isolated local 
populations. Such populations are common in mountain 
plants and provide the combination of genetic drift and 
selection that is most effective in promoting rapid evolu­
tion. If this supposition is correct, then evolution in the 
immediate ancestors of angiosperms and in the earliest 
angiosperms themselves must have been very rapid and 
must have facilitated the production of large adaptive 
modifications. Under such conditions, one of the ancient 
branches of gymnosperms might well have initiated a 
more progressive group of seed plants characterized by 
high adaptability.
The basic morphological peculiarities of angiosperms find 

their most likely explanation in the hypothesis of their 
neotenic origin (retention of early developmental stages). 
Thus, the flower may be regarded as a neotenic form of the 
strobilus of an ancestral gymnosperm. The carpels of the 
most primitive angiosperms, especially those reminiscent 
of young folded leaves in Degeneria and Tasmannia, give 
the impression of being “infantile” organs corresponding 
to the juvenile stages of sporophylls of an ancestral gym­
nosperm. The evolutionary transformation of the open 
sporophyll into the carpel by folding and gradual closure 
along its middle vein could easily have occurred in a ju­
venile stage. The transformation of open megasporophylls 
into more or less closed carpels may have occurred at 
a stage in development when they were still in a folded 
condition. The stamens of angiosperms arose most likely 
from the juvenile stage of the microsporophylls of an 
ancestral gymnosperm. Tracés of neotenic origin are also 
visible, though less obvious, in the morphology of an­
giosperm leaves. The simple and entire leaves of primitive 
angiosperms, like those of Magnolia, could have occurred 
by arrested development of an ancestral gymnosperm at an 
early juvenile stage. The primitive structure of the wood 
of early vesselless angiosperms is also understandable as a 
neotenic adaptation: it corresponds to the juvenile wood 
of gymnosperms.

The flower arose most probably from a bisexual stro­
bilus, a supposition bolstered by the discovery of bisexual- 
ity associated with insect pollination among certain fossil 
gymnosperms. Insects must have played a decisive role 
in the transformation of a gymnosperm strobilus into the 
angiosperm flower. Insects visiting the strobili of the an­
cestors of the angiosperms found shelter therein, attracted 
by the abundance of pollen grains on which they fed. At 
the same time, they facilitated cross-pollination. But they 
also ate the ovules. So this primitive type of pollination 
may have led to protection of the ovules. In the imme­
diate ancestors of angiosperms this may have resulted in 
a partial closure of the folded juvenile megasporophyll. 
Even in the primitive carpels of the early angiosperms the

young succulent ovules were protected not only from the 
primitive unspecialized pollinators but also from the suc- 
torial insects of later epochs. Though they probably arose 
in the first place only as a defensive adaptation against 
certain types of insects, the carpels also gave protection 
from other harmful extemal influences, particularly at­
mospheric dryness. Inside the carpels, new environmental 
conditions were created for the development of the ovule 
and for the process of fertilization.

The origin of carpels made it possible for angiosperms to 
simplify the structure of their ovules, and this in tum led 
to smaller ovules, with a reduced gametophyte, capable 
of much faster development. This was a very important 
advance, as it enabled the angiosperms to observe the 
greatest possible economy of material in the construction 
of the ovules and female gametophyte. The development 
of carpels also led to the formation of the stigmatic sur­
face, the further evolution of which made possible the 
perfection of the process of pollination. The acquisition 
of the stigma was undoubtedly another great event in 
the evolutionary history of flowering plants. It improved 
the possibility of pollination, served as a new barrier to 
“undesirable” pollen and thereby assisted cross-pollina­
tion, and still further facilitated the simplification of the 
ovule. Finally, the evolution of carpels made possible both 
coenocarpy (union of carpels) and angiocarpy (the enclo- 
sure of the carpels by other parts of the flower), which 
undoubtedly had great adaptive significance, as improving 
chances of reproductive success.

Fossil evidence. The oldest fully authentic fossil angio­
sperms are known from the Early Cretaceous Period 
(130,000,000 years ago), toward the end of which period 
the frequency and abundance of angiosperms noticeably 
increased. Fossil angiosperms appear in the Company of 
various gymnosperms (including the Bennettitales) and 
ferns and predominate only in a few cases. They evidently 
formed only small populations and were represented by 
a comparatively small number of individuals. Toward the 
middle of the Cretaceous Period (100,000,000 years ago), 
however, one of the most sudden and fundamental trans- 
formations of terrestrial plant life occurred, and in the 
course of a few million years (a very short interval in 
geological time) the angiosperms came to be widely dis­
tributed throughout the world, quickly reaching the Arctic 
and Antarctic regions. They appeared in great diversity 
and quickly became dominant, decisively influencing the 
future of the terrestrial animal world, especially the in­
sects, birds, and mammals, and in the final reckoning 
made possible the appearance of man.

While the most diverse opinions can be found in the lit- 
erature conceming the centre of origin and distribution of 
the angiosperms, an analysis of the present distribution of 
the more primitive living angiosperms suggests that they 
arose somewhere in the Old World tropics, in what is now 
Southeast Asia, where the relatively greatest concentration 
of primitive angiosperms is found.

Origin of 
carpels

Opinions
conceming
the
location of 
angiosperm 
origin

Classification of the flowering plants

Distinguishing taxonomie features. The Classification of 
angiosperms is based on the synthesis of all of the available 
data from many fields: comparative morphology, palynol- 
ogy, embryology, cytology, genetics, biochemistry, serol- 
ogy, and biogeography. Although computers and the scan­
ning electron microscope are being increasingly employed 
in the development of modem methods in systematics, 
in practice plant taxonomists still rely to a large extent 
on morphological features to subdivide the angiosperms 
into orders and families and to determine relationships 
among them. These features include principally: numbers 
and arrangement of flower parts; disposition of the flowers 
on the plant; the type of gynoecium and placentation; 
the structure of the carpels; the type and structure of the 
ovules and the number of integuments; the presence or 
absence of endosperm and perisperm; the structure and 
development of the androecium, pollen grains, and peri­
anth; leaf stmeture and arrangement; stomatal pattems; 
and stmeture of the wood.

The division Magnoliophyta is divided into two classes,
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the Magnoliopsida (dicotyledons) and Liliopsida (mono­
cotyledons). Some of the differences between these classes 
are shown in Table 1. Dicots and monocots are distin­
guished from each other by combinations of characters 
rather than by any single character. In fact there is no sin­
gle character that can serve reliably to separate the mono­
cotyledons from the dicotyledons. Even the number of 
cotyledons, which formed the basis for the original subdi- 
vision of the angiosperms into two groups, may fluctuate: 
in Agapanthus, a typical monocotyledonous plant of the 
order Liliales, some embryos have two cotyledons; whereas 
Ranunculus flcaria, some species of Corydalis, some Ges- 
neriaceae, and several other dicotyledonous plants have 
embryos with a single cotyledon.

Evidence indicates that the monocotyledons originated 
from some long extinct vesselless herbaceous dicotyle- 
don with apocarpous gynoecia and monocolpate pollen 
grains (characters much in common with the modern 
Nymphaeales). The order Nymphaeales is most likely a 
hydrophilous derivative of some ancient Magnoliales, the 
vegetative organs of which have more or less degener- 
ated in an aquatic environment. Such ancient herbaceous 
dicotyledons of nymphaealean type, but more primitive 
(less reduced) than their present-day representatives, quite 
probably initiated the monocotyledonous line.

Table 1: Comparison of Dicotyledons and Monocotyledons

Magnoliopsida (dicotyledons) Liliopsida (monocotyledons)

embryo usually with 2 cotyledons 
leaves usually with (1) reticulate 

(netted) venation (pinnate or 
palmate), (2) seldom sheathed at 
the base, (3) petiole usually well 
developed

bracteoles (when present) usually 2, 
lateral

vascular bundles usually borne in a 
ring, with a persisting cambium; 
cortex and pith are usually well 
differentiated

primary root generally persistent 
and becoming a taproot; the 
rootcap and piliferous layer have 
common origin (with the 
exception of Nymphaeales) 

woody and herbaceous (primarily 
woody)

floral parts usually borne in sets 
of 5 or 4 (seldom 3 or fewer) 

nectaries of various types,
frequently transformed stamens, 
and rarely of the septal type 

pollen grains usually tricolpate or 
tricolpate-derived (monocolpate 
only in a few primitive families)

embryo with 1 cotyledon 
leaves usually with (1) parallel 

venation, (2) often sheathed at 
the base, (3) petiole seldom 
developed

bracteole (when present) usually 1, 
adaxial

vascular bundles generally scat- 
tered or seldom in 2 or more 
rings, usually without a 
cambium ; usually there are no 
definable cortex and pith 

primary rooi of short duraiion, 
soon replaced by adventitious 
roots; the rootcap and piliferous 
layer of different origin

herbaceous and arborescent 
(primarily herbaceous) 

floral parts typically borne in sets 
of 3 (seldom 4 and never 5) 

nectaries chiefiy of the septal 
type (occur in the septa 
between carpels) 

pollen grains monocolpate or 
monocolpate-derived type 
(never tricolpate)

In comparison with the majority of dicotyledons, the 
monocotyledons are characterized by some degree of “in- 
fantilism” of their vegetative organs. They usually have no 
vascular cambium, their primary root is usually ephemeral, 
the leaves are not differentiated into petiole and blade (or 
the differentiation is not clear-cut as in the dicotyledons), 
the leaf venation resembles the venation of the underde- 
veloped leaf organs of the dicotyledons (like bud scales 
or bracts), and one of the two cotyledons is suppressed. 
The earliest monocotyledons were most probably marsh 
plants with stout rhizomes. Indeed, the majority of Alis- 
males, as well as almost all the Nymphaeales (except Cer- 
atophyllum), are typically aquatic geophytes (herbaceous 
plants with underground storage organs). Apparently the 
common ancestors of both the Nymphaeales and the 
monocotyledons were amphibious geophytes that adapted 
to terrestrial conditions under the forest canopy or in the 
forest margin.

A n n o ta ted  C lassifica tion . The Classification employed 
in this article is based upon that of Armen Takhtajan 
(1969, 1970), with later modifications. A complete listing 
of all angiosperm orders is given below. Additional in­
formation about the most important orders is presented 
in the sections that follow; these sections contain detailed 
information on the natural history, economic importance, 
morphology, and evolution of each major order. Groups

indicated by a dagger (t) are covered separately in the 
Micropcedia. (A.T.)

DIVISION MAGNOLIOPHYTA (Angiospermae)
The entire range of flowering plants, or angiosperms. Perhaps 

250,000 species of worldwide distribution.
Class Magnoliopsida (Dicotyledones)
Plants typically with two dicotyledons, or seed leaves. The 

magnolia is the typical form (type genus) for which the class is 
named.
Subclass Magnoliidae

Mostly woody plants, some of them vesselless and many of 
them with oil cells. Stomata mostly with 2 subsidiary cells. 
Flowers mostly bisexual, frequently spiral or spirocyclic. Gy­
noecium mostly apocarpous. Pollen grains 2-celled or 3-celled, 
monocolpate or of monocolpate-derived type. Ovules with 2 
integuments. Seeds with copious or scanty endosperm or none 
at all. Six orders.
ORDER MAGNOLIALES
Entirely woody group; flowers hypogynous; bisexual, rarely 

unisexual accompanied by reduction {i.e., the “other” sex parts 
are “reduced”; they do not develop); acyclic to cyclic; perianth 
obvious, tepals may not be differentiated into sepals and petals; 
endosperm abundant; ethereal oil cells in all organs; pollen 
mostly uniaperturate. Leaves altemate, simple. Eight families, 
166 genera, and about 1,794 species, of which some 1,100 be- 
long to the family Annonaceae (custard apples); other families 
include Winteraceae (winteras), Magnoliaceae (magnolias), and 
Myristicaceae (nutmegs). Mainly distributed throughout wet, 
tropical regions of the Old and New World, but with some 
temperate outliers.
ORDER LAURALES

Plants woody; ethereal oil cells present; pollen monocolpate, 
derived polyporate, or acolpate; nodal anatomy unilacunar; 
staminal appendages often present. Eleven families, 69 gen­
era, and about 2,800 species, of which some 2,500 belong to 
the family Lauraceae (laureis) and 150 to Monimiaceae (mon- 
imias). Distribution is worldwide, with greatest concentration 
in the tropics.
ORDER PIPERALES
Mostly herbs and shrubs; usually with broad, altemate, entire, 

petiolate (stalked) leaves with stipules attached to the peti­
ole or lacking; flowers bisexual or, rarely, unisexual, perianth 
lacking, subtended by bracts, borne in dense spikes or, rarely, 
racemes, hypogynous to epigynous, stamens 1-10; carpels 1-4 
or, rarely, 5, free or united, usually with a single ovule; fruit 
a drupe, follicle, or capsule; seeds with copious endosperm, a 
mealy perisperm, and minute embryo with 1 or 2 cotyledons. 
Two families, 13 to 15 genera, and perhaps 3,000 species, the 
vast majority belonging to the family Piperaceae (peppers); the 
remaining Saururaceae (lizard’s-tails) comprise fewer than 10 
species. Members mostly tropical.
ORDER ARISTOLOCHIALES
Herbs, climbers, Scramblers, or lianas, often woody, sometimes 

with anomalous secondary thickening. Leaves altemate, sim­
ple, with petioles (stalks), without stipules, often heart-shaped. 
Flowers solitary, racemose, or in clusters, bisexual, epigynous 
(“inferior” ovary) or rarely perigynous (“half-inferior” ovary). 
Perianth usually uniseriate (petals lacking) but biseriate with 3 
sepals and 3 petals in Saruma, tubulär below, with expanded 
actinomorphic or more usually zygomorphic (bilaterally sym­
metrie) often strangely shaped limb above. Stamens 6 to many, 
usually in 1-2 series, or united to the top of the ovary or the 
stylar column (gynostemium). Anthers opening by slits. Ovary 
of (4-6) carpels, more or less free or weakly united, usually 
inferior. Ovules numerous in each carpel. Styles free or more 
frequently united. Fruit a capsule. Seeds numerous with fleshy 
endosperm and small embryo. One family, Aristolochiaceae 
(birthworts), with 10 genera and approximately 600 species, 
pantropical in distribution and with a few species in north and 
south temperate regions.
f  Order Rqfflesiales. Probably derived from the ancestors of 
the Aristolochiales. Two families, Rafflesiaceae (rafflesia) and 
Hydnoraceae.
ORDER NYMPHAEALES
Aquatic herbs, usually perennial, from stout rhizomes or 

lacking roots and free-floating, juice sometimes milky, leaves 
simple, peltate (shieldlike, the stalk attaching near the centre of 
the disk), or in whorls, floating or emergent or submersed and 
then with dissected margins. Flowers bisexual, or unisexual, 
solitary, parts trimerous or numerous and arranged spirally; 
sepals, petals, and stamens in some intergrading in structure. 
Sepals 3, 4, 5, or numerous; petals 3 to many, or none. Stamens 
3 to many in cyclic or spiral arrangement, anthers Splitting 
lengthwise. Carpels 3 to many or 1, usually free but sometimes
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coalescent; ovules 1 to 5 or many; ovary superior or inferior. 
Fruit a follicle, nutlet, or leathery berry. Four families, 8 gen­
era, and about 70 species, some 53 of which belong to the 
family Nymphaeaceae (water lilies). Distributed in temperate 
and tropical regions worldwide.
Subclass Ranunculidae
Near to the Magnoliidae, but more advanced. Mostly herba­

ceous plants, with vessels and usually without oil cells. Stoma­
ta of various types, most frequently without subsidiary cells. 
Flowers bisexual or unisexual, frequently spiral or spirocyclic. 
Pollen grains mostly 2-celled, tricolpate or of tricolpate-derived 
type. Ovules usually with 2 integuments. Seeds usually with 
copious endosperm. Five orders.
^ Order Illiciales. Evidently derived from the Magnoliales, 
most probably from the ancestors of the Winteraceae. Two 
families, Illiciaceae (illicium) and Schisandraceae (schisandra).
t  Order Nelumbonales. Usually placed in or next to the 
Nymphaeaceae but differs in many important features. A link 
with the Illiciales-Ranunculales stock is much more probable. 
One family, Nelumbonaceae (lotus).
ORDER RANUNCULALES

Herbs, woody climbers, or shrubs. Shoots dimorphic (of 2 
kinds) in Berberis, the leaves on the long shoots being replaced 
by spines. Leaves usually altemate, rarely opposite; exstipulate 
(without stipules) except in a few genera; variously shaped and 
divided; deciduous or evergreen; spiny-margined in some gen­
era. Flowers solitary or in inflorescences of varying degrees of 
complexity, usually with bracts, usually containing both sexes 
with flower parts arising at the base of the ovary (hypogynous). 
Perianth of 1, 2, or 3 (rarely more) series, usually spirally ar­
ranged. When the perianth is more than 1-seriate it is usually 
differentiated into an outer series of sepals and 1 or more inner 
series of petals (honey leaves). The series of the perianth may 
be in patterns of 3, 4, 5, or larger indefinite numbers. Perianth 
usually regulär (radially symmetrical or actinomorphic) but is 
irregulär (zygomorphic) in some genera of the family Ranun- 
culaceae. Nectar absent, or secreted by nectaries of various 
shapes, often petaloid, or rarely by the ovary {e.g., in the genus 
Calthd). Stamens usually numerous, spirally arranged, and ma- 
turing from the margin inward. They are fewer than or equal 
in number to the petals and opposite them in many Berberi- 
daceae. Stamens are usually free (anthers united in some Menis- 
permaceae). Anthers open by lengthwise slits or by flaplike 
valves in some. Pollen granulär, variable in appearance. Ovary 
of several to many usually free (united in some Ranunculaceae) 
carpels, rarely reduced to a solitary carpel. Ovules several with 
marginal or sub-basal placentation, or reduced to 1. Fruit a 
berry or a group of follicles or achenes. Seeds usually with 
endosperm. Alkaloids usually present. Ten families, about 142 
genera, and about 3,100 species, of which some 2,000 belong 
to the family Ranunculaceae (buttercups); Berberidaceae (bar- 
berries) and Menispermaceae (moonseeds) are the next largest 
families. Distribution is worldwide.
ORDER PAPA VERALES
Mostly fleshy herbs, some shrubs or small trees; sap milky 

(white to yellow or reddish-orange) or colourless and watery; 
leaves without stipules, basal or altemate, rarely opposite, 
flowers regulär or bilaterally symmetrical; calyx falling off very 
early; petals 4-12, often falling early; ovary superior, of fused 
carpels; fruit a capsule or of 1-seeded indehiscent joints; seeds 
with small embryos and a fleshy, usually oily endosperm. 
Three families: Papaveraceae (poppies), Hypecoaceae, and Fu- 
mariaceae (fumitories); 45 genera and some 640 species in all, 
distributed mainly in temperate regions.
ORDER SARRACENIALES

Perennial, rhizomatous, acaulescent (stemless) or caulescent- 
branched, insectivorous herbs, with usually basal rosettes of 
tubulär or pitcherlike, often winged, leaves specialized for 
luring and trapping insects and other tiny animals. Flowers 
solitary, on a leafless stalk or in loose, stalked, axillary racemes 
(clusters arising from the angle between stem and leaf), radially 
symmetrical, bisexual. Perianth (sepals and petals) with 1 or 
2 series; the sepals commonly 5, overlapping, often coloured 
and showy, persistent; the petals commonly 5 or absent, free, 
yellow to purple. Stamens (pollen-bearing organs) many, free; 
the anthers (male reproductive organs) 2-celled, opening be­
fore Stigmas are receptive. Pistil (female parts—ovary, style, 
and stigma) 1, with 3 or 5 fused carpels, the ovary superior 
(positioned above the attachment point of sepals, petals, and 
stamens), 3- or 5-loculed (chambered). Ovules numerous. Style 
simple, cylindrical, with simple, slightly lobed stigma or apex 
expanded into large umbrella-like structure with as many lobes 
as carpels, each with a minute stigma beneath. Fruit a capsule, 
with as many locules as carpels. Seeds minute, numerous. One 
family, Sarraceniaceae (pitcher plants), consisting of 3 genera 
and 13 to 16 species, distributed in New World wetlands.

Subclass Hamamelididae
Mostly woody plants, usually with vessels (except in the order 

Trochodendrales). Stomata with 2 or more subsidiary cells, 
or subsidiary cells are absent. Flowers more or less reduced, 
mostly unisexual and apetalous, seldom naked. Gynoecium 
usually coenocarpous. Pollen-grains usually 2-celled, tricolpate 
or of tricolpate-derived type. Ovules usually with two integu­
ments. Seeds with copious or scanty endosperm or none at all. 
Orders number 15.
f  Order Trochodendrales. In many respects occupies position 
between the Magnoliales and Hamamelidales, nearer to the 
latter. Two families, Trochodendraceae (yama-kurumas) and 
Tetracentraceae (tetracentrons).
f  Order Cercidiphyllales. Near Trochodendrales. One family, 
Cercidiphyllaceae.
f  Order Eupteleales. Somewhat isolated systematically. One 
family, Eupteleaceae.
t Order Didymelales. One family, Didymelaceae.
ORDER HAMAMELIDALES
Woody plants. Leaves simple or palmately lobed, with stip­

ules. Vessel elements in the wood narrow, with oblique end 
walls, Perforation plates scalariform (“ladderlike”) with numer­
ous bars. Condensed inflorescences. Flowers mostly small, of­
ten unisexual, with reductions in floral structure. Calyx (sepals) 
lacking in few genera. Corolla (petals) often small or lacking. 
Wind pollination in some genera. Stamens with connective pro- 
trusion. Carpels (structural units of pistil) free or mostly fused 
in the region of the ovary but with free styles. Distribution 
centres: Central and East Asia, the Malaysian region, Central 
and North America, Australia, Madagascar, and tropical and 
Southern Africa. Three families, 30 genera, and 80-150 species, 
of which 75 to 140 belong to the family Hamamelidaceae 
(witch hazels); Platanaceae (plane trees), with 2 to 9 species, is 
the next largest family.
t Order Eucommiales. One family, Eucommiaceae.
ORDER URTICALES
Trees, shrubs, vines, or herbs. Leaves usually simple, alter- 

nate, with stipules (basal appendages). Flowers male, female, 
or bisexual; regulär, small, greenish; usually with 4 or 5 more 
or less united sepals (constituting the calyx) but lacking petals. 
Ovary positioned above other flower parts (superior), of 1 or 2 
carpels (ovule-bearing units) but with only 1 interior chamber 
(locule) and 1 ovule (rarely 2), erect or pendulous. Stamens 
variable in number but usually few, mostly equal in number to 
sepals and opposite them; often inflexed in the bud. Fruit with 
1 seed; at maturity a nutlet, drupe, achene, Samara, or multi­
ple. Seed with or without fleshy or oily endosperm (nutriënt 
tissue for developing embryo). Four families, 125 genera, and 
about 3,100 species, nearly half of which belong to the family 
Moraceae (mulberries); the other families are the Urticaceae 
(nettles), Ulmaceae (elms), and Cannabaceae (hemps). World­
wide distribution.
f  Order Barbeyales. One family, Barbeyaceae.
t  Order Casuarinales. Evidently derived from the Hamameli­
dales. One family, Casuarinaceae (casuarina).
ORDER FAGALES
Deciduous or evergreen monoecious trees or shrubs. Leaves 

altemate, rarely verticillate (whorled), simple, entire (smooth 
margins) or with shallow incisions, with deciduous stipules. 
Flowers unisexual, though often with rudiments of the other 
sex, with simple, inconspicuous perianth, arranged in catkin- 
like spikes, composed of dichasia or simple, or in dichasia in 
the leaf axils. Stamens 4 to about 40. Pistil 1, ovary inferior, 
usually with 3 or 6 loculi, and 3-12 styles; placentation axile, 
ovules 2 in each locule. Fruit a 1-seeded nut, the nuts or the 
female dichasium surrounded by a cupule of axial nature. Seed 
with a large embryo and no endosperm. Single family, Fagaceae 
(beeches, including oaks and chestnuts), containing 10 genera 
and more than 1,000 species with worldwide distribution.
ORDER BETULALES
Woody trees or shrubs, with simple, stipulate, tooth-margined, 

ultimately deciduous leaves, spirally arranged. Flowers cyclic 
unisexual, both sexes occurring on the same plant but in differ­
ent inflorescences. The male flowers with 6 or fewer stamens, 
completely lacking vestigial pistils, and with or without 6 or 
fewer tepals. The male flowers in cymose groups of 3 (or fewer) 
and fused with varying numbers of primary, secondary, and 
tertiary bracts. The anthers 2-celled, opening longitudinally. 
The female flowers without vestigial stamens, with or without 
tepals inserted at the base of the 2 styles, the inferior ovary 
composed of 2 carpels with axile placentation, but the 2 com- 
partments confluent above the insertion of ovules. Ovules 1-4, 
anatropous, and with a single integument. The female flowers 
in cymose groups of 3 or fewer and fused with adjacent bracts
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of varying numbers. The aggregations of male flowers attached 
to a flexible axis, collectively constituting the characteristic 
cylindrical catkin or ament. The similar female inflorescence 
with a stiff axis, which is often erect. Pollination by wind in 
spring, fertilization long delayed; following production of the 
ovule, the pollen tube (sometimes branching) invades the ovule 
by way of the chalaza (chalazogamy). Multicellular archespo- 
rium. Maturation of the fruit in late summer or fall. The fruit 
a 1-seeded nutlet (often winged) or nut with a large straight 
embryo, no endosperm. One family, Betulaceae (birches), with 
about 6 genera and 120 species. Distributed in cool regions of 
the Northern Hemisphere.
f Order Balanopales. One family, Balanopaceae. 
t Order Myricales. Probably derived from the Hamamelidales. 
One family, Myricaceae (sweet gale). 
t Order Leitneriales. One family, Leitneriaceae.
ORDER JUGLANDALES
Trees; leaves mostly deciduous, altemate or rarely opposite 

or whorled, equally or unequally pinnately compound; leaflets 
as few as 3 but usually 5 to 31, serrate (toothed) or entire 
(smooth margined), dotted beneath with yellow or pale sev- 
eral-celled resinous scales; inflorescences consisting of elongate 
spikes or catkins, the pistillate (female) spikes sometimes few- 
flowered and short; bracts (leaflike appendages) associated with 
the flowers usually as conspicuous as or more conspicuous 
than the floral parts; individual flowers bisexual or unisexual, 
inconspicuous, wind-pollinated, lacking petals, with 4 sepals 
or these lacking; filaments of stamens very short; pistil with 
2 carpels, and 2 styles or style branches; ovary completely or 
incompletely 2-celled but with only one ovule in the middle 
of the fertile locule; fruit 1-seeded, a small winged nutlet or a 
large nut, the seed lacking endosperm. Two families, 9 genera, 
and about 58 species, all but 1 of which belong to the family 
Juglandaceae (walnuts). Distributed in temperate and subtropi- 
cal regions of eastern and southwestern United States, Mexico, 
West Indies, western South America to Argentina, Japan and 
Philippines to New Guinea and Java, Manchuria and China to 
Malay Peninsula to Himalayan mountains of India, and Iran 
and from the Caucasus mountains to Greece. They are absent 
from Australia, New Zealand, Africa, most of Europe, and 
western Asia.
Subclass Caryophyllidae
Usually herbaceous plants, undershrubs or low shrubs, rarely 

trees. Vessels always present. Stomata with 2 or 3 (rarely 4) 
subsidiary cells, or subsidiary cells absent. Flowers bisexual 
or rarely unisexual, mostly apetalous. Gynoecium apocarpous 
or coenocarpous. Pollen grains mostly 3-celled, tricolpate or 
of tricolpate-derived type. Ovules usually with 2 integuments. 
Seeds frequently with perisperm. Three orders.
ORDER CARYOPHYLLALES

Dicotyledonous plants; herbs, less frequently shrubs, rarely 
vines or trees. Flowers typically perfect (with male and female 
parts) but usually lacking true petals (except in the Caryophyl- 
laceae and in some Aizoaceae). Betalain pigments occurring 
in most families. There are 10 to 16 families (depending on 
the authority), including the Aizoaceae (fig marigolds), the 
Chenopodiaceae (goosefoot family), and the Caryophyllaceae 
(pinks); with more than 300 genera and between 6,500 and 
8,500 species (an accurate figure is not possible because of the 
differences in interpretation of taxa by different authorities). 
Distribution is worldwide, with a concentration of species in 
the tropics and subtropics.
ORDER CACTALES
Stem-succulents, ranging from minute to as tail as 50 feet 

and up to 2.5 feet in diameter, smooth or covered with ribs 
and tubercles (knobby projections). Leaves usually absent in 
adult plants; when present, they are large, flat, and persistent 
{Pereskia and Pereskiopsis) or conical to cylindroidal and short- 
lived. Areoles are present in the leaf axils or their structural 
equivalents and are arranged spirally on the surface of a smooth 
stem or on the apices of the tubercles, when present, and bear 
spines (spines rarely absent on the adult stem but present in 
juvenile stages). Flowers and fruits develop within or associ­
ated with a spine-bearing areole. The flower, except in some 
species of Pereskia, is epigynous, but of different origin than the 
epigyny of other flowering plants; the floral tube is developed 
from the receptacle, usually bears scale leaves and areoles; the 
superior floral tube or cup (the part above and free from the 
ovary) sometimes tubulär; scale leaves of the floral tube show a 
gradation into the sepaloid outer perianth parts and these grade 
into the petaloid inner perianth parts. Stamens are numerous, 
spirally arranged. Carpels (structures constituting the innermost 
whorl of the flower), from 3 to 20, are arranged in a circle; 
1 style; Stigmas as many as the carpels; the ovary at maturity 
with 1 chamber; numerous ovules and seeds; ovules usually

campylotropous (curving between the hilum and the micropyle) 
or sometimes amphitropous or orthotropous. Fruit variable; 
seeds of various colours (usually brown, black, reddish, gray, 
or white) and shapes. One family, Cactaceae (cacti), comprising 
some 30 to more than 200 genera, depending on the author, 
and from 800 to 1,500 valid species. Distributional centres— 
Mexico and the South American deserts. The better known 
genera include Melocactus (melon-thistle, or Turk’s-cap, cac­
tus), Ferocactus and Echinocactus (barrel cacti), Echinocereus 
(hedgehog cactus), Cereus (torch cactus), Mammillaria and 
Coryphantha (fishhook, or pincushion, cacti), Epiphyllum (leaf 
cactus), Opuntia (prickly pears and chollas), and Pereskia.
t Order Polygonales. Probably derived from the same stock as 
the Caryophyllales. One family, Polygonaceae (buckwheat).
f Order Plumbaginales. Probably derived from the same stock 
as the Caryophyllales. One family, Plumbaginaceae (leadwort).
f Order Theligonales. One family, Theligonaceae (sometimes 
called Cynocrambaceae).
Subclass Dilleniidae
Woody or herbaceous plants. Vessels always present. Stoma­

ta of various types, mostly without subsidiary cells. Flowers 
bisexual or unisexual, usually with both calyx and corolla; in 
the more primitive families, perianth is frequently spiral or 
spirocyclic. Gynoecium apocarpous or more frequently coeno­
carpous. Pollen grains mostly 2-celled, tricolpate or of tricol­
pate-derived type. Ovules usually with 2 integuments. Seeds 
mostly with endosperm. Orders number 17.
t Order Dilleniales. A connecting link between the Magnoliales 
and the Theales-Violales group. Two families, Dilleniaceae and 
Crossosomataceae.
t Order Paeoniales. Near to the Dilleniales. One family, Paeo- 
niaceae (peony).
ORDER THEALES
Trees, shrubs, or woody climbers, rarely herbs. Leaves alter- 

nate or opposite, usually simple and evergreen, with or without 
stipules. Flowers solitary or in inflorescences (clusters) of vary­
ing degrees of complexity and usually radially symmetrical and 
bisexual. Sepals sometimes 4 but usually 5 to many, usually 
free and overlapping, sometimes not distinguishable from the 
bracts and bracteoles. Petals usually 5, free or rarely united at 
the base (sometimes to the tube formed by the stamens) or the 
apex. Stamens usually numerous, maturing from the centre of 
the flower outward, often united in bundles or in a ring. Carpels 
usually 5, rarely fewer or more numerous, usually united; 
when free they are still joined by means of the united styles. 
Placentation (ovule attachment) usually axile—to the central 
axis of the ovary. Seeds with or without endosperm. Twenty- 
one families with approximately 155 genera and 2,550 species; 
the families Ochnaceae (ochnas), Dipterocarpaceae (merantis), 
Theaceae (teas), Clusiaceae (mangosteens), and Hypericaceae 
(Saint-John’s-worts) each contain 400 or more species. Distri­
bution throughout the tropics, with extensions into subtropical 
and temperate regions of both hemispheres.
ORDER VIOLALES
Flowering plants characterized by a woody perennial habit, 

paired stipules, simple leaves, flowers with parts in 5s, and 
true parietal placentation. Nine families, about 117 genera, and 
nearly 2,000 species, of which all but 225 belong to either of 
2 families, Flacourtiaceae (flacourtias) and Violaceae (violets). 
Distribution worldwide.
f Order Passiflorales. Derived from primitive representatives 
of the Violales, and very close to them. Families number 5, 
including Passifloraceae (passionflower), Caricaceae (carica).
ORDER CUCURBITALES
Annual or perennial herbaceous vines, usually with tendrils, 

rarely erect or suffrutescent. Leaves altemate, simple, usually 
with petioles and palmately or pinnately 5-lobed. Tendrils lat­
eral, stipular in position, 1 at each node, simple or variously 
forked. Roots fibrous or fleshy, some enlarged into storage 
organs. Flowers mostly unisexual, monoecious or dioecious, 
occasionally perfect. Staminate or male flower with calyx and 
corolla united to form a tubulär receptacle, corolla lobes usually 
yellow, white, or cream-coloured; stamens often 3, occasionally 
4, with 1 sterile stamen, filaments free or united, anthers free 
or coherent in a head, stamens basically 5, altemate with the 
petals, inserted on the receptacle tube or on the basal disk, 
but always modified in one or more ways. Pistillate or female 
flowers with calyx and corolla similar to the male flowers; 
ovary inferior, connate with receptacle to form a globose to 
fusiform tubulär stmeture, often separated from the remainder 
of the flower by a constriction; usually with 1 locule and 3 
or 4 carpels (primitively 5); style terminal with 2- or 3-lobed 
Stigma (many lobes in some Cucurbita). Fruit a dry or fleshy 
berry or hard-shelled pepo, usually indehiscent, or occasionally
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dehiscent (exp losive). Seeds large, num erous, rarely 1; with no  
endosperm , em bryo w ith  large cotyledons. O ne fam ily, Cu- 
curbitaceae (cucum bers or cucurbits), w ith 90 to 100 genera 
(depending on  the authority consulted) and about 700 species 
distributed m ainly  in  the tropics and subtropics.

ORDER BEGONIALES
M ostly succulent herbs, but perennial shrublike herbs and large 

w oody trees a lso  occur. Leaves sim ple, pinnate (with a m idrib) 
or palm ate (w ith  radiating leaflets or veins); altem ate. Stipules 
(sm all leaflike appendages at the base o f  leafstalks) present, 
early deciduous, or absent. Flow ers usually unisexual (but som e  
bisexual flowers in  Datisca). Sepals (green or coloured outer 
whorl o f  flower parts) often  petallike, 2 to  9. Petals 2 to  8 or  
m ore, or none in  a few. Stam ens (m ale reproductive structures) 
4 to 25 or m ore. Carpels (sim ple ovaries or Segments o f  a 
com pound  ovary) 3, rarely 5 or 2. Styles (the narrow upper part 
o f  the pistil) 2 to  5, ovu les num erous. Seeds sm all, num erous, 
and w ith  a dotted  or net-pattem ed  (reticulate) seed coat. Fruit 
a capsule, rarely a berry. T w o fam ilies o f  3 genera each, very 
dissim ilar in  character and num ber o f  species, about 1,000 in  
Begoniaceae (begonias) and on ly  4 in  Datiscaceae (datiscas). 
D istributed m ainly  in  the tropics worldwide.

ORDER CAPPARALES
H erbs, shrubs, sm all trees, and lianas; leaves altem ate or op­

posite, sim ple, p innately or palm ately com pound, w ith stipules; 
flowers w ith  petals, b isexual, hypogynous or perigynous, regu­
lär or irregulär; stam ens num erous to few; ovary o f  2 or m ore 
fused carpels w ith  parietal placentation; fruits fleshy berries 
or drupes or dry deh iscent siliques, silicles, or capsules; seeds 
reniform  (kidney-shaped) or not, or winged or nonwinged; em ­
bryo conduplicate (folded) or curved; endosperm  scanty. Eight 
fam ilies, 427 genera, and about 4 ,200 species, o f  which som e  
3,200 belong to the fam ily Brassicaceae (Cruciferae; mustards) 
and 925 belong to Capparaceae (Capers). D istribution m ainly  
tropics.

f  Order Tamaricales. D erived  from  the V iolales. Three fam i­
lies— Tam aricaceae, Fouquieriaceae, and Frankeniaceae.

ORDER SALICALES
W oody trees or shrubs w ith sim ple, spirally arranged, tooth- 

margined, usually deciduous (falling) leaves that have stipules, 
sm all leaflike appendages at the base o f  the leafstalk. Flowers 
unisexual, m ale and fem ale usually on separate plants. M ale 
flowers w ith 1 to m any stam ens, vestigial pistils absent. Fe­
m ale flowers w ith  a single pistil unaccom panied by vestigial 
stam ens. P istil com p osed  o f  4, 3, or, m ost often, o f  2 carpels 
(ovule-bearing segm ents). Ovary superior (positioned above the 
other flower parts), w ith a single cham ber and several to m any  
ovules. Style present or absent, the number o f  stigm as equal to  
or double the num ber o f  carpels. Inflorescence (flower cluster) 
a characteristic cylindrical spike (a catkin or am ent) that is 
erect (in Salix) or pendulous (in  Populus). Pollination in the 
spring by w ind {Populus) or insects {Salix). M aturation o f  the 
fruit and shedding o f  seed  occurs in the spring. Fruit a som e­
what leathery-w alled capsule, Splitting into as m any segments 
as there are carpels to  release the m inute seed, each with a tuft 
o f  cottony hair attached at the base. Seeds with a small, straight 
em bryo, lacking endosperm , and with a thin seed coat. Single 
fam ily, Salicaceae (w illow s); tw o genera— Salix (willows), with  
about 320 species, and Populus (poplars, aspen, cottonwoods), 
with about 30 species. D istributed m ostly in cooler regions o f  
the Northern H em isphere.

ORDER ERICALES
Herbs, shrubs, trees, herbaceous saprophytes, or root para­

sites. Leaves altem ate (also opposite or whorled in Ericaceae; 
opposite in  G rubbiaceae), sim ple, com m only leathery, without 
stipules (basal appendages). Flow ers m ostly bisexual, regulär 
or slightly irregulär. Calyx o f  4 to 10 (rarely fewer) separate 
or partly united  sepals. Corolla o f  4 to 10 (rarely fewer) sep­
arate or partly united  petals or, in a few instances, lacking. 
Stam ens usually as m any or tw ice as m any as petals or sepals, 
very rarely m ore num erous, and som etim es partly reduced to 
stam inodia (sterile stam ens). Ovary o f  several, usually 2 to 7, 
fused carpels (ovule-bearing segm ents) and 2 to 7 (rarely more) 
cham bers, infrequently w ith incom plete partitions; rarely with 
1 cham ber. O vary superior, partly inferior, or inferior (posi­
tioned above, partly enclosed , or enclosed by the other flower 
parts). Styles un ited  except in rare cases. O vules usually, but 
not always, num erous. O vule attachm ent usually axile (central 
in Grubbiaceae). Fruit a berry, drupaceous, or a capsule. Seed 
with cop ious fleshy endosperm  (nutritive tissue). Ten families, 
about 135 genera, and som e 2 ,700 species, o f  which 1,500 to 
1,900 belong to the fam ily Ericaceae (heaths) and about 340 to 
Epacridaceae (epacris fam ily). D istributed worldwide.

t  Order Diapensiales. Evidently closest to the Ericales, espe­
cially to the Epacridaceae. O ne fam ily, Diapensiaceae.

ORDER EBENALES
Trees or shrubs. Leaves sim ple, entire (sm ooth-m argined), 

altem ate. Flow ers radially sym m etrical; sepals and petals o f  
4 or 5 fused segm ents each. Stam ens variable in  number, ar­
ranged in  1 or m ore whorls. O vary superior (sepals, petals, and  
stam ens arise at its base), com p osed  o f  m any carpels (ovule- 
bearing segm ents), and w ith axile p lacentation  (ovules attached  
along the central axis). F ive fam ilies, including Sapotaceae 
(sapodillas), Sym plocaceae, and Ebenaceae (ebonies); num ber 
o f  genera in  the order varies from  82 to  145, depending on  the 
authority consulted; about 1,700 species in  all. D istribution is 
m ainly tropical.

ORDER PRIMULALES
Trees, shrubs, or herbs w ith leaves usually altem ate, sim ­

ple, and lacking stipules. Flow ers usually  radially sym m etrical; 
w ith  the basic parts (sepals, petals, stam ens, and carpels) 5 in  
num ber (rarely 4 to 8). T he 5 petals united  in to  a radially 
sym m etrical corolla, the 5 stam ens arising from  the inner sur­
face o f  the corolla tube and opposite the corolla lobes. Ovary  
superior, o f  5 fused carpels, but on ly  1 interior chamber, w ith  
few  to  num erous ovu les attached to  a centre axis rising from  
the base o f  the ovary. Three fam ilies: M yrsinaceae (myrsines), 
Prim ulaceae (prim roses), and Theophrastraceae (theophrastas); 
about 64 genera and m ore than 2 ,000  species in  all, w ith trop­
ical and tem perate distribution.

ORDER MALYALES
Trees, shrubs, or herbs, often w ith  m ucilaginous ju ice and  

fibrous sterns. Leaves altem ate, rarely opposite, usually w ith  
stipules. F lowers cyclical (rarely having the carpels m ore or less 
spirally arranged); herm aphroditic, som etim es unisexual. Calyx 
and corolla m em bers usually 5-m erous (present in  groups o f  5), 
usually distinct, rarely lacking petals, regulär, rarely som ew hat 
bilaterally sym m etrical, epicalyx often  present; sepals usually  
valvate; petals m ostly  convolu ted  in  bud, som etim es im bricate 
or valvate. Stam ens usually num erous, free, or shortly connate  
at the base in to  5 -1 0  bundles, or united  in to  a stam inal colum n  
surrounding the style. Carpels 2 to  m any, united, superior, 
rarely inferior, w ith 1 to m any axile, rarely parietal (attached  
to  ovary wall) ovules. Fruit various, seeds usually w ith som e  
endosperm . N in e fam ilies, about 240 genera, and 3,000 species, 
o f  which the fam ilies M alvaceae (m allow s) and Sterculiaceae 
(cacaos) each contain 1,000; T iliaceae (lindens) contains 450  
species. D istribution  is cosm opolitan , w ith  best representation  
in  the tropics.

ORDER EUPHORBIALES
Trees, shrubs, or rarely annual herbs; w ith sim ple, stellate, or 

scaly hairs; leaves sim ple or rarely com pound; stipules m ostly  
present; flowers hypogynous (superior ovary) or very rarely 
tending to be epigynous (inferior ovary), unisexual or very  
rarely bisexual, radially sym m etrie or very rarely tending to  
be bilaterally sym m etrie; tepals overlapping or not overlapping  
in the bud; petals rarely present; stam ens num erous to so li­
tary, free or m onadelphous (joined by their filaments); ovary  
with axile placentation; ovu les m ostly anatropous; seeds w ith  
cop ious endosperm  or rarely w ithout it. Seven fam ilies, about 
315 genera, and 8 ,000 species, o f  w hich all but 350 belong to 
the fam ily Euphorbiaceae (spurges); the Buxaceae (boxw oods) 
contain  about 60 species. D istribution  is cosm opolitan.

t Order Thymelaeales. Shares a com m on  origin with the Eu- 
phorbiales and M alvales; i.e., arose from  ancestors o f  the Fla- 
courtiaceae-type. O ne fam ily, Thym elaeaceae (m ezereum ).

Subclass Rosidae
W oody or herbaceous plants. V essels always present. Stom ata  

o f  various types, m ost frequently w ithout subsidiary cells or 
with 2 subsidiary cells. Flow ers m ostly bisexual, w ith both calyx  
and corolla, or apetalous. G ynoecium  apocarpous or coenocar­
pous. P ollen grains m ostly 2-celled, tricolpate or o f  tricolpate- 
derived type. O vules usually w ith 2 integum ents. Seeds w ith or 
w ithout endosperm . Orders num ber 19.

ORDER SAXIFRAGALES
Trees, shrubs, lianas (vines), and perennial and annual herbs 

bearing a ltem ate or opposite, entire or lobed, sim ple or com ­
pound leaves, w ith or w ithout stipules (basal appendages). 
Flow ers m ainly bisexual, som etim es unisexual, radially sym ­
m etrical (actinom orphic) or rarely w eakly bilaterally sym m etri­
cal (zygom orphic), usually both sepals and petals present. Petals 
free or rarely m ore or less jo ined  (connate). Stam ens (m ale 
reproductive organs) few, the sam e in num ber as the sepals, 
tw ice as m any, or num erous. G ynoecium  (fem ale flower parts) 
o f  separate free carpels (ovule-bearing structures) or m ore often  
o f  fused carpels. O vary is positioned  above the insertion point 
o f  the sepals, petals, and stam ens (superior), half-inferior, or 
inferior {i.e., below  the attachm ent poin t o f  the other flower 
parts). O vules w ith 2 outer tissue layers (integum ents or seed  
coats) or m ore rarely w ith only 1 integum ent. Seeds usually w ith
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abundant endosperm  (nutriënt tissue for developing embryo) 
and a sm all em bryo. Tw enty-eight fam ilies, including Brunel- 
liaceae (brunellias), G rossulariaceae (currants), Hydrangeaceae 
(hydrangeas), Crassulaceae (stonecrops), and Saxifragaceae (sax- 
ifrages); 165 genera and about 3,340 species w ith worldwide 
distribution. M ajor centres o f  distribution include N ew  Guinea  
and Australasia; Australia; Japan, Taiwan, and the Philippines; 
Southern Africa; and tropical and tem perate Am erica.

ORDER ROSALES
U sually  stipulate, often w oody plants w ith pentam erous (parts 

in 5s) flowers, m any free stam ens, and hypogynous to epigy­
nous arrangem ent o f  the floral organs. Seeds usually lacking 
endosperm . W ood  vessels w ith sim ple perforations. Three fam ­
ilies w ith 115 genera and 3,200 species, o f  w hich som e 3,000 
belong to R osaceae (roses); distributed in  Africa, Northern  
H em isphere, and N eotropics.

ORDER FABALES
Herbs, shrubs, trees, or vines; leaves m ostly altem ate, com ­

pound, or sim ple by suppression o f  leaflets, stipulate, or infre- 
quently w ithout stipules; flowers bisexual, actinom orphic (ra­
dially sym m etrical) or zygom orphic (bilaterally sym m etrical), 
perianth (sepals and petals) in tw o series, the calyx gam osepa- 
lous (with fused sepals) and 5-lobed, the corolla typically o f  5 
petals (rarely absent or reduced to a single petal), d istinct or the 
2 anterior on es basally fused; stam ens m ostly 10 (som etim es 
num erous in M im osaceae), distinct, m onadelphous (stam en- 
filam ents fused), or d iadelphous (stam ens in 2 bundles o f  
9 plus 1); the anthers 2-celied, dehiscing (Splitting open) by 
longitudinal slits or infrequently by pores; pistil 1; the ovary 
superior, 1-loculed, 1-carpelled, the placentation parietal (ovule  
attachm ent is to  the ovary walls) or seem ingly marginal along 
ventral suture; the ovu les 2 to m any in 2 alternating rows on a 
single placenta, am phitropous (ha lf inverted and straight), anat- 
ropous (inverted  and straight), or infrequently cam pylotropous 
(curved, bringing the apex and base nearly together), pendulous 
or ascending; fruit usually a legum e, samara, or lom ent, som e­
tim es a follicle, or indehiscent or tardily so, seed w ith a usually 
leathery testa (covering), funiculus (stalk) som etim es produced  
in to a m ore or less fleshy aril (appendage) or callosity, the 
endosperm  (starchy nutriënt tissue in the seed for the devel­
oping em bryo) none or very scant. Three fam ilies, about 800  
genera, and perhaps 20 ,000 species. The order is cosm opolitan  
in distribution, w ith the fam ily Fabaceae (peas or beans) being 
relatively m ore abundant in the tem perate regions and the M i­
m osaceae (m im osas) and Caesalpiniaceae (caesalpinias) being 
m ore tropical.
■\Order Connarales. O ne fam ily, Connaraceae.

ORDER NEPENTHALES
Plants stem m ed or stem less, annual or perennial, herbaceous 

or som ew hat shrubby, w ith a ltem ate leaves specialized  in var­
ious ways for trapping insects and other tiny anim als. Flowers 
unisexual or bisexual, radially sym m etrical, w ith  sepals only or 
sepals and petals. Stam ens few  to m any, free or m ore or less 
fused. P istil 1, positioned  above the other flower parts (supe­
rior), w ith 3 to  5 fused carpels (ovule-bearing segm ents), the 
ovu les few  to  num erous. Fruit usually a capsule. Seeds small, 
few to num erous. T w o fam ilies— Droseraceae (sundew s) and  
N epenthaceae (pitcher plants); 5 genera and about 180 species. 
D istribution  is worldwide, w ith  concentrations o f  species in  
Borneo (Nepenthes) and Australia {Drosera).
'\Order Podostemales. O ne fam ily, P odostem aceae.

ORDER MYRTALES
Flow ers usually regulär, bisexual, and 4- or 5-m erous (lobed  

or parted), w ith  a floral tube and show ing various degrees o f  
perigyny leading to epigyny (fusion  o f  the floral tube around 
and above the ovary). Stam ens are usually free, but the ovary is 
syncarpous (o f  fused sections), and the style (the slender upper 
part o f  the ovary) is sim ple. Fruits are either dry or succu­
lent, w ith nonendosperm ic seeds. The order consists o f  m ostly  
w oody shrubs or trees w ith usually opposite, sim ple, entire 
leaves. Internal phloem  is present in the sterns o f  all except the 
R hizophoraceae and Lecythidaceae fam ilies, but this inform a­
tion  is not available for the Punicaceae, Anisophylleaceae, or 
O liniaceae fam ilies. Thirteen fam ilies, m ore than 400  genera, 
and m ore than 9 ,000 species, o f  which som e 7 ,000 belong to  
either o f  2 fam ilies, M yrtaceae (m yrtles) and M elastom ataceae 
(m elastom es). Other fam ilies include Trapaceae (water chest- 
nuts), Punicaceae (pom egranates), and Onagraceae (evening  
prim roses). D istributed in tropical and tem perate zones.

t  Order Hippuridales (Haloragales). N ear M yrtales. Three 
fam ilies— Haloragaceae, G unneraceae, and Hippuridaceae.

ORDER RUTALES
M ainly trees or shrubs, herbs extrem ely rare; bark resinous 

or not; leaves m ostly a ltem ate or opposite, m ostly  com pound, 
som etim es sim ple, often gland-dotted; stipules very rare; flow­

ers hypogynous {i.e., sepals, petals, and stam ens arise at the 
base o f  the ovary) to  slightly perigynous (sepals, petals, and  
stam ens partly enclose the ovary), m ostly  bisexual, som etim es  
unisexual; sepals m ostly  im bricate (overlapping), rarely val­
vate (m eeting at the edges w ithout overlapping); petals m ostly  
present, contorted, im bricate or valvate, usually free; stam ens 
m ostly equal to or tw ice the num ber o f  petals, often in 2 
whorls; disk m ostly conspicuous; ovary superior (hypogynous), 
syncarpous (o f  fused carpels), or subapocarpous (o f  partly free 
carpels), 1- to 20-carpelled; styles free or united; ovu les 1 or 
2, rarely more; fruit various; seeds w ith thin (or w ithout) en­
dosperm , straight, curved, or rolled em bryo, and usually fleshy 
cotyledons. Tw elve fam ilies, including Anacardiaceae (man- 
goes), Rutaceae (oranges), M eliaceae (m ahoganies), and Burser- 
aceae (myrrhs); 329 genera and som e 3,600 species distributed  
throughout tropical and tem perate regions.

ORDER SAPINDALES
Trees, shrubs, or lianas, rarely herbs. Leaves m ostly alter- 

nate, pinnately com pound, and w ithout stipules. Inflorescences 
m ostly thyrses (com pact panicles like clusters o f  grapes), pan- 
icles (m any-branched loose clusters), racem es (clusters with  
flowers on short stalks arising from  a central axis, the lower 
flowers maturing first), or corym bs (flat-topped flower clusters 
maturing from edge to centre). Species m ostly polygam ous 
(bisexual and unisexual flowers both  present) but functionally  
m onoecious (m ale and fem ale flowers on the sam e plant) or 
dioecious (separately sexed  flowers on  different plants). F low ­
ers m ostly small, w ith sepals, petals, and stam ens attached  
at the base o f  the ovary (hypogynous), radially or bilaterally 
sym m etrical, usually unisexual but w ith  rudimentary organs o f  
the opposite sex retained. Sepals 3 to  5, overlapping in the 
bud (imbricate), separate or basally jo ined  (connate). Petals 3 
to 5, imbricate, usually clawed, separate, rarely absent. Nectar- 
producing disk present. Stam ens m ostly  8 but som etim es 10, in  
2 whorls, d istinct or connate at the base; anthers 2-chambered, 
opening longitudinally. P ollen  m ostly  w ith 3 germ ination fur- 
rows, subspheroidal in  shape w ith  a reticulate (net-patterned) 
or striate surface. Ovary o f  2 to  5 but m ostly  3 fused carpels 
(sim ple ovaries or segm ents o f  com pound  ovaries) with a 
sim ilar num ber o f  locules (cham bers). O ne or 2 ovu les in  
each locule, attached along central axis o f  ovary (axile pla­
centation), variously oriented, w ith  2 integum ents (outer tissue 
layers). Fruits various but basically capsules; seeds m ostly  
with no or scanty endosperm  and a w ell-developed, curved, 
plicate (pleated, fanlike) or contorted  em bryo, less com m only  
with abundant endosperm  and a straight em bryo. N in e fam ­
ilies, including Sapindaceae (soapberries), Aceraceae (maples), 
and Hippocastanaceae (horse chestnuts); 168 genera and about 
2,300 species, prim arily o f  tropical to  warm -tem perate forests 
o f  the world.
ORDER GERANIALES

Leaves com m only  altem ate. F low ers hypogynous {i.e., sepals, 
petals, and stam ens arise at the base o f  the ovary), usu­
ally bisexual and radially sym m etrical (actinom orphic). Sepals 
overlapped (im bricate) or rarely m erely touching at the edges 
(valvate), free or m ore or less fused. Petals generally free, con­
torted (twisted), or im bricate, rarely valvate or convolu te (rolled  
up lengthwise). Anthers (pollen  sacs) open by longitudinal slits. 
Nectar-producing disk o f  disk glands frequently present. Ovary 
o f  fused carpels w ith ovu le  attachm ent along central axis near 
base or apex o f  ovary cham bers, ovu les m ostly  solitary to few  
in  each locule (chamber). Seeds m ostly w ithout endosperm  
(starch nutriënt tissue for d evelop ing em bryo). Twenty fam ­
ilies, including Linaceae (flaxes), Balsam inaceae (balsams), 
M alpighiaceae (Barbados cherries), O xalidaceae (w ood sorrels), 
and Geraniaceae (geraniums); m ore than 140 genera and more 
than 4,000 species, predom inantly tropical in  distribution.
t  Order Polygalales. Very close to  fam ily M alpighiaceae o f  the 
Geraniales. F ive fam ilies— Trigoniaceae, V ochysiaceae, Polyg- 
alaceae, Krameriaceae, and Trem andraceae.
ORDER CORNALES

Trees or shrubs, rarely herbs (except in  the fam ily U m bel- 
liferae, then frequently herbs), rarely lianas. Leaves altem ate  
or opposite, sim ple w ith entire (uncut, not toothed) margins 
or lobed in palm ate or p innate patterns {i.e., the lobes radiate 
from  a com m on poin t or from  both  sides o f  a central axis, 
respectively) with toothed  segm ents. Stipules com m only  absent 
or som etim es present and free (in  the fam ilies Helwingiaceae 
and part o f  U m belliferae). Inflorescences consist o f  cym es 
(flower clusters in  w hich the central or topm ost flower opens 
first and further flowers occur on  lateral growing points), pani­
cles (many-branched clusters), racem es (flower clusters with the 
flowers stalked and the low est flowers opening first), or um bels 
(clusters radiating from  a com m on  point), m ore rarely spikes or 
heads or flowers solitary in  the lea f  axils (upper angles between  
lea f and stem ) or on  the lea f surface. F low ers usually small, ra­
dially sym m etrical except som etim es bilaterally sym m etrical in
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the enlarged marginal flowers in  inflorescences o f  som e species 
in  the U m belliferae; bisexual, polygam ous (male, female, and  
bisexual flowers on  on e plant) or d iöecious (m ale and fem ale 
flowers on  separate plants), com m only  4- or 5-m erous (basic 
parts in  4s or 5s) but occasionally  w ith up to 10 petals and  
sepals. Petals free, touching at the margins or overlapped, rarely 
absent. Sepals com m on ly  m uch reduced, som etim es absent, 
the bases form ing a tube fused around the ovary. Stam ens in  
1 or som etim es 2 or m ore series or whorls (very num erous in  
Davidia), equal in  num ber to or up to 4 tim es as m any as the  
petals. Nectar-producing disk present, attached to upper part o f  
ovary. Styles 1 to  several, free or fused together. Ovary inferior 
(enclosed  w ithin  the basal parts o f  the sepals, petals, and sta­
m ens), o f  fused carpels. O vules pendulous, usually solitary, and  
attached to the inner walls o f  the ovary. Fruit a berry, drupe 
(stone-seeded fruit), or a dry schizocarp (Splitting fruit), gen­
erally form ed o f  2 segm ents (mericarps), which do not always 
separate at m aturity. Em bryo sm all to m edium  in  size, en ­
dosperm  cop ious to scanty. Ten fam ilies, including Cornaceae 
(dpgw oods), N yssaceae (sour gum s), Araliaceae (ginsengs), and  
U m belliferae (Apiaceae; parsleys); about 350 genera, and more 
than 3 ,700 species w ith worldwide distribution, but chiefly 
found in  north tem perate regions.

ORDER CELASTRALES
W oody plants: shrubs, trees, or vines; occasionally herbs. 

Leaves sim ple, altem ate or opposite. Flowers usually bisexual, 
occasionally  unisexual; hypogynous to perigynous (attachm ent 
o f  other floral parts either beneath the ovary or around it but 
not above it). Petals separate from  each other. Stam ens in a 
single cycle alternating w ith the petals; often a nectar-secreting 
disk o f  tissue inside or outside the whorl o f  stam ens. O vules 
typically 1 or 2 in  a locule (com partm ent o f  an ovary or fm it). 
T w elve fam ilies, including Aquifoliaceae (hollies), Celastraceae 
(bittersweets), and Icacinaceae (icacinas); 147 genera, 2 ,000  
species. D istribution  pantropical and subtropical, w ith centres 
o f  d istribution in  Southeast A sia and South America.

ORDER RHAMNALES
G iant trees, large w ood y  v in es or lianas to subshrubs or 

weak vines, rarely herbs (annual herbs in only 1 species, the  
G uatem alan Crumenaria steyermarkii o f  the Rham naceae fam ­
ily); tendrils often present. Leaves sim ple or palm ately com ­
pound or rarely tw ice or thrice pinnately com pound; stipules 
usually present. Inflorescence (the arrangement o f  the flowers) 
basically cym ose, but the cym es com m only  aggregated into  
2nd-order inflorescences o f  various shapes, and these usually  
leafless or nearly so, occasionally  the cym es so reduced that 
the flowers are m erely fasciculate (clustered) or even  solitary. 
Flow ers sm all, rarely m ore than 5 m m  in  diameter, rarely 
brightly co lou fed  (exceptions in Ceanothus and Leed), radi­
ally sym m etrical, 4- or 5-m erous (parted, lobed), hypogynous, 
perigynous, or ep igynous (Le., the floral parts arise at the base 
of, from  a cuplike organ around, or from  the top o f  the ovary, 
respectively), perfect, polygam ous, or d ioecious (i.e., flowers 
have both  sexes in  1 flower, or on 1 plant there are separate 
flowers o f  either sex, or there are separate plants containing  
flowers all o f  1 sex or the other). Sepals free or less com m only  
jo ined  in  the low er part and never overlapping even  in bud. 
Petals rarely any other colour than white, pale yellow , or cream  
colour, as num erous as sepals and altem ate with them , free or 
un com m on ly  jo in ed  to each other along the margins in  the d is­
tal m o iety  (in  w hich case the corolla falls as a unit just before 
anthesis) or (in  Leed) form ing a short tubulär corolla, or petals 
rarely absent. Stam ens as num erous as sepals and altem ate w ith  
them ; anthers m inute, usually opening toward the central axis 
o f  the flower (introrse), filam ents thin, usually inbow ed in bud  
and rarely exceeding the petals in  length; pollen production not 
copious, the pollen  b inucleate (rarely trinucleate) when shed, 
usually tricolpate (having 3 equidistant germ inal grooves) and  
angulaperturate, the outer wall being usually, perhaps always, 
reticulate. Intrastam inal disk present, usually producing nectar, 
either lin ing or filling the cup in perigynous flowers or usually  
lobed and closely  associated w ith the ovary or along with the  
filam ents form ing a tube. G ynoecium  (fem ale flower parts) o f  
a single p istil (ovary, style, and stigma, the fem ale stm eture) 
o f  2 or 3, less com m on ly  4, rarely up to 8 carpels; locules 
(cham bers) as num erous as carpels or fewer by abortion; each  
locule w ith 1 or 2 basal, erect, anatropous, bitegm ic ovules; the 
dicotyledonous em bryo straight, flat or nearly so, em bedded  
in abundant, firm to corneous endosperm ; fruit various, never 
very large, averaging from  a few  m illim etres to a few centim e­
tres in  m axim um  dim ensions. Tw o suborders— Rham nineae  
and Vitineae; 3 fam ilies— Rham naceae (buckthorns), Vitaceae 
(grapes), and Leeaceae (leeas); about 59 genera and 1,550 
species in  tropical and tem perate regions.

stipules (sm all, leaflike appendages at the base o f  the leafstalk). 
Inflorescence basically cym ose (determ inate; i.e., the flow ers 
m ature in  sequence from  the tip, or central flower, dow nw ard) 
but paniculate, decussate, fasciculate (various m odes o f  branch- 
ing), or single-flowered. F low ers regulär (radially sym m etrical); 
bisexual, or rarely unisexual, som etim es by abortion. C alyx  
(sepals) o f  4 lobes (rarely m ore, or lacking). Corolla (petals) 
o f  4 (rarely to 12) un ited  lobes, rarely a lm ost free or lacking, 
aestivation  (condition  o f  the petals in  the bud) im bricate or 
valvate (rarely contorted). D isk  absent. Stam ens 2 (rarely 3, 4, 
or 6), borne on  the corolla  and altem ate w ith  the lobes; anthers 
usually w ith  a slight extension  to  the connective, deh iscin g  
(opening) longitudinally. O vary superior, o f  2 fused carpels, 
each locule w ith 2 (rarely 1 to  4) axile, pendulous or ascending, 
ovu les, style 1 or lacking, usually w ith a 2-lobed stigm a. Fruit 
usually one-seeded, a drupe, berry, capsule, or Samara, seed  
with cellular endosperm  (nutriënt tissue for the develop ing em ­
bryo) or none. Single fam ily, O leaceae (olives); about 28 genera  
and betw een 500 and 600 species in tem perate and tropical 
regions throughout the world, but especially  the O ld W orld, 
eastern Asia, and the tropics.
ORDER SANTALALES

W oody plants ranging from  a few  m illim etres to 15 m  (49  
ft) or m ore in height, m ostly  parasitic on  the branches o f  
trees or on  the roots o f  perennial plants. Leaves sim ple, entire, 
and w ithout stipules (sm all leaflike appendages at the base o f  
the lea f stalk) altem ate or opposite. Corolla (petals) and calyx  
(sepals) usually 5- or 4-parted (i.e., the num ber o f  petals a n d /  
or sepals is either 5 or 4) but the calyx greatly reduced in  som e  
fam ilies and com pletely absent in others. Stam ens as m any as 
the perianth (sepals and petals) m em bers or petals, in the latter  
case m ostly  opposite the petals. Ovary superior or (m ore co m ­
m only) inferior, ovu les or em bryo sacs few  and basal, o v u les  
frequently greatly reduced. T he num ber o f  fam ilies in  the or­
der is broadly disputed. A m ong those generally recognized are 
Ö lacaceae (olaxes), Loranthaceae (show y m istletoes), V iscaceae  
(Christm as m istletoes), and Santalaceae (sandalw oods). M ostly  
tropical in distribution.

f  Order Elaeagnales. Probably had a com m on  origin w ith  the  
Celastrales and Santalales from  the Saxifragales. O ne fam ily, 
Elaeagnaceae (oleaster).

t  Order Proteales. Probably shares com m on  origin w ith  the  
Elaeagnales and the Santalales. O ne fam ily, Proteaceae (protea).

Subclass Asteridae
M ostly herbaceous plants. V essels always present. Stom ata o f  

various types, m ost frequently w ithout subsidiary cells. F low ers 
usually bisexual. G ynoecium  coenocarpous (probably m orp ho­
logically always paracarpous). P ollen  grains 3- or 2-celled, tri­
colpate or o f  tricolpate-derived type. Sm all ovu les with a single  
integum ent. Seeds w ith or w ithout endosperm . Eight orders.
ORDER DIPSACALES

Herbs or shrubs, se ldom  sm all trees. Leaves in basal rosettes 
or opposite, very rarely a ltem ate, usually lacking stipules. 
Flow ers regulär or irregulär, b isexual or unisexual, rarely som e  
sterile. Calyx (sepals) absent or poorly developed . An epicalyx  
som etim es well d eveloped  in fm it. C orolla sym petalous, 3- to  
5-lobed. Stam ens 1 to 5, usually 3 to  5, a ltem ate w ith the corolla  
lobes; filam ents attached to the corolla tube. P ollen  trinucleate. 
O vary syncarpous, inferior, 2- to 5-locular, locules w ith  1 to  
m any anatropous ovu les. Fruit various, endosperm  present or 
absent, em bryo straight. Four fam ilies— C aprifoliaceae (hon- 
eysuckles), A doxaceae (m oschatels), Valerianaceae (valerians), 
and D ipsacaceae (teasels); about 40  genera and 1,100 species, 
w ith worldw ide distribution but m ore abundant in N orthern  
H em isphere tem perate regions.
ORDER GENTIANALES

Trees, shrubs, and herbs w ith sim ple opposite leaves, except 
in  the fam ily M enyanthaceae. P hloem  (food-conducting tis­
sues) intraxylary— position ed  toward the centre o f  the stem —  
except in  the M enyanthaceae and R ubiaceae. Flow ers perfect 
and hypogynous (w ith a superior ovary) except in the R u ­
biaceae. Corolla (collection  o f  petals) o f  fused petals w ith  4 
or 5 radially sym m etrical lobes. P istil (fem ale stm eture) o f  
2 carpels (ovule-bearing com p onents or segm ents o f  the p is­
til) w ith  p lacentation— ovu le attachm ent— to the ovary w alls 
(parietal) or along the central axis o f  the ovary (axile); o vu les  
usually num erous w ith 1 integum ent (covering) and a 1-layered  
nucellus (interior). E leven fam ilies, m ore than 1,000 genera, 
and m ore than 12,000 species, o f  w hich som e 6,500 belong to  
the fam ily Rubiaceae (madders); other large fam ilies include  
the Asclepiadaceae (m ilkw eeds), the G entianaceae (gentians), 
the A pocynaceae (dogbanes), and the Loganiaceae (loganias). 
D istributed m ainly in the tropics and subtropics o f  the world.

ORDER OLEALES
W oody plants, trees, shrubs, or clim bers. Leaves opposite, 

rarely a ltem ate, sim ple or pinnately com pound, and lacking

ORDER POLEMONIALES
Flow ering plants w ith m ostly sym petalous (fused) corollas. 

Flowers generally 5-m erous (in  parts o f  5— 5 sepals, 5 petals,
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etc.), actinom orphic (radially sym m etrical), stam ens 5 and al- 
ternate w ith  corolla lobes, or num erous. Fruit a capsule or o f  
1 to 4 nutlets. P lants typically  trees, shrubs, v ines, or herbs, 
except for a tw ining parasite and a few root parasites. Primarily 
in  N orth  and South Am erica, but som e also in Eurasia and 
in  Africa as well. There are 8 fam ilies, including the Polem o- 
niaceae (phloxes), C onvolvu laceae (m orning glories and sweet 
potatoes), Cuscutaceae (dodders), Boraginaceae (borages), and 
Loasaceae (loasas); 208 genera and 4 ,446 species w ith world­
w ide distribution.

ORDER SCROPHULARIALES
Trees, shrubs, v ines, or herbs, som etim es parasitic. Leaves sim ­

ple or rarely com pound , altem ate or opposite, rarely whorled  
or rosulate. Inflorescence (arrangem ent o f  flowers) various, or 
the flowers solitary. F low ers com plete (w ith sepals, petals, sta­
m ens, and pistil) or rarely incom plete, perfect (w ith both sexes) 
or rarely im perfect, actinom orphic (radially sym m etrical) to 
zygom orphic (bilaterally sym m etrical), hypogynous (superior 
ovary) or rarely epigynous (inferior ovary). Calyx usually o f  4 
to  6 sepals; corolla usually o f  4 to 6 united  petals. Androe- 
cium  (m ale com plex) usually o f  5, 4, or 2 stam ens that are 
jo in ed  to the inner side o f  the corolla tube (epipetalous) and 
are a ltem ate in position  w ith the corolla lobes. G ynoecium  
(fem ale com plex) o f  2 or rarely 5 united carpels, w ith usually 
1 or 2 locu les (chambers); w ith ovu le attachm ent usually axile, 
(along the central axis) or parietal (to the ovary wall). O vules 
1 to m any, w ith a single integum ent (outer covering). Fruit 
usually a capsule or a berry, rarely a schizocarp (a fruit that 
splits in to  several 1-seeded pieces), nut, or drupe (stone-seeded  
fm it); seeds w ith or w ithout endosperm  (nutrieht tissue for the 
d evelop ing em bryo). E ighteen fam ilies, nearly 900 genera, and 
nearly 12,000 species, o f  w hich  the fam ilies Solanaceae (pota­
toes), Scrophulariaceae (figworts), G esneriaceae (gesneriads), 
and A canthaceae (acanthuses) contain 1,800 or m ore each; the 
Plantaginaceae (plantains) and Pedaliaceae (sesam e fam ily) are 
also included. W orldw ide in  distribution.

ORDER LAMIALES
Herbs, shrubs, or trees; leaves nearly always opposite and sim ­

ple; 5-parted flowers usually bisexual and with a gam opetalous 
(1-piece, o f  fused petals), irregulär, or bilaterally sym m etrical 
corolla; stam ens 2, 4, or 5, arising from  the inner surface o f  
the tubulär corolla; ovary superior (positioned  above the at­
tachm ent poin t o f  the calyx and corolla), usually w ith 2 carpels 
(ovule-bearing segm ents o f  the ovary) and 4 locules (cham ­
bers), ovu les usually 1 in each locule; usually 1 style, forked at 
the apex, term inal on the ovary or arising from  its base; fruit 
o f  4 nutlets, a drupe that separates into 4 pyrenes, or rarely 
a capsule. Four fam ilies, about 260 genera, and m ore than
6 ,000  species, o f  w hich  the fam ily Lam iaceae (m ints) contains 
som e 3 ,500 and the Verbenaceae (verbenas) 2,600. W orldwide 
distribution.

ORDER CAMPANULALES
Plants usually herbaceous, often  w ith septate laticiferous ves­

sels. Leaves sim ple and w ithout stipules. Inflorescence racem ose 
with a tendency to form  loose heads. F low ers actinom orphic  
(w ith radial sym m etry) or zygom orphic (w ith bilateral sym m e- 
try), generally 5-m erous (w ith parts num bering 5 each), with 
a fused corolla, usually w ith 5 stam ens in  a single whorl 
and 2-lobed anthers variously coherent to fused. O vary 1- to 
5-locular (cham bered) w ith  m any (som etim es 1) ovu les in  each 
locule. O vules w ith  1 integum ent. Endosperm  cellular. Seven  
fam ilies, including Lobeliaceae (lobelias) and Cam panulaceae 
(bellflowers); 105 genera, about 2 ,000 species, o f  which som e 900 
species belong to the fam ily Cam panulaceae; other fam ilies in ­
clude Stylidiaceae, G oodeniaceae, Brunoniaceae, D onatiaceae, 
Lobeliaceae, and Sphenocleaceae. D istribution  worldwide.
f  Order Calycerales. O ne fam ily, Calyceraceae.

ORDER ASTERALES
Ind ividual flowers epigynous, perfect or unisexual, sym ­

petalous, regulär or irregulär, com m on ly  5-m erous, the calyx 
w anting or m ore often represented by a set o f  1 to m any 
hairs, bristles, or scales co llectively  called the pappus; stam ens 
altem ate w ith  the corolla lobes, the filam ents attached in the 
low er part o f  the corolla tube, the anthers generally elongate 
and united  in to  a tube; ovary bicarpellate but unilocular, with  
a single, erect, basal, unitegm ic ovule; style growing up through 
the anther tube, usually 2-cleft, the branches com m on ly  with  
ventrom arginal stigm atic lines that do not reach as far as the 
tip; fruit an achene; flowers sessile in a centripetally flowering 
head on  a com m on  receptacle, som etim es ind ividually  sub- 
tended by a sm all bract (chaff), and alm ost always collectively  
subtended by an involucre o f  few  to m any bracts; herbs, shrubs, 
or trees w ith  the heads arranged in various sorts o f  basically  
cym ose inflorescences. O ne fam ily, Asteraceae (asters), about 
900 genera, and about 15,000 to 20 ,000 species w ith world­
w ide distribution.

C lass Liliopsida (Monocotyledones)
Plants with a single cotyledon in  the seed. The lily is the type 

genus for which the d a ss  is nam ed.

Subclass Alismidae
H erbaceous plants, aquatic or sem iaquatic. V essels absent or 

only in the roots. Stom ata (when present) w ith 2 or rarely 4 
subsidiary cells. G ynoecium  m ostly apocarpous. Pollen grains 
usually 3-celled, m onocolpate, nonaperturate or 2-polyporate. 
O vules with 2 integum ents. Seeds w ithout endosperm . Three 
orders.

ORDER ALISMALES
Aquatic herbs. Flowers superior (ovary p ositioned  above other 

flower parts) with biseriate perianth usually differentiated into  
3 sepals and 3 petals. G ynoecium  (fem ale com ponent) o f  sev­
eral or m any free carpels (structures com prising the ovary). 
Placentation (attachm ent o f  ovu les) lam inar, ovu les num erous 
and scattered. Mature seeds w ithout endosperm , endosperm  
developm ent helobial (later disappearing). Em bryo with prom i­
nent basal cell and nucleus o f  high p lo idy (m ultiples o f  the 
basic chrom osom e number), horseshoe-shaped or straight. Sta­
m ens num erous, pollen 3-celled, trinucleate, and multi-apertu- 
rate (except Butomus). V egetative parts w ith laticiferous (latex- 
bearing) canals (except Butomus), paracytic (parallel-celled) 
stom ata, specialized aerenchym a (cellular tissue w ith air spaces) 
with diaphragms, protoxylem  canals, m etaxylem  tracheids, and  
restriction o f  vessels to roots. Three fam ilies— Butom aceae 
(flowering rushes), Lim nocharitaceae (water poppies), and Al- 
ism aceae (water plantains); 18 or 19 genera and 1Ó3 species 
found in the tropics and the north tem perate zone.
t Order Hydrocharitales. N ear to and derived  from  the Alis- 
m ales. O ne family, H ydrocharitaceae (frog’s-bit).

f  Order Najadales. N ear to the A lism ales and probably de­
rived from  it. Ten fam ilies, forem ost o f  w hich  is Potam oget- 
onaceae (pondweed).

Subclass Liliidae
Herbaceous or rarely arborescent plants. V essels m ostly in  

the roots only, rarely in the sterns and leaves. Stom ata m ostly  
without subsidiary cells, rarely w ith  2 (som e representatives o f  
the order Liliales) or 2 or m ore subsidiary cells (Zingiberales). 
G ynoecium  alm ost always coenocarpous (m ostly  syncarpous), 
very rarely alm ost apocarpous. Pollen  grains usually 2-celled, 
m ostly m onocolpate. Seeds w ith or w ithout endosperm . F ive  
orders.
f  Order Triuridales. O ne fam ily, Triuridaceae.

ORDER LILIALES
M onocotyledonous plants usually w ith storage rootstocks. 

Herbs to trees. Leaves often clustered at base. Flowers usually  
showy and bisexual (having m ale and fem ale parts); com po­
nents in 6 (3 petals, 3 sepals) or 3 parts. T he order includes 20  
fam ilies, notably Liliaceae (lilies), A lliaceae (onions), Agavaceae 
(Century plants), Am aryllidaceae (am aryllises), and D ioscore- 
aceae (yams); about 430 genera, and 8 ,000 species; distribution  
is worldwide, but m em bers are concentrated in temperate and  
subtropical regions.

ORDER IRIDALES
Annual or perennial herbs. Leaves basal or on a definite 

stem, parallel-veined, linear. F low ers m ostly  bisexual, radially 
or bilaterally sym m etrical; perianth (sepals and petals) o f  6 
segm ents in 2 whorls, m ostly basally fused, petaloid  (petallike 
in structure and appearance). Stam ens 3 or 6, arising from  
the tepals; anthers 2-celled, Splitting lengthw ise or transversely; 
pollen m ostly with 2 nuclei and 1 germ inal furrow or pore. 
Ovary m ostly inferior, 3-cham bered, w ith  axile placentation  
(ovules attach along central axis o f  ovary) or 1-chambered with  
ovule attachm ent to ovary walls; ovu les few  to m any or num er­
ous, m ostly anatropous (inverted and straight); fruit a capsule. 
There are 4 fam ilies, about 77 genera, and about 1,640 species, 
o f  which som e 1,500 belong to the fam ily Iridaceae (irises). 
Distributed in the tropics and subtropics o f  both hem ispheres.

ORDER ZINGIBERALES
R hizom atous herbs, rarely arborescent. Leaves m ostly w ith an  

open sheath, som etim es ligulate. L eaf blades entire w ith m any  
lateral veins di verging from  a com m on  m idrib region. One- 
h alf o f  the leaf blade com pletely rolled around the other in  
the bud. Inflorescence term inal or lateral, com m on ly  racem ose 
with conspicuous bracts; in the axil o f  each bract a m onochasial 
cym e, som etim es reduced to a single flower. Flow ers zygom or­
phic. Perianth consisting o f  separate calyx and  corolla. Perfect 
stam ens rarely 6, usually 5 or 1. Sterile stam ens 1 to 5, often  
represented by stam inodes o f  great diversity. Ovary inferior, 
usually trilocular, w ith 1 to m any ovu les in  each locule. Seeds 
with abundant endosperm , often w ith an aril. Eight fam ilies, 89 
genera, and about 1,800 species, o f  w hich som e 1,000 belong  
to the fam ily Zingiberaceae (gingers); the fam ily Marantaceae
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(prayer plants) contains about 400 species. D istributed m ostly  
in the tropics.

ORDER ORCHIDALES
Perennial herbs; terrestrial, epiphytic, or saprophytic, som e­

tim es vinelike. Sterns leafy or scapose, o f  sym podial or 
m onopodial growth. F low ers solitary or in spikes, racemes, 
or panicles; bisexual, rarely unisexual, zygom orphic, always 
bracteate, m ostly  resupinate; perianth typically o f  6 segments in  
2 series, the outer series o f  3 sepals green or often coloured and  
petaloid  and usually all sim ilar, the inner series o f  3 petals w ith  
the central petal usually  larger, often highly m odified in  colour 
and shape. O vary inferior, o f  3 carpels, ovules very num erous 
and m inute. Style, Stigmas, and stam ens variously adnate into  
a singly highly com plex structure (the colum n). Stam ens 1 and  
then term inal on  the colum n, or 2 and lateral (rarely 3), each  
anther 2-celled  and introrse, the pollen usually in  pollinia o f
2 to 8 per anther. Fruit a capsule. Seeds abundant, m inute, 
w ithout endosperm , the em bryo undifferentiated. A  large or­
der, variously estim ated  at 400 to 800 genera w ith 15,000 to
35.000 species, all in  the single fam ily Orchidaceae (orchids). 
D istributed w orldw ide, but m ostly in the tropics.

Subclass Commelmidae
M ostly herbaceous plants. V essels in all vegetative organs, or 

restricted to  roots. Stom ata w ith 2, 4, or 6 subsidiary cells, 
very rarely w ithou t subsidiary cells. Flowers m ostly bisexual, 
with m ore or less reduced perianth. G ynoecium  coenocarpous 
(syncarpous or paracarpous). P ollen grains 2-celled or 3-celled, 
m ostly m onocolpate or m onoporate. O vules usually w ith 2 in ­
tegum ents. Seeds w ith usually m ealy endosperm . Seven orders.

f  Order Juncales. Probably had a com m on origin with the  
Brom eliales and C om m elinales from  the Liliales. T w o fam ilies, 
Juncaceae (rush) and Thurniaceae.
f  Order Cyperales. Evidently derived from the m ost prim itive  
Juncaceae. O ne fam ily, Cyperaceae (sedge).

ORDER BROMELIALES
Largely herbaceous perennials, rarely shrubby, the more ad­

vanced floral types largely epiphytic. R oots usually present, 
but their absorptive function  often taken over by the leaves. 
Leaves spirally arranged, usually rosulate, and with distinct 
sheaths and blades, bearing peltate (shieldlike) scales that serve 
to absorb and transm it m oisture. Inflorescence sim ple or com ­
pound, usually bearing brightly coloured conspicuous bracts. 
Flowers perfect (both sexes present) or som etim es functionally  
unisexual and d im orphic (m ale and fem ale flowers exhibit d if­
ferent form s), radially sym m etrie or nearly so. Perianth (sepals 
and petals) o f  2 unlike series, the sepals and petals free or con­
nate (fused). Stam ens 6 in  2 series; filam ents free or variously  
joined. O vary superior to inferior, 3-celled; placentae axile 
(ovule attachm ent to a central stalk in ovary). Fruit capsular 
or baccate. Seeds w inged, plum ose, or naked. Embryo small, 
located at the base o f  the cop ious, m ealy endosperm . One fam ­
ily, Brom eliaceae (brom eliads), with som e 45 genera and about
2.000 species, all but 1 confined  to  the N ew  World.
t Order Commelinales. Probably shares a com m on origin with  
the Brom eliales. Four fam ilies, including Com m elinaceae (spi- 
derwort), X yridaceae (xyris), and Rapateaceae.
t Order Eriocaulales. O ne fam ily, Eriocaulaceae.
t  Order Restionales. Probably shares a com m on origin with the  
C om m elinales. Four fam ilies, including Restionaceae (restio), 
Flagellariaceae (flagellaria).

ORDER PO ALES
A nem ophilous (w ind-poiiinated) herbs, rarely w oody or o f  

giant structure, w ith jo inted , cylindrical, usually hollow  sterns; 
leaves 2-ranked (distichous), altem ate, each com posed o f  a 
sheathing base, a ligule, and a usually linear blade; root system  
fibrous, m ostly  adventitious; rhizom es or stolons frequent; in ­
florescences various (panicles, spikes, rames, or racemes) but 
always bearing d istinctive subunits, the spikelets. Spikelets d i­
verse but typically  consisting o f  a central axis, the rachilla, 
bearing at its base a pair o f  em pty bracts, the glumes, and  
above these 1 or m ore florets. The floret consists o f  an outer 
bract, the lem m a, an inner, or secondary, bract, the palea, and  
the reduced flower included betw een them. Flowers small, typ­
ically consisting  o f  2 reduced perianth segm ents (the lodicules),
3 stam ens w ith  anthers attached at the centre, and a pistil 
fundam entally m ade up o f  3 united carpels or segments but 
usually w ith 2 styles bearing feathery Stigmas; ovu le 1; fruit a 
caryopsis. O ne fam ily, Poaceae (Gramineae; grasses); number 
o f  genera estim ated  at 600 to 700; species 6 ,000 to 10,000. 
D istribution  worldwide.

Subclass Arecidae
H erbaceous or arborescent plants m ostly with broad, petiolate 

leaves. V essels in  all vegetative organs or restricted to root 
(Arales). Stom ata w ith 2, 4  (often), or 6 (rarely) subsidiary

cells. Flow ers m ostly unisexual, usually  sm all and num erous, 
aggregated in to  inflorescences generally subtended by m ore or 
less prom inent spathaceous bracts. Perianth o f  6 segm ents, 
reduced to bristles or scales, or absent. G yn oeciu m  usually  
coenocarpous (syncarpous or paracarpous), rarely apocarpous 
(in  som e palm s). Pollen  grains 2-celled, rarely 3-celled, m ostly  
m onocolpate. Large ovu les usually  w ith  2 integum ents. Seeds 
alm ost always w ith endosperm . F ive  orders.

ORDER ARECALES (Principes)
W oody M onocotyledoneae w ith  plicate, paripinnate, im pari- 

pinnate, pinnately nerved, costapalm ate, or palm ate lea f  blades, 
the pinnae or segm ents induplicate or reduplicate in  bud. In­
florescence paniculate to spicate, alw ays w ith  a prophyll, o ften  
w ith  sterile bracts on the peduncle, usually  w ith  bracts sub- 
tending all branches, bearing usually  bracteate flowers arranged  
singly, in pairs, or in cincinn i o f  3 or m ore. F low ers perfect 
or unisexual, calyx and corolla each o f  usually 3 but som e­
tim es only 2 or as m any as 10 sepals and petals or rarely 
the perianth uniseriate and lobed, androecium  o f  3 (rarely) or 
6 to m any stam ens, gynoecium  o f  1 to  3 or rarely up  to  10 
distinct or united  carpels, locu les u n iovulate, seed w ith  cop iou s  
endosperm  and sm all em bryo. O ne fam ily, A recaceae (Palm ae; 
palm s), w ith about 200 genera and 2 ,600  species in  the tropics 
and subtropics o f  both hem ispheres.
t  Order Cyclanthales. O ne fam ily, Cyclanthaceae.
(̂Order Arales. M ost likely had a com m on  origin w ith  the Are- 

cales. T w o fam ilies, Araceae (arum ), Lem naceae (duckw eed).

t  Order Pandanales. M ost likely had a com m on  origin  w ith  
the Arecales and Arales. O ne fam ily, P andanaceae (screw pine).

f  Order Typhaies. Probably had a com m on  origin w ith  the  
Pandanales, but the affinity is n o t very  clear. T w o fam ilies, 
Sparganiaceae (bur reed) and Typhaceae (cattail).

A lte m a te  S y stem s o f  C lassifica tion . Since 1900, and 
until recently, the dominant system of Classification was 
that proposed by the German botanist Adolph Engler and 
his associates. It is still widely accepted as the basis for 
arrangement of families in the majority of existing man- 
uals and floras, and for the arrangement of specimens in 
many larger herbaria, though in British herbaria plants 
are arranged according to the system devised by George 
Bentham and Sir Joseph Dalton Hooker and published 
in three volumes of their Genera plantarum (1862-83). 
The Engler system won wide acceptance because of its 
thoroughness: it was applied by Engler and his associates 
to the whole plant world, at all taxonomie levels. It was 
based largely upon the system proposed in 1883 by August 
Wilhelm Eichler, with certain features of the Systems of 
the French botanist Adolphe-Théodore Brongniart (1843) 
and the German botanist Alexander Braun (1864). Engler 
considered the monocotyledons to be more primitive than 
the dicotyledons, and the apetalous and catkin-bearing di­
cotyledons (willows, walnuts, birches, oaks, etc.) as more 
primitive than the others. The principal fault in the Eng­
ler system is that it equates simplicity with primitiveness, 
completely ignoring the significance of secondary reduc­
tion and simplification.

Braun later (1875) put forward some fundamental ideas 
that anticipated by several decades the basic tenets of 
phylogenetic angiosperm systematics. According to him, 
the primitiveness of the Magnoliaceae, Alismaceae, and 
similar families is apparent when the flower is considered 
as a strobilus substantially homologous with the cones of 
the cycads, and from this it follows that the petalless forms 
(Apetalae), characterized by small, simply constructed uni­
sexual flowers, must be derivative, and that the simplicity 
of their flowers is not primitive. To Braun belongs the 
well-known aphorism: ‘Tn nature, as in art, the simplest 
may be the most perfected.” Braun, however, died only 
two years later, without having undertaken the reform 
of the system in accordance with the new principles he 
had enunciated. The German botanist Karl Wilhelm von 
Nägeli, in 1884, and the French paleobotanist Gaston de 
Saporta, in 1885, came to hold similar views indepen- 
dently. But the credit for reforming angiosperm Classifi­
cation on an evolutionary basis belongs to the American 
botanist Charles E. Bessey and the German botanist Hans 
Hallier. Their first papers appeared in 1893 (Bessey) and 
1903 (Hallier), but the most complete account of Hallier’s 
system appeared in 1912, and of Bessey’s in 1915. In 1916 
the Russian botanist Christopher Gobi published the sys-
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tem that he had already used in the late 1890s in lectures 
to his students at St. Petersburg University. These three 
workers came to the conclusion that the “Apetalae” were 
not only derivative and simplified but also heterogenous, 
the different members thereof having arisen along differ­
ent evolutionary lines within the dicotyledons. Later, the 
British botanist John Hutchinson proposed a new system 
of Classification in his Families o f Flowering Plants ( 1926- 
34; 2nd edition, 1959) based on many of the principles 
adopted earlier by Bessey and Hallier. One of the main 
differences is the division of the dicotyledons into two 
main groups, Lignosae and Herbaceae, the former embrac- 
ing those families “fundamentally woody” and the later 
those that are “fundamentally herbaceous.” This division 
leads to the wide Separation of some obviously clösely 
related families, such as the Araliaceae and Apiaceae or 
the Verbenaceae and Lamiaceae. The Hutchinson system 
rests mainly upon gross morphological data. In spite of 
deficiencies it has noticeably stimulated the development 
of the phylogenetic systematics of angiosperms.

The most recent Systems of angiosperm Classification are 
those of the Soviet Armenian botanist Armen Takhtajan 
and of the American botanist Arthur Cronquist. Takhta- 
jan’s system has gone through a series of modifications 
since its first appearance in 1942, its last version having 
been published in 1969 and 1970 in Russian and in En­

glish. Cronquist’s system was published in part in 1957 
(the dicotyledons) and appeared in its complete version 
in 1968. Both Systems are synthetic in the sense that 
their authors have synthesized data from different fields 
of botany into one taxonomie whole. Both authors recog- 
nize, however, that knowledge of very many angiosperm 
groups is scanty, insufficiënt, and in many cases conflicting 
and that many details of Classification are still uncertain. 
These two Systems have much in common. They evolved 
independently in parallel fashion from a similar ances- 
try (that of Cronquist more nearly from Bessey, that of 
Tahktajan more nearly from Hallier), and have influenced 
each other, leading toward an increasing convergence of 
the two Systems. The most recent published versions of 
these two Systems agree in treating the angiosperms as 
a division Magnoliophyta, with two classes, the Magno­
liopsida (dicotyledons) and Liliopsida (monocotyledons). 
These new names are the result of the extension of the 
type concept in nomenclature up to the rank of division. 
They also agree in the subdivision of the Magnoliopsida 
and Liliopsida into subclasses and in many other points. 
There have been also proposed two other modern Systems 
of Classification, by the Hungarian botanist R. Soó (1967) 
and by the American botanist Robert F. Thome (1968); 
these Systems have much in common with those of Cron­
quist and Takhtajan. (A.T./Ed.)

THE MAJOR ORDERS OF ANGIOSPERMS
The remainder of this article consists of a review of the 
major groups of flowering plants. Groups are here iden­
tified at the order level of scientific Classification and 
arranged in accordance with the Annotated Classification, 
above. (As noted earlier, further information about the 
orders indicated above by a dagger [f] may be found in 
the Micropcedia.)

Magnoliales (magnolia order)

Ever since the emergence of Darwin’s evolutionary the­
ories in 1859, botanists have attempted to classify the 
members of the plant kingdom according to their pre- 
sumed natural relationships. During the first part of the 
20th Century, most “natural” Systems of Classification of 
the flowering plants (angiosperms) were based primar­
ily on similarities or differences in gross morphological 
(structural) features, and the emphasis was placed on the 
reproductive structures; i.e., the flowers. More recently, 
however, considerable data have accumulated from in- 
vestigations of wood anatomy, vegetative nodal anatomy 
(i.e., the manner in which vascular bundles depart from 
sterns to enter leafstalks), pollen morphology, chromo- 
some analysis, comparative biochemistry, floral anatomy, 
seedling development, and embryology, which, when con­
sidered as a whole, give a much more reliable picture of 
the true relationships within the flowering plants. Based 
on the totality of these features, most students of plant 
evolution now regard the Magnoliales order as including 
the most primitive components of the angiosperms.

Magnoliales, a plant order belonging to the dicotyle- 
donous group of flowering plants, contains 8 families, 166 
genera, and about 1,800 species, all of which are woody 
shrubs or trees. The 8 families of the Magnoliales order 
include the following: (1) Magnoliaceae, with 12 genera 
and about 210 species; (2) Degeneriaceae, with 1 genus 
and 1 species; (3) Himantandraceae, with 1 genus and 4 
species; (4) Eupomatiaceae, with 1 genus and 2 species;
(5) Annonaceae, with 122 genera and about 1,100 species;
(6) Canellaceae, with 5 genera and about 9 species; (7) 
Myristicaceae, with 16 genera and about 380 species; and 
(8) Winteraceae, with 8 genera and 88 species. These esti­
mates indicate that approximately 80 percent of the total 
genera (122 of 166) in this order and 60 percent of the 
species (1,100 of 1,794) are included in the pantropical 
(i.e., found throughout the tropics) family Annonaceae. 
The next two largest families, Myristicaceae and Magno­
liaceae, include about 32 percent of the species in the

Magnoliales order, with the other 5 families comprising 
the remaining 8 percent. When this many small families 
are found to be classsified together in the same order, it is 
usually assumed that they represent a group of relic fam­
ilies that have evolved together slowly over a long period 
of time—a linear evolutionary derivation of one family 
directly from another should not be implied.

GENERAL FEATURES
Structural diversity and distribution. All members of 

the order are woody; most are trees of small or interme­
diate size, though an exception occurs in the case of the 
tulip tree or tulip poplar (Liriodendron tulipifera, family 
Magnoliaceae), which reaches a height of over 150 feet 
(46 metres) and, in the Appalachian forests of the eastem 
United States, may have a base diameter of 10 feet.
Other tail trees are found in the genera Mitrephora, 

Mezzettia, and Cananga (all three of family Annonaceae) 
in the rain forests of Southeast Asia. The species of 
Eupomatia are shrubs, and many genera of the fam­
ily Annonaceae are mostly shrubby, some being modi­
fied as climbers; e.g., the genera Ellipeia, Cyathostemma, 
Uvaria, and Phaeanthus. Many species of Annonaceae are 
cauliflorous—i.e., with flower buds formed from mature 
wood of the trunks and older branches; but the genus 
Geanthemum is unique in this order in that floral struc­
tures form on subterranean branches.

Most Magnoliales are tropical in distribution, with the 
greatest speciation occurring in Southeast Asia and Africa. 
Xylopia, which includes about 160 species in the An­
nonaceae family, is the only genus in the order with 
pantropical distribution.
Genera with some temperate species include Magno­

lia and Liriodendron (Magnoliaceae family), with native 
species growing in China, Japan, and the eastem United 
States. Other temperate species include the papaw tree 
(Asimina, family Annonaceae), which extends north ward 
into Southern Ontario, Canada; Eupomatia from eastem 
Australia; and four genera of the Winteraceae family 
(Drimys, Tasmannia, Pseudowintera, and Bubbia) that 
range from eastem Australia and New Zealand to the 
Southern Andes in Chile.

Economic importance. The wood of the tulip tree (Liri­
odendron tulipifera), sometimes referred to as American 
whitewood, is one of the most valuable timber products 
in the United States, where more than 800,000,000 board 
feet are cut each year. The wood is light yellow to tan, 
with a creamy white margin of sapwood. It is relatively
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Representative plants from three of the largest families of the 
magnolia order.
Drawing by M. Pahl

soft, easily worked with tools, and takes paint well. Large, 
clear logs are well suited to the manufacture of rotary- 
cut veneers, not only for fumiture and cabinetwork but 
also for berry and fruit boxes. Other uses are for millwork 
(sashes, doors, and blinds), hat blocks, and to a lesser 
extent, pulpwood for making paper (by the soda process).
The Southern magnolia, or laurel magnolia (Magnolia 

grandiflora), has large, creamy-white flowers that, together 
with its dark green leaves and reddish egg-shaped fruit 
with pendent scarlet seeds, give it a striking appearance. 
The natural range of this stately tree (60 to 80 feet [18 to 
24 metres] tail in the wild) is a strip about 100 miles (161 
kilometres) wide, from North Carolina through northern 
Florida, along the Gulf Coast to eastern Texas. It is 
most abundant in Louisiana. A valuable ornamental, it is 
planted as far north as New Jersey on the Atlantic Coast 
and all the way to British Columbia on the Pacific Coast, 
where the winters are relatively mild. It also can be found 
in cultivation throughout most warm temperate regions 
of the world. Although its value as an ornamental far ex- 
ceeds that as a timber producer, about 25,000,000 board 
feet are marketed annually in the southem United States. 
The majority of this wood is utilized in the manufacture 
of venetian blinds because of the wood’s fine, uniform 
texture, hardness, and ability to resist warping.

The cucumber tree (Magnolia acuminata) reaches its 
greatest size (80 to 100 feet) in the narrow valleys of the 
Smoky Mountains of Tennessee and North Carolina. The 
fleshy fruit resembles a 2- to 3-inch- (5- to 7.5-centimetre-) 
long cucumber, which gives the tree its populär name. The 
timber is not as durable as that of the related evergreen 
magnolia or tulip tree, but is marketed to make crates, 
boxes, cheap furniture, and interior flooring.
About 80 species of magnolia have been described; be­

cause of their showy flowers, which usually appear before 
their leaves in deciduous types, many are in cultivation in 
the north temperate parts of the world. Forty-six species 
and varieties are being grown at the Arnold Arboretum 
of Harvard University. The Morris Arboretum of the 
University of Pennsylvania has numerous American and

Asiatic species, and the Royal Botanie Gardens, near Lon­
don, has a magnificent living collection. Most American 
species have white to creamy-yellow flowers; many Asi­
atic species and their hybrids are characterized by pink 
to purplish-red flowers. A hybrid developed near Paris in 
1820 is undoubtedly one of the most widely cultivated or- 
namentals—M. soulangiana is a large shrub or small tree 
of many varieties with large, cup-shaped, pinkish-purple 
flowers that appear early in the spring before the leaves. 
Some other well-known magnolia hybrids (indicated by 
the X) in cultivation are: Magnolia loebneri (kobus X 
stellata)\ M. thompsoniana (tripetala X virginiana); M. 
watsonii (obovata X sieboldiï)\ M. proctoriana (salicifolia 
X stellata); and M. veitchii (campbellii X denudata).

Another genus of the Magnoliaceae family that is widely 
cultivated in tropical regions is Michelia. Although the 
flowers are not as grandiose as those of the genus Mag­
nolia, they more than make up this deficiency by their 
abundance and extreme fragrance. They also differ from 
the flowers of Magnolia in that they develop in dense 
clusters in the axils of leaves (the point at which the leaf 
stalk joins the branch), rather than singly at the ends of 
branches. The champac (Michelia champaca) is suppos- 
edly native to India, Assam, and Myanmar (Burma), but 
it has been in cultivation for so many centuries that its 
original natural range is difficult to determine. This tree 
is a handsome ornamental with evergreen leaves and pro­
fuse, highly scented yellow flowers that are the source of 
champak, an exotic East Indian perfume. In addition, the 
timber from this species has some local uses in making 
light furniture and plywood. The banana shrub (Michelia 
figo) from Southern China also is cultivated to some extent 
as a tropical ornamental with fragrant flowers.

Because the family Annonaceae. is by far the largest in 
the Magnoliales order, it is not surprising that this group 
includes the most species that yield some type of economie 
product. Lancewood (Oxandra lanceolata), from northern 
South America and the West Indies, is undoubtedly the 
most important commercial timber source in this family. 
The wood is yellow to olive-yellow, hard, heavy (specific 
gravity 0.95), of fine texture, and with an extremely straight 
grain. These characteristics make the wood particularly 
suitable for use in scientific instruments, tumery (objects 
shaped by lathe), tooi handles, and such sporting goods 
as billiard cues, archery bows, and fishing rods. Solera or 
Colombian lancewood (Guatteria boyacana) has most of 
the same properties and uses but is not as well known in 
the timber trade. Yellowwood (Enantia chlorantha) from 
Liberia, Cóte dTvoire, and the Cameroons of West Africa 
produces a sulfurous yellow dye; the wood also is used 
locally to make unpainted furniture and veneers. Otu 
(Cleistopholis patens) yields a soft, light (specific gravity 
0.40) wood from West Africa that finds some of the 
same uses as balsa wood—in buoys, life rafts, floats, etc. 
The fibrous inner bark is of some value for cordage and 
coarse netting.

Polyalthia longifolia is a tail, handsome tree with pen­
dent linear leaves, which is cultivated in most parts of Sri 
Lanka and India as an avenue tree and around temples, 
where it has a religious significance. Although the wood is 
not very durable, it is utilized to some extent in making 
matches, boxes, and packing crates. Other woods of the 
Annonaceae family in India and Myanmar that have some 
commercial value are derived from the genera Miliusa, 
Sageraea, Mitrephora, Saccopetalum, and Cyathocalyx. 
Because of their tough and elastic qualities, these woods 
are utilized in the manufacture of tooi handles, wheel 
spokes, and sporting goods.

The wood of Xylopia aethiopica is quite flexible and has 
some local use in west central Africa for masts, boat pad- 
dles, and rudders. It has been described as termite-proof 
and, accordingly, is used for house posts and beams. The 
dried black fruits of this species are called guinea peppers 
and were once of commercial importance in Europe as a 
tangy condiment and drug. At present, the fruits are re- 
portedly used by some African tribes as a cough medicine 
and purgative. The bark of several other Xylopia species 
from Brazil (X. sericea, X. frutescens, and X. aromatica) 
finds some local use in cordage and rough textiles.
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The most widely known economic products of the An­
nonaceae family in the tropics are its edible fruits. One 
of the most important of these is the West Indian custard 
apple or bullock’s heart (Annona reticulatd). The latter 
common name is suggestive of the shape and general ap­
pearance of the fruits. When the fruit is ripe and the skin 
has begun to blacken, its white to cream-coloured flesh be­
comes sweet and aromatic and resembles ice cream when 
chilled. It may be eaten with a spoon as a dessert. The 
sweetsop, or sugar apple (Annona squamosa), although 
native to northern South America, Central America, and 
the Caribbean region, is even more widely cultivated 
and highly esteemed in India and Pakistan. The conical 
fruits break into segments when ripe and expose a cream- 
coloured sweet pulp in which dark brown glossy seeds are 
embedded. Among the natives of the tropics the sugar 
apple tree is reputed to be of medical value. Tea made 
from the roots is highly purgative, while that made from 
the leaves is mildly laxative and is also considered to have 
a general tonic effect on the digestive tract. Poultices of 
the leaves are used in dressing infected wounds.

The cherimoya is the fruit of a rather small tree, An­
nona cherimola, which is native to the cool (but frost-free) 
mountain valleys of Peru. Although it is grown in South­
ern Florida, it does not produce fruit well there because of 
the high humidity; it is currently commercially grown on 
a small scale in Southern California. The fruits, however, 
are quite perishable and ferment readily. Like the sugar 
apple, it is now well-established in the Old World tropics. 
Although the fruit does not break into segments when 
ripe the way that of the sugar apple does, the flesh is of 
a more creamy consistency and has fewer seeds. Under 
ideal conditions, the fruit may attain a large size, weighing 
up to 16 pounds. The soursop, or guanäbana (Annona 
muricata), also is native to the American tropics, but is 
now general throughout the Old World tropics as well. In 
Cuba the fruit is a favourite, and the tree may be found 
in almost every yard planting. The fruit is large (up to 10 
pounds), tapering, and heart-shaped, and the green skin 
is covered with spiny protuberances» The aromatic flesh, 
white and somewhat fibrous, is strained to make custards 
and ice cream; the acidulous juice is usually extracted to 
make a refreshing drink, which has been described as a 
combination of the flavours of strawberries, pineapples, 
and cinnamon. The hybrid atemoya (Annona squamosa 
X A. cherimola) has been established in the Caribbean re­
gion; reputedly the fruit contains the best features of both 
parents. The alligator apple (A. glabra) grows plentifully in 
the Florida Everglades and on the Florida Keys, where its 
fruits have been described as “edible but not very palat- 
able.” The tree’s prime use in Florida is as a rootstock 
in deep, sandy soils for the grafted custard apple and the 
sugar apple.

Other species of Annona that produce comparatively infe­
rior fruit, but which are eaten locally, include: A. montana, 
the mountain soursop (West Indies and South America); 
A. longiflora (Mexico); A. paludosa (Brazil); A. testudinea 
(Honduras); A. nutans (Paraguay); A. senegalensis (East 
and West Africa); and A. diversifolia, the ilama, which 
was first cultivated long ago by the Aztecs of Mexico.

Two species of Rollinia (R. mucosa and R. pulchrinervia) 
have edible fruits that reach 4 inches (10 centimetres) in 
length and bear some resemblance to those of the sour­
sop, except that the spines are softer and more blunt. R. 
mucosa is a large tree native to the West Indies and north- 
em South America, whereas R. pulchrinervia is restricted 
in the wild state to the Amazon Basin. Both species are 
referred to by the common name biriba, and both are 
widely cultivated, particularly throughout Brazil, for their 
delicious fruits.

The papaw (Asimina triloba) of eastem North America 
produces a fruit that is sometimes eaten. The fruits of this 
species show considerable variability in size, colour, and 
palatability. Two general types have been observed: (1) 
large, yeflow-fruited, highly flavoured, and early ripening; 
and (2) relatively small, white-fleshed, mild flavoured, and 
late ripening. A number of selected clones (groups of plants 
of identical genetic makeup that are vegetative divisions 
of one plant), propagated by grafting, are in cultivation,

principally in Southern Pennsylvania, Ohio, Illinois, and 
Indiana (where the yellowish fruits are referred to as In­
diana bananas). Sometimes an alcoholic beverage is made 
from the papaw.
Certain Asiatic species of Polyalthia (P. cerasioides and 

P. korinthii), Uvaria (U. burahol, U. dulcis, and U. hetero- 
phylla), and Artabotrys produce edible fruit, as do African 
species of Uvaria (U. chamae and U. globosa).

The ylang-ylang tree (Cananga odorata) has its natural 
range from the tropical parts of eastem India through the 
Malaysian regions to the Philippines and northern Aus­
tralia. The name means “flower of flowers” because the 
yellowish-green, bell-shaped flowers yield an exceedingly 
delicate and evanescent fragrance that is highly valued in 
the manufacture of perfumes. Ylang-ylang or cananga oil 
is derived by simple distillation from the petals of fully 
opened flowers. Although the tree blossoms throughout 
the year, the flowers picked in May or June yield the 
highest amounts of the cananga oil. Long known to the 
peoples of the Far East, this oil first reached Europe 
about 1864. Although the Philippines are probably the 
chief producers of ylang-ylang oil, some production also 
comes from Malaysia, Java, the Mascarene Islands, and 
Madagascar. The related Artabotrys odoratissimus (climb- 
ing ylang-ylang) is cultivated in many tropical regions for 
the fragrance of its flowers, but the perfume has only 
localized uses.

In Ghana and the Cóte d’Ivoire region of West Africa 
ethereal oils distilled from leaves of Enneastemum capeus 
are reportedly utilized in making perfume.

Cymbopetalum penduliflorum (Annonaceae family), a 
tree of Central America and Mexico, has flowers that, 
when crushed, yield an oil with a spicy odour similar to 
nutmeg or cubeb pepper; the oil has been used for several 
centuries to flavour chocolate and in cooking. According 
to one authority, this plant was called xochinacatzli— 
sacred ear flower of the Aztecs—because the inner petals 
bear some resemblance to human ears.

In the upper Amazon region, Indian tribes use an extract 
from the tree Unonopsis veneficiorum to tip their poison 
blowgun darts and arrows; this substance is said to have 
the same paralyzing effect on man and animals as that 
caused by curare poisons obtained from the genus Strych- 
nos of the Loganiaceae family (order Gentianales).
Monodora myristica (family Annonaceae) is a large (up 

to 60 feet [18 metres] high) West African tree with big 
leaves and striking flowers; these features combine to make 
it an attractive ornamental in many tropical regions. Be­
cause the large ruminate (i.e., folded in undulate fashion) 
seeds of this tree bear some resemblance to those of the 
true nutmeg (Myristica, family Myristicaceae), the tree is 
referred to as the Jamaica nutmeg or the calabash nutmeg. 
The latter name refers to the orange-sized fruit that en- 
closes the seeds, and which has a superficial similarity to a 
gourd when dried. In West Africa the seeds are used as a 
flavouring, as aromatic necklaces, in primitive medicinals, 
and (when pulverized) as a pomade.
Although many trees in the family Myristicaceae (nut­

meg family) reach timber size, the wood is not of much 
value in world trade. Nevertheless, the following species 
from tropical regions of South and Central America find 
local uses in the manufacture of furniture, millwork, ve­
neers, fiooring, and general carpentry: Dialyanthera otoba 
(otobo), Iryanthera lancifolia (kirikawa), Iryanthera sago- 
tiana (marakaipo), and Virola koschyni (banak). Wood of 
Pycnanthus kombo from West Africa is grayish-brown to 
pink, soft, and light (specific gravity 0.40), and is made 
into plywood for packing cases and low-grade interior 
woodwork. Staudtia gabonensis produces an orange to 
reddish-brown, moderately hard and heavy (specific grav­
ity 0.90) wood used for cabinetry, tooi handles, carving, 
and turnery in several West African countries. Chuglum 
(Myristica irya), from the Andaman Islands in the Bay of 
Bengal, yields light red to reddish-brown wood with darker 
streaks and high lustre which is used to make musical 
instruments and furniture.

Both nutmeg and mace are obtained from the seeds of 
Myristica fragrans, a native of the Moluccas or Spiee Is­
lands in the Indonesian Archipelago that is now grown in
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the tropics of both hemispheres. Although some of these 
spices are still exported from Indonesia, the greatest pro­
duction today is in the British West Indies, principally the 
island of Grenada.
The nutmeg tree is a handsome evergreen with dark 

leaves and reaches a height of 30 to 60 feet (9 to 18 
metres). The small, yellow, fleshy flowers are unisexual, 
and the plants producing them are dioecious; i.e., the 
male and female flowers are produced on separate trees. 
The ripe fruits are golden yellow and resemble apricots or 
pears. As the fruits dry out, they split open, revealing the 
single shiny brown seed covered with a bright red fleshy 
structure, called an aril. Inside the seeds are the kemels, 
which are the nutmegs of commerce; the aril is the source 
of mace. The pulverized seed finds much use for season- 
ing spiced fruits, sausages, pastries, puddings, eggnog, etc. 
Mace is one of the most delicately flavoured spices and 
is used in making baked goods, pickles, ketchups, and 
sauces. Two oils are obtained from the seeds of Myristica 
fragrans, a volatile oil obtained by distillation, and a fixed 
oil obtained by subjecting the nutmegs to heat under pres­
sure. The volatile oil contains myristic acid and a narcotic, 
myristicin; it is used medicinally as a carminative and as 
a flavouring agent in dentifrices, tobacco, and perfumes. 
The fixed oil is known as nutmeg butter and is used in 
ointments and in candles.
The seeds of Gymnacranthera farquhariana have been 

used in India for candlemaking. Those of Myristica mal- 
abarica have been used for oil and for adulterating nut­
megs; its aril is marketed as Bombay mace. Myristica 
argentea, the Papua or Macassar nutmeg, is also used in 
oils and soaps, but is useless as a spiee. The seeds of Virola 
surinamensis are used to make a commercial wax.

The family Canellaceae is of relatively little economic 
importance. The leaves and bark of the wild cinnamon 
(Canella alba) from the West Indies still have some use as 
a condiment and for medicinal purposes. The small trees 
of this species are cultivated to a limited extent in South­
ern Florida, as ornamentals prized for their reddish-purple 
flowers and blue-black berries. The scented wood of Cin- 
namosma fragrans is exported from Zanzibar to Bombay 
and Thailand where it is used for religious ceremonies. 
Warburgia ugandensis is a fairly important timber pro­
ducer in Uganda; the bark is utilized as a purgative and 
the resin for cementing tooi handles.

The sole economic product from the Winteraceae family 
is “Winter’s bark” from Drimys winteri of South America; 
it still finds some use as an astringent and a stimulant.

EVOLUTION
The fossil record. Fossils representing four of the eight 

families of the Magnoliales order have been found. These 
include leaves ascribed to members of the Magnoliaceae 
family (Magnolia and Liriodendron from the Cretaceous 
Period of about 100,000,000 years ago and the Tertiary 
Period of about 60,000,000 years ago and Talauma from 
the Tertiary, all of North America). Seeds (Magnoliaes- 
permum) are recorded from the Tertiary brown coals of 
Germany, and pollen belonging to the family is widespread 
in the Lower Cretaceous and Tertiary deposits of both 
hemispheres. Fossil leaves and seeds of the Annonaceae 
family are known from the Cretaceous and Tertiary of 
both hemispheres. These have been assigned to about 
10 different modern genera. Seeds of the modern genus 
Asimina are known from the Tertiary brown coals of 
Germany, and petrified woods (Annonoxylon) have been 
found in Tertiary deposits of North America and Austria. 
Fossil woods (Myristicoxylori) of the Myristicaceae family 
are known from the Tertiary of North Africa. The Win­
teraceae family is represented by fossil leaves (Drimys) 
from the Tertiary deposits of Australia, South America, 
and North America. The remaining four families have no 
fossil record.
Unfortunately, the fossil record is of little assistance in 

attempts to determine which group of flowering plants 
appeared first on Earth. Although there are numerous 
scattered reports of putative angiosperm (flowering plant) 
fossils from pre-Cretaceous rocks—i.e., deposits older 
than about 136,000,000 years—none of these finds has

ever been indisputably accepted as belonging to the an­
giosperms. Indeed, possibly the best evidence is that the 
angiosperms arose rather suddenly during the Lower Cre­
taceous, about 120,000,000 years ago. Because these are 
the epochs when undoubted angiosperm pollen grains 
(which, due to the Chemical nature of their coats, are 
extremely resistant to decay) first appeared in the fossil 
record, the pollen evidence is believed to be more reliable 
than that based on compressed leaves or leaf fragments. 
Nevertheless, in the absence of floral structures (which 
are only very rarely preserved as fossils) it is difficult 
to assign the Cretaceous fossils to modern families, let 
alone genera. Although numerous “species” of Magnolia, 
Liriodendron, Drimys, etc., have been described from leaf 
remains dating back to the Lower Cretaceous, only in rare 
instances have any of these identifications been validated 
by concomitant cuticular studies (i.e., arrangement and 
types of cells on the outer cell layer of leaves), descriptions 
of wood anatomy, pollen morphology, fruits, or seeds Problems 
preserved in the same Sediments. Accordingly, most of in the 
the identifications of these supposed early remains of the fossil 
Magnoliales order remain suspect. Although undoubted record 
representatives of magnolialean families were present by 
the beginning of the Tertiary Period (approximately 63,- 
000,000 years ago), so were numerous representatives of 
structurally much more highly evolved angiosperms; e.g., 
the families Salicaceae (willows), Juglandaceae (walnuts),
Fagaceae (oaks and beeches), and Moraceae (mulberries).
Thus, the known fossil record cannot establish which an­
giosperm family is the most primitive.

CLASSIFICATION AND TAXONOMIC STATUS
D is tin g u ish in g  fea tu res . The features of most diagnos- 

tic value for determining family relationships within the 
order include the presence or absence of stipules (leaflike 
appendages at the base of leafstalks); presence or degree of 
fusion of the carpels (simple pistil or seed-bearing organs); 
modification of perianth parts (tepals, the leaflike, showy 
parts of a flower) into sepals and petals; spiral or whorled 
arrangement of floral organs; free or connate (joined, 
fused together) stamens; pollen uniaperturate (with a sin­
gle aperture, or germ-pore) or modified; and rumination 
(folded, ridged pattem of growth) of endosperm.

A lte m a te  Systems o f  C lassification . As treated in the 
Classification above, the eight families included in the Mag­
noliales order are believed to contain many more ancient 
and primitive structural features than can be found in any 
other order of flowering plants. Some of these features fol- 
low: vesselless woods in the Winteraceae family; i.e., the 
water-conducting elements are all composed of primitive 
conducting cells called tracheids, such as those occurring 
in many fems and some more primitive gymnosperms; 
flowers with numerous, spirally arranged, usually free parts 
on an elongated floral axis; the male organs or stamens 
often relatively broad and with pollen sacs embedded in 
their surfaces; the female organs or carpels often relatively 
unmodified from a leaflike stmeture; pollen grains usually 
with a single elongate germinal furrow such as that of the 
ancestral gymnosperm type; abundant ethereal oil cells 
in both floral and vegetative organs; and seeds bearing 
a small embryo embedded in copious endosperm (food 
storage tissue).

Pollination by beetles, believed to be a primitive condi­
tion among flowering plants, is normal for the Eupoma- 
tiaceae family and has been reported to occur commonly 
in many members of the Magnoliaceae, Winteraceae, 
and Annonaceae families. Ruminate endosperm-—i.e., en­
dosperm that is fluted by the inward development of 
numerous ridges from the inner seed coat—is a normal 
feature in the Annonaceae, Myristicaceae, and Eupoma- 
tiaceae families, and at least one genus (Cinnamosma) in 
the family Canellaceae.

The Classification presented in this article is a recent one 
that is gaining acceptance. By contrast, some authorities, 
in the treatment of the Magnoliales order, exclude four 
families recognized here (Eupomatiaceae, Annonaceae, 
Myristicaceae, and Degeneriaceae). Furthermore, they 
place the monotypic genus Degeneria in the Winteraceae 
family, the Annonaceae and Eupomatiaceae together in
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an order Annonales, and the Myristicaceae family in the 
order Laurales. To the Magnoliales order of these treat- 
ments are added the families Illiciaceae, Schisandraceae, 
Lactoridaceae, Trochodendraceae, and Cercidiphyllaceae, 
which receive no treatment here. Other authorities take an 
even broader view of the Magnoliales order, not only in­
cluding the eight families recognized here but also adding 
11 other families, which, under the treatment presented 
here, appear in the orders Laurales and Illiciales. Although 
there are grounds for criticism of all of these Systems, the 
system presented here, circumscribing a smaller group, is 
probably more natural, if for no other reason than the fact 
that fewer genera are included, thus there are fewer “odd” 
morphological features to confuse the picture. (J.E.Ca.)

Laurales (laurel order)

Laurales is a fairly large order of flowering plants, con­
sisting of 11 families with a total of about 70 genera 
and more than 2,500 species. The order is of interest not 
merely because of its abundance but also for its utilitarian, 
morphological (structural), and phylogenetic (evolution­
ary) importance.

GENERAL FEATURES
Economic importance. Of the 11 families, the laurel 

(Lauraceae) is the most useful to man. The leaves and 
bark of several species such as those of Lindera (benzoin), 
Litsea, and Laurus (laurel) are of medicinal value. Some, 
like the South African Ocotea bullata (stinkwood), yield 
useful timber. Most of the world’s supply of natural cam- 
phor, used in the manufacture of collodion and explosives, 
comes from Cinnamomum camphora, a native of Japan 
and Taiwan. Essential oil containing up to 80 percent of 
safrole, used in the perfume industry, is obtained from the 
roots of Sassafras officinale and the wood of two Brazilian 
trees, Ocotea preteosa and O. cymbarum. Cinnamon spiee 
is derived from the bark of Cinnamomum zeylanicum, a 
native of Sri Lanka and Southern India. Cinnamon bark 
and leaf oil are also used in medicine and perfume. Persea 
americana, the avocado, an evergreen tree native to the 
rain forests of Central America, is economically impor­
tant in the Southern United States, Hawaii, Brazil, South 
Africa, and tropical Australia. Its edible fruits contain a 
higher percentage of protein than any other fruit.

Other families of Laurales are economically less im­
portant. Peumus boldus (family Monimiaceae), of Chile, 
yields boldo wood used in cabinetmaking. Doryphota sas­
safras, of the same family, is a source of essential oil. 
Some species of the families Calycanthaceae and Chloran- 
thaceae are grown as ornamentals.

Size range and diversity of structure. Members of the 
order produce their own food by photosynthesis {i.e., are 
autotrophic) with the exception of Cassytha, a rootless, 
vinelike stem parasite without proper leaves; it grows on 
many species of flowering plants. Four of the families— 
Austrobaileyaceae, Amborellaceae, Lactoridaceae, and Ca­
lycanthaceae—are exclusively shrubs; the other seven are 
predominantly trees. Some members of the laurel family 
(Lauraceae) attain great size; Cinnamomum camphora, for 
example, reaches a height of about 100 feet (30 metres), 
and Persea americana grows up to 60 feet (18 metres) or 
more.

The Laurales order shows great diversity in vegetative 
and floral structure. Unlike most other flowering plants, 
the wood in Ämborella and Sarcandra (family Chloran- 
thaceae) is devoid of vessels (water-conducting tissues 
made of special hollow cells). In Austrobaileya (family 
Austrobaileyaceae), a woody vine, the wood has vessels 
but exhibits other primitive characteristics. On the other 
hand, the families Lactoridaceae, Calycanthaceae, and 
Lauraceae show some features considered to be advanced.

The plants of the genus Austrobaileya are more simple. 
Their phloem (the part of the vascular system that trans- 
ports food), unlike that of other flowering plants, is devoid 
of companion cells—a characteristic of coniferous plants. 
Typical sieve tubes (the normal arrangement of phloem 
tissue) are also absent in this genus; instead, its long and 
overlapping phloem-tissue cells lack the characteristic ter­

minal sieve plates, with small holes that lead to the next 
cell. Further structural simplicity is seen in the phloem of 
Austrobaileya, and also the family Calycanthaceae, which 
lack sclerenchyma (thick-walled cells). On the other hand, 
the presence of sieve cells with single, transverse end plates 
is an advanced development in the Calycanthaceae family.

The order demonstrates considerable diversity in flo­
ral structure even though many families, particularly the 
Amborellaceae, Trimeniaceae, and Lactoridaceae are not 
completely described as yet. The genus Austrobaileya has 
probably the most primitive floral structure of the order. 
Its flower is bisexual and hypogynous (the flower parts are 
joined at the base of the female structure, or ovary, a con­
dition sometimes called “superior ovary”), and its numer­
ous floral parts are arranged spirally. The stamens (male 
pollen-producing structures) are laminar (flat, or petal- 
like), and the carpels (simple ovaries) each have numerous 
ovules, or developing seeds. In the families Gomortegaceae 
and Calycanthaceae, also, the flowers are bisexual (with 
both male and female organs). In Ämborella (family Am­
borellaceae) the flower is unisexual (either male or female) 
and the plants dioecious (one plant with either male or 
female flowers); all other families are polygamous (with 
both unisexual and bisexual flowers on the same plant).

The flower form is usually hypogynous (“superior ovary”) 
in the families Trimeniaceae, Lactoridaceae, and Lau­
raceae; rarely, as in Hypodaphnis, it is epigynous, or infe­
rior ovary, with the petals, sepals, and stamens arising at 
the upper end of the ovary, which they enclose, forming 
what is called the floral tube. In all the other eight fam­
ilies the flower form is either perigynous (“half inferior”) 
or epigynous.

In the family Lactoridaceae the stamens are laminar with

Representative plants from the two largest families of 
the laurel order.

Stamens, 
carpels, 
and ovules
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protruding connectives and the pollen is held in perma­
nent tetrads (groups of four), as in the Winteraceae family 
and some members of the Annonaceae family (both of the 
order Magnoliales). In the families Hemandiaceae, Chlo- 
ranthaceae, Lauraceae, and Gyrocarpaceae the gynoecium 
(female flower parts) consists of a single carpel with a 
single ovule. Other families have more than one carpel; 
in the families Trimeniaceae and Gomortegaceae they are 
united; in the others, free. In the Lactoridaceae family 
the ovule number per carpel is six, in the Calycanthaceae 
family it is one or two; all others have a single ovule.

The fruit is winged in the families Hemandiaceae and 
Gyrocarpaceae. In the families Trimeniaceae, Monimi­
aceae, Gomortegaceae, Chloranthaceae, and Lactoridaceae 
the seed is endospermous {i.e., it contains endosperm, a 
nutritive starchy tissue for the developing embryo), and 
the embryo is small. In contrast, exalbuminous (with­
out endosperm) seeds with large embryos occur in the 
families Hemandiaceae, Calycanthaceae, Lauraceae, and 
Gyrocarpaceae.

Distribution and abundance. Plants of the Laurales or­
der occur generally in the tropics or subtropics. Some 
families are widely distributed; others in the order are 
restricted. Lactoridaceae, for example, is confined to the 
Juan Femändez Islands, 400 miles (645 kilometres) west 
of Chile, others to places like Chile, New Caledonia, 
Australia, or islands of the Pacific Ocean. A few species 
occur in warm temperate regions: in North America, ex­
tending to Canada; in Africa; and in Southern Europe, 
where Laurus nobilis (family Lauraceae) extends to the 
Mediterranean.

NATURAL HISTORY
Life cycle. Very little is known about the life cycle 

in six of the families of the order (Austrobaileyaceae, 
Amborellaceae, Trimeniaceae, Gomortegaceae, Hernandi- 
aceae, and Lactoridaceae), and such knowledge is far from 
complete in families like Monimiaceae.
The flowers of the Calycanthaceae family are remarkably 

adapted for pollination by beetles. The food provided by 
the tips of some of its tepals (similar-appearing flower 
petals and sepals) and the prolonged connectives of the 
stamens attract the beetles, which also eat the nectar se- 
creted by the inner staminodes (sterile stamens, usually 
flat and petallike). In doing both, the beetles serve in 
pollination. It has been suggested that the position of the 
carpels on the concave receptacle might offer protection 
to the ovules from the foraging beetles.
The mode of secretion of nectar from the glandular 

Unusual appendages of the stamens in the Lauraceae and Monimi-
mode aceae families has been studied. In the Lauraceae family,
of nectar the epidermis (“skin”) and cuticle (a waxy coating) of the
secretion bud break down just before the opening of the flowers; the

nectar then is secreted through the intercellular spaces of 
the flower tissues. In the Monimiaceae family, there is no 
secretion of nectar before the beginning of flower opening, 
and the epidermis is not as extensively damaged as in the 
Lauraceae family. Numerous bees, blowflies (Calliphora), 
and mites visit the flowers for the nectar.
There is little uniformity in pollination and other pro­

cesses of the life cycle within the order. In some members 
of Laurales, such as species of Beilschmiedia (Lauraceae) 
and Hortonia (Monimiaceae), the staminal appendages do 
not function as nectaries. In Persea americana (avocado) 
the flowers open twice, and pollination is brought about 
by bees. In Sri Lanka (formerly Ceylon), Cinnamomum 
zeylanicum (Ceylon or true cinnamon) flowers in May, 
and fruits mature within two or three months; this is 
probably true of other tropical species.

Ecology. The Laurales order is mostly tropical and sub- 
tropical, and its species are mostly evergreen. Some mem­
bers of the Lauraceae and Calycanthaceae families also 
grow in warm temperate regions, where they are deciduous. 
Calycanthus fertilis, Sassafras albidum, Persea borbonia 
(sweet bay), Litsea aestivalis, and Lindera benzoin (spice- 
bush), for example, are among the characteristic species 
in the deciduous forests of eastern North America, where 
climatic conditions are similar to northwestern Europe 
and parts of eastern Asia.

Some species of the Lauraceae family, like Cinnamomum 
camphora (camphor tree), are not particularly demanding 
in their environmental and soll requirements. The cam­
phor tree grows well at elevations of 3,000-4,000 feet 
(900-1,200 metres) and even up to 45° (latitude) north 
and south of the Equator. In contrast, Cinnamomum zey­
lanicum is sensitive and thrives best only on the white 
sandy soils of Sri Lanka.

FORM AND FUNCTION
Despite the great diversity of structure among families of 
the order, some structural features common to all serve 
to distinguish the Laurales from other orders. Like the 
related Magnoliales, the Laurales order is composed of 
species that are all woody and that have ethereal (aro­
matic) oil cells. Those species are further characterized by 
pollen grains with no more than two grooves and by a 
primitive nodal anatomy (arrangement of vascular bun­
dles at the juncture of leaf and stem) of the type called Laurales 
unilacunar. The stamens have nectar-bearing appendages, compared 
and, in most species, the anthers split open when ripe with Mag- 
by means of valves. The female structures usually consist noliales 
of a single carpel. Unlike the Magnoliales order, which 
has generally primitive leaflike carpels and stamens, most 
Laurales species have more specialized floral organs.

EVOLUTION
The Laurales order occupies an important place in the 
phylogeny, or evolutionary history, of the flowering plants.
Of the 10 genera of dicotyledons (plants with two “seed 
leaves”) with primitive, vesselless xylem (water-conducting 
tissue), two are included in the Laurales order, the rest in 
the Magnoliales order. The only flowering plant species 
without companion cells and true sieve tubes {Austrobail­
eya) also belongs to the Laurales order. On the other 
hand, in several families, floral evolution has advanced 
to the level of epigyny (inferior ovary) and unisexuality.
Thus, many of the evolutionary trends observed among 
the flowering plants as a whole are retained in this and 
in the related and probably more primitive order, the 
Magnoliales.

Futhermore, distribution of several members of this or­
der is restricted to areas that are relatively little explored 
botanically. The living and fossil plants of such regions, 
when more completely studied, will yield valuable data for 
understanding the origin and evolution of the flowering 
plants. Well-preserved fossils resembling living genera of 
the Lauraceae family, such as Sassafras, Cinnamomum, 
and Persea, have been found in Lower and Upper Creta­
ceous rocks (about 65,000,000 to 136,000,000 years old) 
in several localities in Europe and America. Since those 
genera at that time were already as highly specialized as 
their modem counterparts, it may be inferred that they 
must have had a fairly long history of evolution before 
the Cretaceous Period. In the absence of fossil evidence, 
however, no reliable conclusions as to the origin and early 
phylogeny of the family can be drawn.

Pollen similar to that of the fossil genus Clavatipollenites 
from the Lower Cretaceous Period shows some tenuous 
resemblances to that of the family Chloranthaceae. The 
fossil history of other families is virtually unknown.

In view of the present paucity of information on the pa- 
leontology of the order, evolutionary interpretations must 
of necessity be based on comparative morphological stud­
ies of present-day groups. The Austrobaileyaceae family 
is thus placed lowest in the evolutionary scale because of 
the preponderance of its apparently primitive vegetative 
and floral characters, such as the absence of companion 
cells and typical sieve tubes, the primitive cambium and 
wood anatomy, numerous spirally arranged flower parts, 
laminar stamens, and numerous ovules per carpel.

The Amborellaceae family also manifests many primi­
tive features, including vesselless xylem, spirally arranged 
perianth (sepals and petals), and stamens with a broad 
filament. At the same time, however, its members have Relation- 
advanced to the level of unisexuality. An uncertain affin- ships of 
ity to the Monimiaceae family has been suggested. families

Many authorities consider Lactoridaceae to be an isolated within the 
family. Some assign it a relatively primitive place, near the order
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Winteraceae family (order Magnoliales), while others give 
it a relatively higher place, assuming that it had a com­
mon origin with the family Chloranthaceae. Still others 
suggest that its mode of growth, stipules, and anatomy all 
indicate a relationship with the families Piperaceae (order 
Piperales) or Polygonaceae (order Polygonales). But with­
out adequate data none of these views can be supported.
Of the Trimeniaceae family still less is known; all that 

can be said is that it exhibits a mixture of primitive and 
advanced features. Some authors, however, suggest an 
affinity with the Monimiaceae family.

The families Monimiaceae, Gomortegaceae, Hernandi- 
aceae, Lauraceae, and Gyrocarpaceae have been found to 
be more specialized and more closely related to one an­
other than other Laurales families. Of these, it has been 
suggested that the Monimiaceae family, with the greatest 
range in floral structure, constitutes the parent family 
from which the others have evolved. lts protoxylem strand 
patterns (developing form of xylem, or woody tissue), 
wood anatomy, and embryology all are similar to those 
of the other four families. In the five-family group, Gy­
rocarpaceae seems to be the most highly specialized. Its 
vessel cell end walls are inclined less, its medullary ray 
tissue (wood rays) is more specialized, its floral structure 
is generally reduced, and the family exhibits a peculiar 
type of embryo-sac development.

The floral hypanthium, a saucerlike structure formed 
from the fused bases of the petals and sepals, is common 
to the less specialized Calycanthaceae family and the par­
ent Monimiaceae family. The subfamily Siparunoideae of 
Monimiaceae also resembles Calycanthaceae in the ab­
sence of staminal appendages. The Calycanthaceae family 
also shares numerous anatomical features with the Lau­
raceae family, but there is little morphological evidence 
to support its suggested affinities to the Rosales or the 
Magnoliales orders. lts pollination by beetles has been 
considered a primitive feature only because other types of 
insects appeared later in the geological time scale.
The affinities of the Chloranthaceae family have also 

been much disputed. Some authors have placed it in the 
order Piperales, but the nodal anatomy, opposite stipu­
late leaves, united petiole (leaf stalk) bases, and inferior 
ovary with its solitary pendulous ovule all put this family 
outside the Piperales order. Those features plus staminal 
appendages indicate an affinity with the Monimiaceae 
family. Thus, with the possible exception of the families 
Austrobaileyaceae and Lactoridaceae, all other families in 
the Laurales order can probably be derived from a Mo- 
nimiaceous stock.
Although the Laurales order is more advanced than the 

Magnoliales, it seems more probable that it originated 
independently, rather than from the Magnoliales order. 
Because the Lactoridaceae family possesses a combination 
of features of both orders, it has been suggested that both 
Laurales and Magnoliales had a common origin and early 
diverged along separate evolutionary lines.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. As early as 1950, the woody 

plant families having ethereal oil cells and monocolpate 
(single-furrowed), derived polyporate, or acolpate pollen 
were divided into two groups—one with unilacunar and 
the other with trilacunar or multilacunar nodal anatomy. 
The Laurales order as presented here corresponds to the 
unilacunar group. Certain other features are also charac­
teristic of several members of the order, although a few 
families do not share them. These include the polygamous 
flowers, the presence of staminal appendages, anthers that 
open by means of valves, two pollen sacs per anther, and 
the single pendulous ovule per carpel.

A lte m a te  S y stem s o f  C lassification . The scope of the or­
der Laurales as presented in the Annotated Classification is 
a recent and authoritative treatment. The scope of the Lau­
rales order varies in other Systems of Classification. Some 
authorities include the Myristicaceae family and exclude 
the Calycanthaceae and Chloranthaceae families, placing 
Calycanthaceae in the Rosales order and Chloranthaceae 
in Piperales. Others include the Calycanthaceae family. 
The Lactoridaceae family has often been placed in the

order Magnoliales near the Winteraceae family. Similarly, 
earlier authors have included all these families in the order 
Ranales or Magnoliales along with other woody families. 
Recently, however, most taxonomists have included the 
families Monimiaceae, Lauraceae, Gomortegaceae, Her- 
nandiaceae, and Gyrocarpaceae in the Laurales order as 
distinct from the Magnoliales order. (R .L.N .S.)

Piperales (pepper order)

The Piperales comprises two families, the Piperaceae, or 
pepper family, and Saururaceae, or lizard’s-tail family. In 
some Systems of Classification the family Chloranthaceae 
is also included within this order.

GENERAL FEATURES
Members of this order are mostly herbs or shrubs. The 
leaves are usually rather broad and altemately arranged on 
the sterns. The densely aggregated flowers are quite small 
and lack petals and sepals. Reduced leaves, or bracts, are 
present below the flowers and in a few species are petal- 
like in appearance. The flowers are most often bisexual, 
with 1 to 10 stamens and usually a single superior ovary 
(i.e., the ovary is above the other flower parts, the sepals, 
petals, and anthers, all of which attach at the base of the 
ovary). The ovary develops into a single-seeded or a few- 
seeded fruit.

(Peperomia, Saururus) Reprinted with permission of The Macmillan 
Company from Taxonomy of Vascular Plants by G.H.M. Lawrence. 

Copyright by The Macmillan Company, 1951. (Piper) From R. Pool, Flowers 
and Flowering Plants (1941); used with permission of McGraw-Hill Book Co.

Representative plants and structures of the two families in the 
pepper order.

Distribution and abundance. The family Piperaceae is 
composed of 10 genera, mostly shrubs, many vinelike, and 
largely confined to the tropics of both the Old World and 
the New World. The genus Piper, with centres of distri­
bution in South America and Malaysia, contains around
1,000 species and is one of the larger ones in the plant 
kingdom. Peperomia, a genus of over 500 species, is also 
widely distributed in the tropics and subtropics of both 
hemispheres, a few species extending into Florida. A num­
ber of geophilous (ground-dwelling) species of Peperomia 
are found at high altitudes in the American tropics. Some 
taxonomists classify the genus Peperomia, along with a 
few other genera, as a third family, the Peperomiaceae, 
which differs from the Piperaceae proper by the absence 
of stipules (appendages at the base of leafstalks) and in 
characters of the stem anatomy and pollen. The family 
Piperaceae includes a number of species used by man, the 
most important of which is Piper nigrum, the source of 
the black and white pepper of commerce.
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The family Saururaceae, which comprises three to five 
genera, depending on the authority followed, is made up 
of perennial herbs found in eastern Asia and North Amer­
ica. Thé genus Saururus (lizard’s-tail) has one species in 
eastem North America and another in Asia. Anemopsis 
(yerba mansa) of the western United States and Mexico 
is the other member of the family found in the United 
States. Some species of Saururaceae often have a general 
resemblance to some of those of the family Polygonaceae 
(order Polygonales).

The two Piperales families are most readily distinguished 
from each other by the number of ovules, 1 in the Piper­
aceae and 2 to 10 in the Saururaceae. The Piperaceae 
family also lacks the showy bracts, or upper leaves, found 
in Saururaceae. The ovary and the stem anatomy of the 
two families also differ fundamentally.

E co n o m ic  im p o rta n ce . Pepper, prepared from the fruits, 
called peppercoms, of Piper nigrum, is one of the world’s 
most important spices. It sometimes is referred to as black 
and white pepper to distinguish it from red, chili, and 
cayenne peppers, which belong to the genus Capsicum of 
the family Solanaceae (order Scrophulariales). Pepper, one 
of the first spices known to man, was mentioned in Indian 
writings more than 3,000 years ago and was observed by 
Marco Polo to be in extensive use in China as a condiment 
in the 13th Century; it later became one of the first articles 
of trade between the Far East and Europe. Although much 
appreciated by the early Greeks and Romans, pepper did 
not assume great importance in Europe until the Middle 
Ages. In addition to its use for seasoning food and in the 
preserving of meats, it also had considerable application 
in medicine at that time. Peppercoms were also once used 
as a medium of exchange to pay rent and taxes.
Pepper production. Piper nigrum is adapted to hot, wet 

tropical climates. It is said still to occur wild in Assam and 
northem Myanmar and apparently first became a culti­
vated plant in that part of the world. The plant, a woody 
climber, reaches 30 feet (9 metres) or more in height. The 
aerial portion produces roots that allow the plant to attach 
itself to the trees or poles on which it is usually cultivated. 
The shiny, ovate, prominently veined leaves are from 5 
to 10 inches (13 to 25 centimetres) long. The inconspic- 
uous, self-pollinated flowers hang in spikes, 4 to 5 inches 
(10 to 13 centimetres) long. Each spike produces from 50 
to 60 single-seeded, berrylike fmits, which change from 
green to red or yellowish red when ripe and to a blackish 
colour when dry.

In commercial planting the pepper is propagated vege- 
tatively from stem cuttings. Harvest begins in the third 
to fifth year, and the berries mature nine months after 
flowering. Plants continue bearing well for 12 to 15 years. 
Harvesting is done by hand when the berries are green 
but mature. For the manufacture of black pepper, the 
berries are allowed to dry in the sun after pieking until 
they darken and are ready for shipment. The whole pep­
percoms are then ground to produce black pepper. For 
the preparation of white pepper, the fmits, often picked 
when fully ripe, are placed in water for several days to rot 
the fruit coat. Then the outer hüll of the fmit is removed 
by trampling underfoot or by other means. After drying, 
the peppercoms eventually turn white and are ready to be 
ground into white pepper. Peppers contain the alkaloids 
piperine and piperidine, the latter in small amounts. A 
resin known as chavicine, however, is considered respon- 
sible for most of their pungency. An essential oil prepared 
from steam distillation of pepper flavours meat products 
and various sauces.

Until World War II, Indonesia produced 80 percent of 
the pepper for the world trade; since then India has be­
come the chief exporter. Other countries exporting pepper 
include Malaysia, Brazil, Kampuchea (Cambodia), and 
Madagascar. Annual world exports amount to between
50,000 and 75,000 tons. The United States is the world’s 
chief importer.

Various other Asiatic species of Piper, generally called 
long pepper, also have uses similar to those of Piper ni­
grum. The two most important are Piper retrofractum, or 
Javanese long pepper, which occurs wild in Malaysia, and 
Piper longum, Indian long pepper, native to India. Both

species are cultivated to a limited extent but do not enter 
world trade. In addition to their use as a spiee, both are 
still employed in local medicine for a great variety of com- 
plaints. In early times among the Greeks and Romans, 
long pepper was more highly esteemed than black pepper.

Other products. Several other species of Piper are of 
economic importance. The leaves of the betel pepper, 
Piper betle, are chewed with the nuts of betel palm as a 
masticatory in much of the Old World tropics from Zan­
zibar to Oceania. Betel chewing is important at ceremonial 
occasions and acts as a mild stimulant as well as serving 
to sweeten the breath. This species also finds medicinal 
uses among native peoples of the areas where it occurs. Its 
cultivation is most advanced in India, where it is called 
sireh. Cubeb, Piper cubeba, native to Indonesia, is used as 
a medicine and formerly had some importance as a spiee.

Kava, or kawa (yagona), made from Piper methysticum, 
has been referred to as the “national beverage” of Poly- 
nesians. It is widely cultivated in Oceania for its use as 
a ceremonial and social drink as well as for medicine. 
Peeled roots were once chewed, but for making the bever­
age scrapings from the root are fermented in water. Kava 
is a narcotic and is used primarily for its relaxing effects; 
excessive use can lead to intoxication.

The leaves of a few of the species of Piper occasion­
ally are used as condiments. In both South America and 
Malaysia some species have been used as an ingrediënt of 
arrow poisons, apparently for their irritating effect, and as 
a poison to stupefy fish.

Other useful plants in the order include several species 
grown as ornamentals, especially Peperomia, of the Piper­
aceae family. The peperomias are mostly low herbs, oc­
casionally epiphytic (i.e., growing among the branches of 
trees), with fleshy leaves. Several species are cultivated as 
houseplants for their attractive foliage. Saururus cernuus, 
lizard’s-tail, so named because of the shape of its inflores­
cence (flower cluster), is a plant of bogs and marshes of 
eastem North America and is occasionally cultivated in 
pool or bog gardens.

FORM AND FUNCTION
Little detailed information on the floral biology and nat­
ural history of the plants of this order is available. Many 
species have no obvious specialized means for dispersal of 
the seeds, but it has been suggested that seeds of many 
species are eaten by birds and thus disseminated. The 
small fruits of Peperomia are covered with a mucilaginous 
substance that allows them to adhere to objects. Thus, 
both birds and other small animals could serve as agents 
of seed dispersal.

CLASSIFICATION AND TAXONOMIC STATUS
T h e  fa m ily  C h lo ra n th a cea e  is  p la ced  in  th e  P ip era les ord er  
in  m a n y  System s o f  C lassification , w h ereas others assign  it  
to  th e  ord er L aurales. C h lo ra n th a cea e  is read ily  separated  
fro m  th e  P ip eraceae  a n d  S au ru raceae fa m ilie s  b y  its  o p ­
p o site  leaves , p e tio le s  th a t are so m ew h a t co n n a te  (fu sed  
a ro u n d  th e  stem ) a t th e  b ase , sm all, free stip u les, a n d  
m o re  or less  in fer ior  ovary .

M o d ern  a u th o r itie s  are g en era lly  in  agreem en t th a t th e  
P ip era les is a  rather p r im itiv e  order, rep resen tin g  a  s ligh t  
a d v a n ce  o v er  th e  M a g n o lia le s  order, from  w h ich  it  is  
th o u g h t to  h a v e  b e e n  d er ived . (C .B.He.)

Nymphaeales (water lily order)

Nymphaeales is a plant order belonging to the dicotyle- 
donous group of flowering plants. Its members are found 
in aquatic habitats, and its best known representatives are 
the water lilies, from which the order derives its common 
name, the water lily order. The aesthetic appeal of the 
water lilies, especially those of the genera Nymphaea and 
Victoria, enhanced by their aquatic habitats, has led to 
their worldwide cultivation and familiarity. There are four 
families, eight genera, and about 70 species.

GENERAL FEATURES
Plants of the Nymphaeales order are aquatic. In the genus 
Ceratophyllum, the plants are either rooted or free-float-
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Representative plants from the four families of the 
water lily order.
Drawing by M. Pahl based on (Nuphar luteum, Cabomba aquatica, flower) E. LeMaout and 
J. Decaisne, Traite general de botanique descriptive et analytique; (Nymphaea odorata, 
Ceratophyllum demersum, flowers and fruit) G.H.M. Lawrence, Taxonbmy of Vascular Plants, 
Copyright 1951, The Macmillan Company; (Ceratophyllum demersum, leaves) N.C. Fassett,
A Manual of Aquatic Plants (1957), University of Wisconsin Press; (Nymphaea tube rosa) 
reprinted from Walter Conrad Muenscher, Aquatic Plants of the United States. Copyright 
1944 by Comstock Publishing Company, Inc. Used by permission of Cornell University 
Press; (Cabomba aquatica, branch) J. Hutchinson, The Families of Flowering Plants; The 
Clarendon Press, Oxford

ing but submerged; in the other genera, they are attached 
to pond or stream bottoms, but their leaves and flowers 
may be either submerged, floating, or standing above the 
water. They range in size from the small, fragile fanwort 
(Cabomba) that has floating leaves less than an inch (2.5 
centimetres) in diameter, to the hornwort (Ceratophyllum) 
with small leaves and richly branched sterns reaching 12 
to 15 feet (3.5 to 4.5 metres), to Victoria with its floating, 
circular, shieldlike leaves 6.5 feet (2 metres) across and 
flowers 15 inches (38 centimetres) in diameter.

Distribution and abundance. Representatives of the or­
der occur, often abundantly and frequently, in quiet fresh 
waters over most of the Earth. The genus Cabomba, for ex­
ample, is found in the New World tropics and subtropics; 
Brasenia, the water shield, is native to all continents ex­
cept Europe; Victoria is found in tropical South America; 
Euryale and Barclaya live in the tropics and subtropics of 
Asia and Indonesia; the genus Nuphar, consisting mostly of 
the large yellow-flowered pond lilies, ranges over most of 
the Northern Hemisphere; Nymphaea, consisting mostly 
of smaller, white-flowered water lilies, is cosmopolitan, 
except in the Pacific islands and New Zealand; and the 
hornwort, Ceratophyllum, is also cosmopolitan.

Economie importance. The leaves, the starchy, horizon­
tal, creeping sterns, and the protein-rich seeds of the larger 
species have been used as food by man throughout his 
history and are used today, commonly by primitive peo- 
ples, and even more widely during famines. The seeds are 
eaten by fish, and all parts are eaten by grazing or brows- 
ing hoofed mammals. Several genera supply cover for fish 
and attachment and protection for their spawn. Fruits and 
seeds provide food, and the plant parts extending above 
the water provide food and cover for aquatic birds.

Cabomba, Brasenia, Ceratophyllum, and Nuphar, and 
other genera less commonly, may grow so rankly as to 
clog lakes and irrigation ditches. The Figure illustrates 
some of the structures characteristic of the order.

NATURAL HISTORY
Life cycle. All genera are perennial (i.e.. they live 

through more than one growing season) in their natural 
habitats, although plants of Victoria persist for only a few 
years. Those genera with creeping, horizontal sterns may 
multiply vegetatively as older branches die. Some species 
of Nymphaea produce detachable plantlets on their leaves.

The seeds of all genera are distributed passively. The 
fruits of Nymphaea species are thrust underwater by 
the arching growth of the floral stalk and are ruptured by the 
swelling of mucilage contained in the spaces around 
the seeds. The seeds of Nuphar species are released to 
float, in packets of soft tissue enclosing air, after the decay 
and opening of the fruit; the seeds eventually sink when 
released from the packets. Pulpy, bladderlike tissues pro­
duced by the seed stalks around the seeds of Nymphaea, 
Victoria, and Euryale carry the seeds until ruptured. In 
the genus Ceratophyllum, the spiny fruits are transported 
by submerged water currents or by fur animals, and the 
spines eventually anchor them in the substratum. Fish and 
seed-eating or fish-eating birds also distribute the seeds of 
various species.

Leaves, flowers, and young fruits of attached genera re- 
main afloat or extend above water level, whichever is nor­
mal, even with rising water by means of continuing growth 
at the bases of leaf or floral stalks, respectively. Cutin and 
other waxes on floating leaves and flower parts prevent 
wetting of tissues and their sinking. A coating of mucilage 
covers the leaves and sterns of species of the Cabombaceae 
family, probably as a protective mechanism. Sharp, strong 
prickles protect all exposed organs from animals in the 
genera Victoria and Euryale.

Ecology. The genus Ceratophyllum grows in stagnant or 
slow-moving water and may be either attached, by burial 
of the older end of thé stem and its branches, or free-float- 
ing. All attached species characteristically grow in deep, 
silted, saturated soils, with little or no free oxygen, be­
low quiet bodies of water. The creeping sterns (rhizomes), 
submerged leaves, and roots are tolerant of oxygen-poor 
conditions. Air passages extending from floating leaves 
or leaves above the water into the roots provide for

Seed
dispersal



Angiosperms 619

Insect
associa-
tions

Pollination
mecha-
nisms

Vascular
Systems

some gaseous exchange between atmosphere and tissues. 
Nymphaea and Nuphar are able to withstand fairly severe 
dehydration without injury and can flourish in semiterres- 
trial, moderately aerated soils.

Many plant-eating insects, all of them flying types in 
the adult form, visit Nymphaeales species for food and to 
deposit eggs. No insect that lives on submerged plants or 
parts depends on a single species of plant; but there are 
specific relationships between emergent or floating plant 
species and flying insects. Some insects, dependent on 
floating plant parts, are not associated with submerged 
plant species since they cannot deposit eggs on them. Injury 
is due to sucking of food materials by bugs (Heteroptera), 
insertion of eggs and subsequent decay by dragonflies and 
damselflies (Odonata), removal of epidermis and leaf min- 
ing by beetles (Coleoptera), and gross destruction by the 
Caterpillars of moths and butterflies (Lepidoptera). The 
transfer of pollen by flying insects is the usual pollinating 
mechanism, except in the genus Ceratophyllum. Pollinat­
ing visitors, also often plant-eating, are primarily beetles 
and flies (Diptera), but bees (Hymenoptera) and bugs have 
also been recorded as pollinators.
Natural mechanisms insuring cross-pollination and hy- 

bridization have been described for Nymphaea, Nuphar, 
Victoria, and Ceratophyllum. The Stigmas (female pollen- 
receiving structures) of a flower become receptive before 
the anthers (male pollen-producing structures) of the same 
flower shed pollen. In the flowers of Nymphaea, Nuphar, 
and Victoria, the inner stamens (the male structure of the 
flower consisting of the fertile anther and its supporting 
stalk) or staminodia (sterile, petallike stamens) form a 
closed cone over the Stigmas, apparently preventing insect 
invasion after pollination and often trapping the insects 
that delivered pollen, causing them to drown in liquids 
present in the stigmatic cup. During the period when the 
female Stigmas are receptive to pollen, nectar (sweet liquid 
in the stigmatic bowl), scent, and colour attract insects. 
Later, when the male anthers are ripe, pollen attracts 
the insects. In the submerged species of Ceratophyllum, 
male flowers are situated above female flowers. Pollen is 
released and sinks slowly through the water. Some of the 
pollen eventually slides down a groove contained in the 
pistil of the female flower and is thus deposited in a pit 
where pollen germination occurs, leading to eventual fer­
tilization of the female ovules.

FORM AND FUNCTION
Vegetative characteristics. Some genera have extensive, 

buried or surface-creeping rhizomes (rootlike horizontal 
stem structures), especially the genera Nuphar, Nymphaea, 
and Brasenia; others have short, erect, buried sterns with 
(in Brasenia, Cabomba) or without (in Victoria, Euryale) 
associated horizontal floating branches. The genus Cer­
atophyllum has long, largely floating sterns with many 
lateral branches, but a plant may be anchored at its basal 
end. Branching is not understood in all genera. In the 
Cabombaceae family, branching is sympodial; that is, a 
vegetative apex is transformed into a flower, and a lateral 
branch continues vegetative growth. In others, branching 
is monopodial; that is, the main axis is continued and the 
flowers are laterals. In Nuphar, flowers arise in leaf sites, 
replacing leaves, but they are not directly associated with 
and located above leaves (the axillary position); vegetative 
buds arise at prospective floral sites and are axillary. In 
the genus Nymphaea, flowers and buds arise similarly, but 
neither is axillary. In Victoria and Euryale, the flowers 
arise in a successive, helical arrangement, alternating with 
a leaf helix. Roots, which are absent only in the genus Cer­
atophyllum, arise in clusters from the stem at leaf bases.
The vascular Systems in the stems of the Nymphaeaceae 

and Barclayaceae families are extremely complex and have 
not yet been satisfactorily described. In the Cabombaceae 
and Ceratophyllaceae families, relatively simple vascular 
Systems are present. Very little xylem (water-conducting 
tissue made of special hollow cells known as tracheids 
and vessels) is present in the vascular bundles. Tracheids 
(nonspecialized supporting and water-conducting cells) are 
present, although scarce in the Cabombaceae family, in the 
organs of all genera. Vessels (specialized water-conducting

cells) are usually reported as being absent, but recent stud­
ies have indicated that they may be present in the roots of 
some species of the Nymphaeaceae family.

Flower characteristics. Flowers are solitary in all genera 
of the order, except that in Ceratophyllum two flowers may 
occur in the axil of one leaf. Floral parts are arranged ra­
dially in each flower (i.e., they are “regulär” or actinomor­
phic). Anatomical studies indicate that probably floral 
parts are attached in complex, multiple helical arrange- 
ments, although the helices may be nearly suppressed, and 
some organs appear extemally to be arranged in whorls 
(cyclic). The flowers of the Nymphaeaceae, Barclayaceae, 
and Ceratophyllaceae families pose special Problems in the 
study of their structures, which have been partly resolved 
by anatomical investigations. In the Nymphaeaceae and 
Barclayaceae families, the carpels (structures making up 
the female part of the flower, the ovary or pistil) are par- 
tially fused in some species of Nymphaea, or completely 
fused in a subwhorl around a central core except in the 
stigmatic (pollen-receiving) regions. The ovary is multi- 
locular (has several chambers) with few to many ovules 
attached widely over the side walls. The stigmatic region 
occurs as an upwardly widening cone, with a basal con- 
ical projection in some genera, and it has prominent to 
reduced extensions of the carpels termed stylar processes. 
The pollen-receptive stigmatic tissues occur on the inside 
surface of the stigmatic cone as laterally discontinuous, 
centrally grooved, radiating zones (rays), each above a 
locule (chamber of the ovary). Stigmatic-like tissue is con­
tinuous from the rays to the bottom of the inner lining 
of the locules, providing the pathway for pollen tubes. In 
Nymphaea and Nuphar, the perianth and stamens are hy­
pogynous (attached below the carpels) and are free from 
one another, although some stamens are fused to the 
ovary in Nymphaea. In Victoria, Euryale, and Barclaya, 
the perianth and staminal organs are, reportedly, fused 
laterally and basally into a common tubulär structure that 
is fused to, and indistinguishable from, the fused ovary 
wall. In Victoria and Euryale, therefore, the free lobes of 
the perianth and stamens are epigynous; that is, they arise 
from the top of the fused carpels. In Barclaya, the stamen- 
perianth tube extends above the fused carpels, and the 
free staminal parts are attached to the inner wall of the 
tube where they hang downward. The inner stamens of 
Victoria, which assist in the cross-pollination mechanism, 
are, however, sterile; their basal, fused parts arch over the 
recurved stigmatic rays and are fused with them, and their 
free upper parts stand erect after pollination.

The young female structure in Ceratophyllum, generally 
reported as being unicarpellary, is composed of two sepa­
rate and unequal carpels, which fuse during development. 
The product is unilocular (single-chambered).

Biochemistry. Latex cells have been reported for most 
genera except Ceratophyllum. All genera have a reddish 
anthocyanin pigment that tums purple instantly on expo­
sure to air or to acid. Recent investigations have revealed 
an insulin-like compound in Nymphaea nouchalii, minute 
quantities of a spasmolytic alkaloid in the rhizomes of 
Nymphaea alba, and ellagitannins (dark-coloured carbo- 
hydrates) in Nymphaea and Nuphar, characteristic of other 
primitive dicotyledons but absent in monocotyledons.

EVOLUTION
On the basis of widespread fossil deposits of rhizomes, 
leaves and fruits of the genus Brasenia from Cretaceous 
deposits (about 100,000,000 years old), and of Euryale, 
Nymphaea, and Nuphar from Tertiary deposits (about 50,- 
000,000 years old), apparently the Nymphaeaceae family 
has enjoyed a wide distribution over the Earth since the 
early Tertiary Period and possibly since the early Creta­
ceous Period. Some of the oldest angiospermous pollens 
reported (reports not unchallenged, however) by paleo- 
botanists are those of Nuphar and Nymphaea from the 
Jurassic Period (about 150,000,000 years ago).

Because of the relative lack of environmental stresses in 
their aquatic habitat, few striking structural changes from 
the ancient form have occurred in the Nymphaeales order 
during its long existence other than the evolution of fused 
carpels and enclosed ovaries (in some) to protect the seeds
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against plant-eating insects, and the adoption of aquatic 
features, including reduction of the xylem, development 
of air canals, and the rhizomatous habit.

CLASSIFICATION AND TAXONOMIC STATUS
D istinguish ing features. The following characters of the 

Cabombaceae, Nymphaeaceae, and Barclayaceae families 
contrast with those of the Ceratophyllaceae family: adven- 
titious roots (roots arising in unusual places such as along 
stems) are present; flowers are bisexual (male and female 
parts present in the same flower) and generally with differ­
entiated petals and sepals; embryos are small; endosperm 
(the starch- and oil-containing tissue of seeds) is mealy 
but scanty; perisperm (tissue surrounding the endosperm) 
is abundant.

T axonom ie problem s. The delimitation of Nym­
phaeales, as presented with the exclusion of the genus 
Nelumbo, frequently placed with this order, seems to 
be sound. The order is considered to consist of related 
groups, derived from a ranalian (i.e., a group of dicotyle- 
donous flowering plants showing certain primitive charac­
teristics) ancestor, but semiherbaceous, rather than woody 
and treelike. The two genera Victoria and Euryale of 
the Nymphaeaceae family, with their massive connation 
(fusion) of floral parts, epigyny (i.e., ovary enclosure by 
the fused bases of the sepals, petals, and stamens), and 
petallike stamens, seem rather segregated from Nuphar 
and Nymphaea of the same family; on recent biochemical 
evidence this Segregation is more justified than that of the 
genus Barclaya into its own family separated from Vic­
toria and Euryale. Although Ceratophyllum seems closely 
related to the Cabombaceae family, the pollen types do not 
support such a relationship. Recent considerations based 
on biochemical, serological, and anatomical researches do 
not support the derivation of monocotyledons from the 
Nymphaeales order. (M.F.Mo.)

Ranunculales (buttercup order)

The Ranunculales order is a large group of plants com- 
prising 10 families, about I4Ö genera, and approximately
3,000 species. It is a rather diverse grouping, including 
mainly herbaceous plants and climbers, though some are 
woody shrubs. They are of considerable interest because 
they are abundant in most temperate areas, often forming 
a characteristic element of the floras. They also include 
many species of great ornamental value, which are grown 
in gardens in many parts of the world. Several species 
belonging to the order are common and noxious weeds, 
particularly in Europe and North America; indeed, many 
species contain compounds (mainly alkaloids) that are poi- 
sonous to man or to livestock. Some of these compounds 
are also important in folk medicine. In evolutionary terms 
the group is of especial importance, as it is considered 
by many botanists to be an early offshoot from the Mag­
noliales (see above)—the order generally considered to be 
the most primitive among the flowering plants.

GENERAL FEATURES
Both vegetatively and florally the Ranunculales order is 
highly variable. There are, nevertheless, a number of fea­
tures held in common by most members of the group. 
Among these are the herbaceous or softly woody habit 
and the usually alternately arranged leaves that lack the 
small leaflike appendages, called stipules, at the bases of 
their leaf stalks. In the flowers, the segments of the peri­
anth (sepals and petals) are usually spirally arranged, and 
the stamens are usually numerous and they, too, are often 
spirally arranged. There are usually several free carpels 
(female flower structures) that are spirally arranged or 
sometimes whorled, but they are rarely united or reduced 
in number to one in this order. Alkaloid Chemical sub­
stances are generally present.

D istribution and abundance. The Ranunculales order is 
a cosmopolitan group and is found everywhere; its species 
are, however, more common in temperate and subtropical 
regions than in the tropics. Only 1 of the 10 families of 
the order (Menispermaceae) is mainly tropical. Members 
of the order occupy a wide range of habitats, including

Some vegetative and floral diversity in the buttercup order.
From (Ranunculus sceleratus, Aconitum napellus) Baillon, Eichler, Firbas, Rassner, Troll, 
Warming and (Podophyllum peltatum) Eichler, A. Gray, Hegi, Maout et Decaisne, Schumann, 
Warburg, Warming, Wettstein in A. Engler, Syllabus der Pflanzenfamilien II (1964), Gebrüder 
Borntraeger, Berlin; (others) G.H.M. Lawrence, Taxonomy of Vascular Plants (1969), The 
Macmillan Company

fresh water, and the species are often very abundant. The 
barberry genus, Berberis, for example, is widespread in 
temperate South America and also in the Himalayas; the 
buttercup genus, Ranunculus, is common in Europe and 
North America, and the monkshood genus, Aconitum, is 
abundant in the Himalayas and East Asia.

Importance. The importance of the group is related to 
its botanical and economic interest. When considered as 
an early offshoot from the most primitive flowering-plant 
stock, the group is of considerable evolutionary interest.
Related to this is the fact that the group exhibits a series 
of structural features that can be construed as showing 
the origin of flower petals from sterile stamens. Many of 
the intermediate stages are present in existing species, and 
almost the whole series is shown by the largest family 
(Ranunculaceae), with various segments of the series being 
shown by the other families.
The simplest stage in this series is shown by genera such Interpreta­

as Anemone and Pulsatilla, in which the perianth consists tion of the 
of a single series (i.e., sepals, or, as they are sometimes possible 
called, tepals); these are usually coloured and serve to origin of 
attract insects. The stamens (male reproductive structures) flower 
are numerous, and all are fertile. Many species of Clematis petals 
are similar, but others have the outer stamens sterile and 
somewhat broader than the fertile inner ones. In the genus 
Trollius the outer stamens are more or less flattened and 
are sterile, the anther-bearing portion being represented by 
a nectar-secreting pit on the inner surface, near the base.
These organs are coloured and very petallike, though the 
main insect-attracting function is still carried out by the 
larger and brightly coloured sepals. In the genus Ranun­
culus the process is carried further, the sepals being small 
and usually greenish, whereas the nectar-secreting organs 
are larger and coloured and take on the main insect- 
attracting function. Like those of Trollius, these organs 
each bear a nectar-secreting pit on the inner surface, near 
the base, often covered by a fold or flap of tissue. These 
organs, which are clearly homologous with sterilized sta­
mens, occur in a close spiral between the sepals and the 
fertile stamens. They are generally few in number (usu­
ally five), altemate in position with the sepals, and are 
conventionally referred to as petals by most taxonomists, 
although the Berlin school prefers to call them “honey 
leaves” (Honigblätter).

In columbines of the genus Aquilegia the petals are more 
or less tubulär structures, with an expanded and flattened 
forward portion and backwardly projecting spurs, at the 
base of which nectar is secreted. The petals are only slightly
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larger than the sepals, and both series are coloured and 
serve to attract insects. In Helleborus, Nigella, and related 
genera, the petals are again tubulär but much smaller than 
the usually coloured sepals. They are often of very elabo- 
rate construction and serve only to secrete nectar. In those 
genera with highly zygomorphic (irregulär or bilaterally 
symmetrical) flowers (Aconitum, Consolida, Delphinium), 
the petals are much-modified nectar-secreting structures, 
often enclosed in and hidden by the large coloured sepals.
Thus, there is a series of elaboration of nectar-producing 

structures and petallike structures. It must be emphasized, 
however, that this series cannot be directly interpreted as 
showing an evolutionary lineage. What it does show, how­
ever, is various stages of a process of stamen sterilization 
and nectary and petal formation that may have taken 
place in the earliest angiosperms or pro-angiosperms.

NATURAL HISTORY
Life cycle. The life cycle of the Ranunculales order 

presents no great differences from that of other flowering 
plants. The group includes short-lived annuals (e.g., many 
species of buttercups), perennial herbs of longer or shorter 
duration, suffrutescent perennials (i.e., those with a woody 
base that lives from year to year but with branches that die 
back each year), and woody shrubs and climbers that may 
persist for long periods. Reproduction is mainly by seed, 
though various forms of vegetative reproduction do occur 
(e.g., rhizomes and stolons occur in many species, and 
bulbils are found in some forms of Ranunculus ficaria). 
Formation of embryos without fertilization occurs, but it 
is apparently rare in the group.
Ecology. A very wide range of habitats is occupied by 

the Ranunculales order, including fresh water (both still 
and flowing), waste ground, field margins, grassland, pas- 
ture, forest, moorland, bogs and marshes, mountain pas- 
tures, and mountain slopes. The Menispermaceae family 
consists of mostly climbers and lianas in tropical forests, 
whereas the rest of the families in the order tend to avoid 
tropical areas or to grow only on high mountains (where 
there is a more temperate climate) within the tropic zone. 
In general, it may be said that most species of the Ranun­
culales order are either adapted to average moist habitats 
or to very wet ones, including even aquatic situations; true 
dry-habitat species are rare, and desert is essentially the 
only major plant habitat in which the Ranunculales order 
is not strongly represented.

The aquatic species of the genus Ranunculus (Ranun­
culus, subgenus Batrachium) are an extremely variable 
group, difficult to classify, and some of them show the 
interesting phenomenon of heterophylly—the ability to 
produce leaves of different shapes depending, in this case, 
on the depth of the water in which they grow.

In Ranunculus aquatilis the plants may bear leaves of 
three different shapes, depending on the water levels; the 
submerged leaves are repeatedly divided on a pattern of 
thirds into threadlike segments; the leaves borne at the 
surface of the water are simple and palmately lobed, with 
more or less oblong, toothed segments; and the aerial 
leaves are divided two or three times by thirds into wedge- 
shaped segments. Thus, the precise type of leaves that 
is produced depends on the water levels: at times when 
the water is high, plants will mainly have leaves of the 
submerged type; when the water is low, most of the leaves 
will be of the aerial type. This Variation causes difficulty 
in the Classification of the aquatic buttercups.

Pollination. The Ranunculales order shows a very wide 
Variation in methods of pollination, a Variation that is 
reflected in the wide range of floral types found within 
the group. The mainly temperate families Ranunculaceae 
and Berberidaceae are the best known in this respect; the 
range of pollination types in the Ranunculaceae includes 
almost all of the types in the rest of the order.
In the Ranunculaceae family, as in the Ranunculales 

order as a whole, insect pollination is the general rule. It 
seems possible, however, that at least one or two species 
of Thalictrum may be wind pollinated, if not as a general 
and regulär occurrence, then at least sometimes. Self-polli­
nation may be the rule in many of the short-lived annual 
species in the family.

The insect-pollinated types may be divided into two 
broad classes—pollen flowers and nectar flowers, depend­
ing on what the visiting insect obtains from its visits to the 
flowers. In the first category are such genera as Anemone, 
Pulsatilla, and Clematis, in which no nectar is produced 
but from which the insects collect pollen. In the second 
category are such genera as Aquilegia (columbines), Ra­
nunculus (buttercups), Helleborus, and Delphinium (lark- 
spurs), which have well-developed nectaries.

In most cases insects are attracted to the flowers by the 
coloured perianths. The coloured parts may be sepals, as 
in Anemone and Clematis; petals (honey leaves), as in 
Ranunculus; a combination of the two, as in Aquilegia; 
or the very complex arrangements of sepals and petals 
containing nectaries in the strongly zygomorphic flowers 
of Aconitum (monkshood), Delphinium, and Consolida. 
In some species of Thalictrum (meadow rue)—e.g., T. 
kiusianum—the filaments of the stamens are swollen and 
coloured and appear to act as insect attractors.

In all these types the flowers may be obligate outcrossers 
either because the female ovaries mature before the male 
anthers of the same flower (protogyny) or because of 
the reverse Situation, in which the anthers mature first 
(protandry), though these characteristics are usually only 
weakly developed. Both the male stamens and the female 
carpels are spirally arranged, and they mature from the 
margin toward the centre of the flower, so that both sets 
of organs may contain mature members at the same time. 
The stamens and stigmas (pollen-receiving surfaces of the 
female flower structure) are usually situated in such posi­
tions that a visiting insect has to touch them in order to 
obtain pollen or nectar, thus effecting pollination.

In the Berberidaceae family (at least in the two shrubby 
genera Berberis and Mahonia) a different mechanism is 
employed, involving sensitive stamens. Nectar is secreted 
in pits on the inner petals, and insects are attracted by 
the brightly coloured sepals and petals, which, in sunny 
conditions, are widely spreading. Each of the six inner 
petals has two nectary pits near the base. The stamens are 
opposite these petals, and, in sunny conditions, lie along 
them, the base of the filament thus lying above the line 
of junction of the two nectary pits. An insect visiting the 
flower to obtain nectar will necessarily touch the base of 
the filament. This area is sensitive to touch, and the stim­
ulus causes the filament to spring rapidly into an erect 
position, thus depositing pollen on the body of the insect. 
The pollen may then be transferred to another flower by 
the insect, thus effecting cross-pollination.

Relatively little is known of the pollination mechanisms 
in the other families of the order, but certain structural 
modifications suggest that highly adapted mechanisms 
may be in Operation. In the genus Cissampelos and other 
related members of the Menispermaceae family, for in- 
stance, the anthers of the six stamens are united into a 
ring. Cross-pollination is made more certain in this family 
by the occurrence of separate male and female flowers.

Seed dispersal. Seeds are dispersed in various ways in 
the Ranunculales order, depending on the nature of the 
fruit. In those genera with fleshy fruits (e.g., the genus 
Actaea, and many members of the family Berberidaceae) 
the seeds are mainly animal-dispersed, whereas in the 
majority of the order, in which dry fruits prevail, seeds 
are dispersed by more passive mechanisms. The seeds of 
many species of Ranunculus have a hard beak, formed by 
the persistent style, and often, also, a spiny or warty sur­
face; these are dispersed by adhering to the fur of animals. 
The seeds of genera with single-seeded fruits show adap­
tation to wind dispersal—those of the genus Thalictrum 
often being winged and flattened, and those of Pulsatilla 
and Clematis bearing a long, plumose appendage. Genera 
with many-seeded podlike fruits usually have a spilling 
mechanism, by which the seeds are gradually shaken out 
of the open pods when these are agitated by the wind. 
In Helleborus foetidus and perhaps some others species 
of Helleborus, the pods, when ripe, are pendent, hanging 
near the ground surface. All the seeds from each pod are 
attached to a persistent, fleshy part of the placenta, which 
becomes detached upon ripening, causing the seeds to fall 
out, though still attached to the ribbon of placenta; this
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fleshy tissue is attractive to ants; the ants drag about the 
strips of seeds, ensuring dispersal.

EVOLUTION
Very few fossil Ranunculales are known, and only a few 
forms from the Tertiary (about 50,000,000 years ago) have 
been certainly identified as belonging to the group. These 
reveal little of the evolution of the order but do indicate 
that the Menispermaceae family was formerly much more 
widespread than today, various leaf impressions having 
been found in Europe, North America, and Greenland.

Most phylogenists believe that the Ranunculales order 
is an early offshoot from a broadly conceived Magno­
liales stock. Some authorities stress the close relationship 
between the Illiciales order and the Lardizabalaceae, Sar- 
gentodoxaceae, and Menispermaceae group of families of 
the Ranunculales order, and they also point out the close 
structural relationships between the Berberidaceae, Nan- 
dinaceae, Podophyllaceae, Ranunculaceae, and Menisper­
maceae families, suggesting a common origin for all of 
them from a possible ancestor of form similar to the order 
Illiciales. Other workers, however, believe that the Ra­
nunculaceae family within the Ranunculales order could 
be ancestral to all the other families of the order and 
that all of the features in which the other families of 
the order differ from the Ranunculaceae family appear 
to represent evolutionary derivations from that family. It 
is to be doubted, however, whether many phylogenists 
would accept this latter view, because the Ranunculaceae 
family itself includes a wide range of types, some generally 
considered to be primitive, others showing characteristics 
usually considered to be advanced. In the present state of 
knowledge, the evolutionary pathways and relationships 
within the order remain obscure.

CLASSIFICATION ÄND TAXONOMIC STATUS
Distinguishing features. The Ranunculales order is dis­

tinguished from its allies by a combination of features, 
among which the most important is perhaps the widespread 
occurrence of nectar-producing petals. It differs from the 
Magnoliales and Illiciales orders by the herbaceous or 
softly woody habit, the absence of aromatic compounds, 
the usual absence of stipules, and various floral charac­
ters. It differs from the Nymphaeales and Nelumbonales 
orders by its predominantly terrestrial habit, leaf type, and 
various floral characters; and from the more advanced 
Papaverales order by the absence of a latex-conducting 
vessel system, the free carpels, and other floral characters. 
It differs from the Paeoniales order, which was included 
in the Ranunculales order in many older taxonomie Sys­
tems, by the presence of nectar-producing petals, and by 
the sequence of stamen maturation.

A lte m a te  S y stem s o f  C lassifica tion . The contents of this 
order are not generally agreed upon among taxonomists, 
and various alternative classifications have been proposed. 
Specifically, there is no general agreement as to precisely 
what groups should be included in the Ranunculales or­
der and how the groups should be related to each other; 
and there is little agreement as to which groups of genera 
should be recognized at family level.

The following points of agreement should be noted, 
however. The core of the order consists of the fami­
lies Lardizabalaceae, Sargentodoxaceae, Menispermaceae, 
Ranunculaceae, Glaucidiaceae, Hydrastidaceae, Circaeas- 
traceae, Podophyllaceae, Nandinaceae, and Berberidaceae; 
that is, those families comprising the order as presented 
here. The other groups in the order in other classifi­
cations—viz., the families Paeoniaceae, Ceratophyllaceae, 
Cabombaceae, Nymphaeaceae, Corynocarpaceae, Coriari- 
aceae, and Sabiaceae—are more often placed in other 
orders, although the exact relationships of many of them 
are still controversial.

Within the order as presented here, however, there is 
great vaiiability, and it may be doubted whether or not 
it should be maintained as a whole. The division of it 
into two orders, Ranales and Berberidales, has been pro­
posed, but this has not been widely accepted, and it may 
be an improvement to recognize its division into even 
three groups.

Regarding the placement of the Ranunculales among 
other orders, the close relationship of Magnoliales, Illi­
ciales, and Ranunculales is generally agreed upon among 
phylogenists, as is a close relationship of the Ranunculales 
order with the Nymphaeales and Nelumbonales orders. 
A relationship with the primitive members of the flower­
ing plant class Liliopsida (monocotyledons) is postulated 
by some authors, whereas others suggest that the sim- 
ilarities between Ranunculales and Nymphaeales orders 
of the dicots and the Alismales order of the monocots 
are the result of convergent evolution. A fairly close 
relationship between members of the Ranunculales or­
der (particularly among the Berberidaceae, Glaucidiaceae, 
and Podophyllaceae families) and the Papaverales order 
is widely accepted; this is based mainly on structural 
features, strengthened, however, by the occurrence of the 
same, or closely related, alkaloids in both groups. A close 
relationship between the Ranunculales and the Paeoniales 
orders is not now generally accepted. (J.Cul.)

Papaverales (poppy order)

Papaverales, an order of flowering plants in the class Lil­
iopsida, consists of three families: Papaveraceae, Fumari- 
aceae, and Hypecoaceae. The order as a whole contains 
45 genera and about 640 species.

GENERAL FEATURES
Economic importance. Most plants making up the or­

der Papaverales are herbaceous (nonwoody), though there 
are some shrub and small tree species and a few with a 
climbing growth habit. The order occurs primarily in the 
temperate regions of the world, extending only sparingly 
into the tropics. Many different species are utilized as 
showy garden plants, and the genus Papaver (poppy) is the 
source of edible poppy seed, poppy-seed oil, and opium. 
The latter is a narcotic long derived from the dried juice 
that exudes from the cut, unripe capsules of the opium 
poppy (Papaver somniferum). A number of substances, in­
cluding morphine, codeine, heroin, and other derivatives 
of opium, are in wide medical use for the relief of pain, 
and many are involved in drug addiction problems.
The family Papaveraceae is one of the important drug- 

producing families of the plant kingdom, and alkaloids are 
abundant in many species of the order. Some alkaloids, 
such as protopine, are widespread within the group but 
are little known outside of it. Morphine is found only in 
the opium poppy.

Distribution and abundance. Plants of the order Pa­
paverales do not occupy as many different types of habitat 
as do many orders of angiosperms, but at the same time 
they are not restricted to a narrow range of ecological 
situations. Although there are genera with a marked pref­
erence for woodlands and forests, and some groups can 
be found occupying nearly every kind of terrestrial habi­
tat, the most favoured sites are open and well drained. 
Habitats range from Arctic and Alpine settings to deserts, 
moist woods, and stream banks. There are, however, no 
strictly aquatic members. A number of species are found in 
deserts, semideserts, and arid areas. The California poppy 
(Eschscholzia), for example, is very abundant in open val- 
ley and desert lands of southwestem North America.

Many Papaverales species are weeds and are found in 
fields and waste places. The great abundance of poppies 
in the grainfields of Europe and elsewhere is well known; 
the weedy tendencies of the prickly poppies (Argemone) 
in the arid areas of the southwestem United States and 
in Mexico are no less marked. These plants occupy culti­
vated areas and spread deeply into overgrazed rangelands 
as well. Celandine, or swallow wort (Chelidonium majus), 
usually occurring in damp or shady places along roadsides, 
rock walls, and in wastelands, is a ubiquitous weed in 
Europe, Asia, and eastem North America.
Genera of both the Papaveraceae and Fumariaceae fami­

lies display the disjunct eastem Asia-eastem North Amer­
ica distribution pattem that was used as a geographical 
test of evolutionary theory by Charles Darwin and by Asa 
Gray. The genus Stylophorum of the Papaveraceae fam­
ily, for example, has species found only in eastem North
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America and eastern Asia, and the single species of Adlu- 
mia of the Fumariaceae is found in Korea and the eastern 
United States, with a tremendous gap between.

FORM AND FUNCTION
There is a natural and practical, although not absolute, 
division of the order Papaverales into those plants in 
which the sap is watery and those in which it is milky or 
coloured. In plants belonging to the families Fumariaceae 
and Hypecoaceae the sap is watery and acrid, and there is 
an abbreviated calyx (green leaflike sepals of the flower). 
These two characteristics serve to distinguish the two fam­
ilies from the Papaveraceae, in the majority of species of 
which the sap is milky or coloured and the calyx is well 
developed, fully enclosing the bud until the flower opens.

Taproots, rhizomes (rootlike stem structures), bulblets, 
and tubers make up the range of underground structures 
found in the order Papaverales. The sterns are mostly 
herbaceous but may be woody and are erect or sometimes 
climbing. Although some leaves are entire (i.e., smooth 
edged), they are mostly divided into pinnately (i.e., the 
veins originate along a midrib, as in a feather) or pal- 
mately (i.e., the veins radiate from a common point where 
the leafstalk attachés) arranged lobes or are more highly 
dissected. A common pattern is a group of petioled leaves 
arranged in a rosette at the stem base, without stem leaves 
or with stem leaves reduced from base to apex. The fern- 
shaped leaves of Pteridophyllum are unusual.
The inflorescences (arrangements of flowers) are diverse 

in form, ranging from a single scapose (stemmed) flower 
to a cymose or racemose (i.e., clustered along a central 
axis on short lateral stalks, the cymose type maturing from 
the terminal blossoms downward, the racemose type ma­
turing from the base upward) inflorescence in a terminal 
or lateral position. The flowers are of a hypogynous type 
or, rarely, perigynous (i.e., the sepals and petals arise from 
a cuplike structure partially enclosing the ovary) and are 
fully bisexual. They are radially or bilaterally symmetrical 
and are complete (i.e., they have all four basic flower 
parts: sepals, petals, stamens, and pistil), even though thé 
two sepals present in the family Fumariaceae are much 
reduced and often drop early in development. In the fam­
ily Papaveraceae the two to three sepals tightly enclose 
the buds until the flower opens, when they are shed. The 
sepals are usually free except in the genus Eschscholzia. 
The petals are similar to each other, in two whorls, and 
their number is twice as many as the sepals. In the family 
Fumariaceae the petals differ from each other, the four 
petals forming two pairs, the outer pair being somewhat 
saccate, or spurred, at the base.
The androecium (male complement) is made up of six 

stamens in two groups in the Fumariaceae family, but 
Male there are many stamens arranged in concentric whorls in
flower the various species of Papaveraceae. Pteridophyllum is a
parts special case with free petals and four stamens. Stamen de­

velopment takes place centripetally (i.e., from the flower 
margin toward the centre), which contrasts with the cen- 
trifugally developed stamens of the order Capparales, an 
order once held to be closely related to the Papaverales.
The styles (the upper part of the pistil), if present, may 

be either deciduous or persistent and sometimes become 
beaklike on the ultimate fruit. In many genera the style 
is virtually absent, and the stigmatic areas (pollen-receiv- 
ing regions) are located directly upon the ovary. There is 
an unusually wide range of stigma types among various 
groups of the order Papaverales. The entire, or bilobed, 
type is common, but greatly expanded, recurved, crested 
or lance-shaped stigmas are present in Glaucium, among 
other genera, and elaborate stigmatic ridges and crests oc­
cur in a number of genera including Cathcartia, Meconop- 
sis, Argemone, and Papaver. The basic gynoecial (female) 
structure is constructed of two or more fused carpels. In 
the family Fumariaceae, there are consistently two carpels, 
and the ultimate fruit produced is unilocular (i.e., has only 
one chamber). On the other hand, the gynoecium of the 
family Papaveraceae, while having two or more carpels 
and usually being unilocular, in some taxa becomes mul- 
tilocular in fruit. The fruit is two- to many-valved (i.e., it 
has openings through which seeds are released).

Seeds of the order are most commonly kidney-shaped, 
obovoid, or spherical and are frequently pitted. In a num­
ber of genera, crestlike arils are present on the seed, but 
true seed wings are absent. The seeds are plump to some­
what flattened and contain an endosperm (nutriënt tissue 
for the developing embryo) that is usually oily, in addition 
to the small, straight to somewhat curved embryo.

Plants of the order Papaverales are widely recognized 
for their medicinal and poisonous properties, and more 
than 200 alkaloids are known in the order. Most of these 
are found elsewhere among the higher plants, sometimes 
commonly so, but in some instances only in one or a few 
families. At least eight alkaloids are distinctive and are 
known only from this order of plants.

The widely known poppy flower is the most common 
flower type within the order. Even dwarf Arctic poppies 
and the giant matillia poppy, which is woody at the base 
and otherwise quite different from the common poppy, 
are quickly identified as poppies by the average person. 
At a divergent extreme are the flowers of bleeding heart 
(Dicentra spectabilis) and Dutchman’s-breeches (D. cu- 
cullaria), which are laterally compressed and appear to be 
irregulär in shape. Flowers of all members of the order are 
perfect (i.e., have both pistil and stamens, the female and 
male flower parts) and hypogynous (the sepals, petals, and 
stamens attach at the base of the ovary) and have a com­
pound ovary with parietal placentation (i.e., the ovules 
attach to the ovary wall). An exception to the compound 
ovary is found in the genus Platystemon, in which 6 to 
25 carpels are weakly united when young, but become 
free in fruit.

NATURAL HISTORY
Although the breeding system of many species has not 
been investigated, some species of Fumaria and Corydalis

Drawing by M. Pahl

Some vegetative, floral, and fruiting structures representing 
two of the families of the poppy order.
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are known to produce cleistogamous (closed when mature) 
flowers and to produce fruit without fully opening. Self- 
pollination is known to occur in the order, but the preva- 
lent mode as a whole is cross-pollination, and insects are 
the primary carriers of pollen between plants. The open, 
many-stamened flowers of the poppy type are inviting to 
many kinds of bees and similar insects; the more closed 
and spurred flowers of many Fumariaceae species provide 
for a narrower range of insect visitors. No flower type is 
known to be so insect-specific that only a single species 
is its pollinator. Even though some flowers are somewhat 
tubulär because of the weak fusion of their petals and are 
more or less closed by the overlap and fusion of the inner 
petals, they are dependent on insects for the transfer of 
pollen from plant to plant to ensure a seed set. Frustrated 
short-tongued bees sometimes bite through the base of the 
corolla (flower petals) and gain direct access to the source 
of nectar without pollinating the flowers, however.

There are usually several to many seeds in each fruit, 
but some genera have single-seeded fruits, and in a few 
groups the fruits break into single-seeded joints. The seeds 
are shed from the fruits by the opening of valves, through 
pores, or by the breaking of the fruit into one-seeded 
joints. In a few species the valves open explosively, throw- 
ing the seeds some distance from the plant. In some, the 
fruits are one-seeded and indehiscent (do not open along 
definite seams). Seed dispersal is mostly unspecialized, and 
seeds are spread around by water, by moving soil, or by 
the movements of the mature plant after it is uprooted 
or broken off. Ant dissemination of the arillate seeds is 
common in certain members of the group.

Evidently, most plants of the order are little eaten by an­
imals, and none is known to havé edible vegetative parts. 
The juices are either acrid and bitter or milky and often 
narcotic, which apparently is the basis for avoidance of 
the plants by both animals and man. Poppy seeds, how­
ever, are sprinkled on pastries and other foods, made into 
pastry filling, or ground for flour. The narcotic principle 
is not present in the seeds of even the opium poppy.

EVOLUTION
Recorded fossils placed definitely in the order Papaverales 
are few and contribute little of significance to an under­
standing of the probable origin of the group. Based on 
evidence from present-day species, it is now agreed by 
the most recent authorities that the order is more nearly 
related to the order Ranunculales than to Capparales, as 
had been thought by earlier investigators. Within the Pa­
paverales, the family Papaveraceae has more archaic fea­
tures than the family Fumariaceae, and the Hypecoaceae 
family has been suggested as forming a connecting link 
between them.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The family Hypecoaceae, with 

but one genus, Hypecoum, is distinguished by free petals 
and four free stamens, except that these features are also 
shared by the controversial monotypic (one species) genus 
Pteridophyllum. The latter has been the basis for the family 
Pteridophyllaceae, but it is sometimes placed in the family 
Papaveraceae and at other times in the Fumariaceae. The 
genera Hypecoum and Pteridophyllum are distinctive, and 
a recent treatment gives subfamily rank to each in the 
family Fumariaceae.

The families Papaveraceae and Fumariaceae differ sub- 
stantially in many characters, but the surest distinguishing 
features are the many regularly inserted stamens, large 
bud-enclosing sepals, and regulär flowers of the Papaver­
aceae, as contrasted with the six stamens in two groups, 
small, scalelike sepals, the bilaterally symmetrical to irreg­
ulär flowers of the Fumariaceae. Although some authori­
ties recognize the Hypecoaceae as a family distinct from 
Fumariaceae and only questioningly include Pteridophyl­
lum in Papaveraceae, others give subfamily rank to both 
Hypecoum and Pteridophyllum in the family Fumariaceae. 
Another possibility sometimes suggested is to place both 
of these genera in the family Hypecoaceae.
Alkaloid distribution supports the association of the fam­

ilies Papaveraceae and Fumariaceae together in the same

order. Protopine, for example, is found in all members of 
both families so far investigated but is almost unknown 
elsewhere, having been reported from only one species, 
Nandina domestica, of the family Nandinaceae (order 
Ranunculales). The subordinate taxa (subfamilies, genera, 
species, etc.) of Papaveraceae mostly have their own com- 
bination of alkaloids, and different combinations appear 
to characterize different sections of the family. On the 
other hand, members of the family Fumariaceae possess 
a combination of isoquinoline derivatives different from 
anything found in Papaveraceae.
Taxonomie problems. Many of the Asiatic species of the 

Papaverales order have been little studied from modem 
points of view, and this is one of taxonomie needs in the 
group. Further research on Hypecoum and Pteridophyl­
lum would help to better place these genera with respect 
to each other and with respect to the principal families 
Papaveraceae and Fumariaceae.
The great divergence of taxonomie treatments of certain 

genera is baffling and calls for a sound evaluation. For 
example, the recognition by one authority of 123 species 
of Eschscholzia (California poppy), mostly from Califor­
nia, is not compatible with the treatment by another, in 
which only eight species are given for the state. A third 
has recently suggested that Eschscholzia consists of about 
14 species. A similar disparity of treatments exists for the 
genus Platystemon. (R.C.R.)

Sarraceniales (pitcher-plant order)

The Sarraceniales, or pitcher-plant order, consists of the 
single family Sarraceniaceae, a small group of low peren­
nial herbs of bogs and wet savannas with pitcherlike leaves 
specialized for trapping insects and other tiny animals. 
The Sarraceniaceae is confined to the New World, where 
it ranges from the tropics to the southem rim of the 
Arctic; but it has a counterpart in the Old World pitcher- 
plant family, Nepenthaceae (see Nepenthales). The ap- 
proximately 15 species, despite their relative homogeneity, 
constitute three distinct genera, which are endemic (na­
tive) to three widely separated regions.

Sarracenia, the largest genus (eight or nine species), oc­
curs in the Atlantic Coastal regions of North America. 
The South American pitcher plants, genus Heliamphora, 
number four to six species and are known only from 
isolated mountains of the Guiana Highlands of northern 
South America. The genus Darlingtonia includes only D. 
californica. This distinctive pitcher plant is endemic to 
Pacific North America, where it is highly localized in 
montane (mountain) meadows in northern California and 
adjacent Oregon.

GENERAL FEATURES
The pitcher plants are totally unlike any other plants in the 
Western Hemisphere. As a group, they take their common 
name from their hollow tubular leaves, which are shaped 
like ums, trumpets, or small pitchers. Some species have 
hooded pitchers. In Darlingtonia californica, for example, 
the overarching hood gives to the tail, upright, tubular leaf 
the appearance of a cobra raised in striking position, hence 
its local name, cobra lily, or cobra plant. The curious 
landing ramp protruding from the mouth even suggests a 
snake’s tongue.

The hollow leaves of pitcher plants are carefully con- 
structed pitfalls that entrap insects or other tiny prey lured 
to the mouth of the leaf by glistening surfaces or unusual 
light-transmitting patches. Downward-pointing (retrorse) 
hairs in the throat of the pitcher and other devices prevent 
escape, and the exhausted prey fall into the digestive liquor 
at the bottom. The liquor is a mixture of digestive en- 
zymes (biological catalysts) and other secretions involved 
in digestion, rainwater (in hoodless species), and decom- 
posing bacteria. In all species the trapping mechanism is 
of this passive, pitfall type.
Distribution and abundance. Excepting Sarracenia pur- 

purea, species of the genus Sarracenia are confined to the 
southeastern part of the United States, where they occur 
mainly on the Coastal Plain and adjacent Piedmont from 
southem Virginia to eastem Texas. The green pitcher

Entrap- 
ment of 
insects



Angiosperms 625

Representative plants from each of the three genera in the 
family Sarraceniaceae.
Drawing by M. Pahl based on (Darlingtonia californica section of fruit, androecium and 
gynoecium; Sarracenia purpurea section of flower; Heliamphora nutans seed, section of fruit, 
entire leaf) Wunschmann, Warburg, and Hegi in A. Engler, Syllabus der Pflanzenfamilien vol. II 
(1964); Gebrüder Borntraeger

plant, S . oreophila, the only species whose geographic 
distribution is completely isolated from the other species, 
occurs in the Appalachian Mountains of northeastern Al­
abama and extreme west central Georgia. The greatest 
concentration of species, populations, and individuals is 
in the region from Southern Georgia and northern Florida 
to the Southern half of Alabama.

Sarracenia purpurea is the most widespread species, rang­
ing from the sub-Arctic to the subtropics, from Labrador 
to Great Bear Lake, near the Arctic Circle in northwest 
Canada, southeastward over central and eastern North 
America to Georgia, Florida, Alabama, Mississippi, and 
possibly Louisiana on the Coastal Plain. The yellow 
pitcher plant, S. flava, probably the most common species 
of the genus in terms of numbers of individuals, ranges 
from southem Virginia to northern Florida and South­
ern Alabama on the Coastal Plain and Piedmont. The 
hooded pitcher plant, S. minor, is relatively common on 
the Coastal Plain from South Carolina to Southern Florida 
(east coast). The other species of Sarracenia all have very 
restricted distributions.
Darlingtonia occurs from the central Oregon coast 

through the Southwest Oregon mountains southward to 
Nevada County in the Sierra Nevada Range of northern 
California. It is abundant in the Mt. Shasta region, where 
it may be found in at least 30 to 40 localities within a 
15- to 20-mile (25- to 30-kilometre) radius. Thus, despite 
its localized distribution, the California pitcher plant is by 
no means rare. Distribution of South American pitcher 
plants is still poorly known, but they exist in Guyana 
and Venezuela.
Economic importance. The pitcher-plant order is of mi­

nor economic importance, even though species of Sar­
racenia have been cultivated as curiosities for many years. 
The species most commonly cultivated are Sarracenia 
flava, S. purpurea, and S. rubra. The common pitcher 
plant was introduced into culture in England at least as 
early as 1640. Since their discovery, both Darlingtonia 
and Heliamphora have been grown in cultivation but 
on a much more limited basis; the latter is grown only

rarely, however, because of the inaccessibility of its native 
habitats. Darlingtonia is extremely difficult to grow and 
seldom survives long under artificial conditions, although 
it has done well when transplanted to New England bogs.

It is not unusual that such bizarre plants as the sarracenias 
would draw the attention of the American Indians and 
early explorers and settlers in North America as possible 
sources of medicines and drugs. Indians in Newfoundland Medicinal 
used the root to treat smallpox, and the treatment enjoyed properties 
a short-lived popularity in England, beginning about 1865.
Neither the root nor any other part of the plant has ever 
been proved to have real medicinal value.

Common names and lore. Pitcher plants have received 
many fanciful vernacular names through the years, some 
of which allude to a specific feature of the plant. The 
first English settlers in North America called the common 
pitcher plant (S. purpurea) the sidesaddle flower, appar­
ently in reference to the peculiar umbrella-like expansion 
of the style (a portion of the female structure). This 
wide-ranging species has been called by a host of other 
interesting names: huntsman’s-cup, Adarn’s cup, whip- 
poorwill’s-boots, devil’s boots, flytrap, northern pitcher 
plant, forefather’s-cup; and, in Quebec, petits cochons 
and herbe-crapaud. Some of the common names given to 
other species are huntsman’s-horn, flycatchers, trumpets, 
trumpet-leaf, biscuit flower, fiddler’s trumpet, white-top 
pitcher plant, sweet pitcher plant, parrot pitcher plant, 
and calf’s head.

Fantastic claims have often been made about pitcher 
plants—for example, that they will catch all the flies in 
a house—and the layman may find it difficult to sepa­
rate fact from fiction. Carnivorous plants have excited the 
imagination of many populär writers; most stories involv- 
ing so-called man-eating plants seem to be inspired by 
a vague knowledge of the tiny, harmless Venus’s-flytrap 
(Dionaea; see Nepenthales) or of some other carnivorous 
species with an active trapping mechanism. There is no 
scientific fact to substantiate such stories.

NATURAL HISTORY
Life cycle. The pitcher plants are herbaceous perennials 

(i.e., nonwoody plants that live several years) with a round, 
horizontal, underground stem (rhizome or rootstock). An 
upright, above-ground stem is lacking, with the occasional 
exception of Heliamphora. The mature rhizome, which 
is 3 to 12 inches (8 to 30 centimetres) long and of a 
typical form for each species, grows for 10 to 15 years 
(Darlingtonia) or as many as 20 to 30 years (Sarracenia).
It forms new nodes (stem regions that give rise to leaves 
or other structures) at intervals. The nodes usually remain 
compacted and give rise to adventitious roots, rosettes of 
leaves, and flowering stalks. The interior of the rhizome is 
white from the abundant store of starch. During the life 
of the plant, the older end of the rhizome slowly decays; 
the middle part is covered with leaf scars and decaying 
roots; and the growing end (perhaps half of total length of 
rhizome) has functional roots and leaves, as well as older 
leaves in various stages of decay. A new set of roots forms 
and develops to maturity every season; the older roots 
continue to function as storage organs for six or seven 
years. During the years of rhizome growth, lateral under­
ground buds may occasionally form; the buds develop into 
separate plants by forming new roots and leaf rosettes, af­
ter which the parent rhizome decays. In Darlingtonia but 
rarely in Sarracenia, the internodes (stem regions between 
nodes) elongate slightly, spacing out the new plants that 
are formed. This gives rise to gradual vegetative spreading 
in pitcher-plant colonies, particularly of D. californica.
Thus, once established, pitcher-plant species slowly prop- 
agate themselves vegetatively.
Leaf forms. Two and sometimes three types of leaves 

are formed each year in Sarracenia. A crop of pitchered, 
insect-catching leaves is produced in the spring, and a sec- Seasonal 
ond crop, differing markedly in shape, may be produced Variation 
in the fall. Half or all of the autumn leaves, depending of leaves 
on the species, may be swordlike and tubeless (phyllodia); 
phyllodia overwinter in the green condition. They may 
also develop in the summer in cool, shady places. The 
pitchered leaves are evergreen in species in which they lie
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close to the ground (S . psittacina and S. purpurea) but tend 
to die back in the fall in the upright species (e.g., S. flava). 
In addition, all species produce small, scalelike leaves.

The pitchered leaves clearly seem to be adapted to func­
tion like flowers in attracting the insects they trap. The 
leaves are flowerlike in their striking colour pattems and 
shapes, which are distinctive for each species, and may be 
easily mistaken for true flowers. During May and June, 
the active period of the leaves, glands over the surfaces of 
the flowerlike leaves exude nectar drops containing fruit 
sugar, which permeates the air with a fruity or honey- 
like fragrance. By early June the entire outer surface of 
the pitcher below the mouth in some species may glisten 
with almost continuous secretion. Heavy feeding activity 
by ants, wasps, bees, butterflies, moths, and other insects 
indicates the great attraction of the nectar and its sweet 
scent.

Flowering and seed germination. The flowers of all 
pitcher-plant species are showy and have a more or less 
agreeable scent. Most of the sarracenias produce their 
flowering scapes (leafless stalks) in the spring before the 
new leaves appear, but the common pitcher plant flowers 
after new leaves have begun to mature. Only a minority of 
the plants in a given population seem to produce flowers 
in any one year. Flower buds form the previous year in 
August and September and remain concealed in the leaf 
bases until March or April. In the southem States the 
sarracenias begin to bloom in March or April, continuing 
for a month or two or throughout the summer until Au­
gust or September, depending on the species. Sarracenia 
purpurea, which has a wide latitudinal distribution, begins 
flowering during the first week of April in Florida but 
not until about the second week of August in Labrador. 
The petals of a sarracenia flower wither after two or three 
weeks; the rest of the flower remains green until the cap­
sule and seeds mature in four to five months.

The flowers, at first pendulous, may in some species 
become erect after pollination. The anthers (male repro­
ductive organs) begin to shed pollen copiously as soon as 
the flower opens, and in Sarracenia the inverted umbrella- 
like style (a portion of the female stmeture) catches the 
pollen and holds it where insect visitors can find it readi­
ly. The nectar-scented flowers attract ants, bees, pollen- 
eating beetles, and other insects but especially bees, which 
seem to be the primary pollinators and tend, in the course 
of their nectar-feeding activities, to carry the pollen of 
younger flowers to the Stigmas (female pollen-receiving 

’ollina- areas) of older flowers. Glands on the ovary, sepals, or 
ion accessory leaves (Heliamphora) secrete the nectar that at-

tracts insects, and the scent is more or less specific to each 
species. Cross pollination seems to be essential in Dar­
lingtonia and Sarracenia, both of which have protandrous 
flowers— i.e., flowers in which the pollen is ripe before the 
stigmas are receptive.

Heliamphora pollination is poorly known. The floral 
stmeture suggests that insects, which are attracted by 
the nectar secreted by the sepals and ovary walls, effect 
pollination.

Seeds are shed from July to September, and in the 
warmer southem States germination may take place in 
three to five weeks; a recognizable seedling may form 
before winter dormancy sets in. Germination may be de- 
layed until the following spring in the colder latitudes. The 
wide and sporadic distribution of some species suggests 
that migrating birds, by picking up seeds on their feet, 
may play a role in dispersing the seeds.
Hybridization and chromosome number. Species of Sar­

racenia have been known to hybridize freely, both in cul­
tivation and in nature. Perhaps the most common natural 
hybrid is the cross between Sarracenia purpurea and S. 
flava, two species with overlapping ranges.

The chromosomes, which carry the hereditary material, 
have been counted in all species of Sarracenia, and the 
number has been found to be the same (26) throughout 
the genus. It is not surprising, therefore, that the species 
hybridize freely. The reproductive barriers between species 
are weak. Geographie Separation and Separation of flow­
ering time seem to be the chief means by which the 
species are isolated. Bees, the most common pollinators,

visit different plants or species indiscriminately. Four to 
seven years are required for a Sarracenia hybrid to reach 
flowering stage.
The chromosome number of Darlingtonia is 30. There 

are no known reports of attempts to hybridize this genus 
with Sarracenia.

Carnivorous adaptations. Trapping mechanism. Insects 
are trapped in basically the same way by the various 
species of Sarracenia. They are attracted to the mouth of 
the pitcher by a trail of nectar-secreting glands on the leaf 
extending downward from the lip along the outside. The 
lip is provided with stiff, downward-pointing (retrorse) 
hairs; below the lip, in the steepest part of the throat, is 
a highly polished area without hairs, from which digestive 
enzymes are secreted. Insects attempting to gamer nectar 
around the lip almost invariably fall into the pitcher. Like 
a greased slide, the polished zone sends them tumbling 
into the liquor below, where they quickly become sub- 
mersed and drown. Escape is prevented by the retrorse 
hairs at the mouth, which are too dense for the insects 
to crawl between and too stiff and downward directed for 
them to climb over.

Several species of Sarracenia have specialized luring de­
vices that resemble those of the cobra lily, Darlingtonia.
The cobra lily has a landing ramp from which insects 
can enter the pitcher. Because of the domelike hood, 
insects must enter from the side. The presence of the 
hood darkens the pitcher; this would discourage insects 
from entering if numerous translucent “windows” that 
permit light to penetrate were not present. The Windows 
also serve to attract insects that have already entered the 
pitcher toward a point other than the true opening; they 
waste their energy trying to crawl through or fly against 
the translucent tissue, eventually tire, and drop into the 
liquid below. Retrorse hairs and a polished secretory zone 
are also present in this species.
The trapping mechanism of Heliamphora differs only in 

details from that of Sarracenia.
The quantity of debris—the undigested remains of the 

plant’s victims—in any mature pitcher, especially in the 
fall, when the pitcher of some species may be half full of 
remains, illustrates the effectiveness of the pitcher-plant 
leaf as an insect-trapping mechanism. Ants are especially 
common prey, but flies, wasps, Spiders, crickets, and other 
tiny animals often fall victim.

Digestive mechanism. Sarracenia species secrete diges- Contents 
tive enzymes that accumulate in the bottom of the pitcher, of pitcher 
where they become diluted with rainwater in species in fluid 
which the leaves are not entirely closed off at the mouth by 
a hood or lid (e.g., S. purpurea). The liquid in the pitchers 
usually includes bacteria, and digestion is accomplished by 
the combined action of enzymes and bacteria. The insect 
that falls into this digestive broth is attacked almost im- 
mediately, and odours of decay are often evident. The end 
products, including nitrogen compounds, are absorbed by 
the leaves; the indigestible outer skeletons of the insects 
accumulate at the bottom of the leaf until it dies.

In Darlingtonia and Heliamphora, enzymatic glands are 
lacking, and apparently only bacterial digestion occurs.

Evidence suggests that the carnivorous habit is not essen­
tial to the survival of the pitcher plants but that they grow 
better and probably flower more profusely when provided 
with an animal diet. In the long run, young plants bene­
fit more directly from an animal diet than mature ones, 
but camivory helps the latter to produce more leaves 
and flowers.
Animals that exploit pitcher plants. Some animals, 

apart from the pollinators, have evolved methods of elud- 
ing the trap and using the pitcher plant for food, for 
shelter, or as a host for part of their life cycle. Certain 
insects parasitize the plant tissue; others rob the pitchers 
by parasitizing insects trapped there. In fact, some of these 
insects have lost the ability to survive under any other 
conditions. Birds often slit the pitchers to get at the insects 
inside, and tree frogs—which sometimes take shelter by 
day in the mouth of the pitcher by clinging to the inside 
walls with the suction pads of their feet—probably eat 
some of the insects visiting the traps.

Several moth species lay eggs in the pitchers, in which
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the Caterpillars hatch and feed before they spin a cocoon 
and overwinter. The pitcher-plant moth (Exyra species) 
even passes its adult phase sitting inside the pitcher by 
day. Other moths parasitize the flowers and seed capsules 
and then spin a cocoon or tunnel into the stem to pupate; 
one moth larva is a root borer in sarracenias.

Larvae (maggots) of flies of the genus Sarcophaga live 
within the pitcher’s mouth; the larvae prey on flies cap- 
tured by the plant and then bore through the pitcher wall 
to pupate in the soil. These larvae apparently do not have 
any structural adaptation for this dangerous habitat, but 
they do secrete an anti-enzyme that protects them from the 
otherwise destructive digestive enzymes produced by the 
plant. Like the pitcher-plant moth, the flies are able to go 
in and out of the pitcher without falling victim to it. Wrig- 
glers (larvae and pupae) of the pitcher-plant mosquito, 
Wyeomyia smithii, thrive in the pitchers of Sarracenia 
purpurea and overwinter in them, emerging as adults in 
the spring. This northern species of mosquito, which be­
longs to an otherwise tropical group of mosquitoes, is 
rarely absent from a colony of the common pitcher plant, 
even at its northern limits of distribution in Canada.

Larvae of the minute gnat Metriocnemus edwardsi are 
found in the pitchers of Darlingtonia, where they hatch 
and feed in great numbers.

Ecology. The pitcher plants are hydrophytes—water 
plants—that commonly inhabit bogs, swamps, wet, sandy 
meadows, or savannas where the soils are water saturated, 
moderately to intensely acidic, and deficiënt in nitrates 
and phosphates. Some species can tolerate standing wa­
ter, and a few may even thrive underwater for a time 
(e.g., S. psittacina). The montane species, S. oreophila, 
occurs in sands and gravels on stream banks, and other 

Charac- pitcher plants may be able to tolerate moderately well- 
teristic drained acidic soils. On the Atlantic Coastal plain, the 
habitats of pitcher plants characteristically inhabit wet, sandy areas 
pitcher in the pinelands, often over extensive areas. Frequently, 
plants several species occur together, and there may also be

other carnivorous plants (e.g., sundews and flytraps—see 
Nepenthales). The most common plant associated with 
pitcher plants is Sphagnum or peat moss. In Alabama, 
in both the bogs of the uplands and the boggy marshes 
of the Coastal plain, sarracenias form characteristic hy- 
drophytic associations with sundews, pipeworts, orchids, 
and dichromenas. In the pine barrens of New Jersey, the 
common pitcher plant, sunken in the peat moss, helps 
to make the bogs and white-cedar swamps attractive. The 
sarracenias usually demand full or partial sunlight, but at 
least one species (S. rubra) can grow in dense shade.

Grass fires often bum Sarracenia colonies to the ground 
during the summer months, but these plants are remark- 
ably fire-resistant and usually can survive underground 
and make a comeback.

The California pitcher plant occurs in marshy or boggy 
habitats from near sea level to 6,000 feet (2,000 metres), 
ranging from the redwood forest zone to the red-fir forest 
zone. The soils in these regions are very acid, and the 
temperature never goes above about 65° F (18° C).

Heliamphora grows under extremely humid and wet 
conditions; it occurs from the lower slopes to the exposed 
crests and cliffs of Mt. Roraima (Guyana) and Cerro 
Duida (Venezuela), two mountains about 400 miles (600 
kilometres) apart at the eastem and western ends of the 
Pakaraima Mountains of the Guiana Highlands, which 
constitutes the known distributional range of the genus. 
On Mt. Roraima it reaches its full size and best devel­
opment on the ledges of the cliff of Roraima. On Cerro 
Duida it occurs in association with various other plants, 
as part of the dense undergrowth in the forested valleys 
of the plateau, and as a cushiony growth in patches on 
practically all the adjoining ridge crests. In swampy de- 
pressions it mingles with Sphagnum.

FORM AND STRUCTURE
Most of the pitcher plants are herbaceous, stemless (acaules- 
cent) perennials consisting of a basal cluster (rosette) of 
leaves arising from a short, creeping rhizome. The hollow, 
tubular leaves curve outward and upward with their basal 
portion resting on the ground (e.g., Sarracenia purpurea)

or are erect (e.g., S. flava), with sheathing bases; the leaves 
widen gradually into pitchers. A prominent wing mns 
along the outer surface of the leaf from bottom to top on 
the side facing the centre (adaxial, or ventral, side) of the 
plant. At the top the wing forms a lip. On the back (dorsal) 
side a bladelike expansion forms a lid or hood over the 
mouth of the pitcher, in some cases effectively closing the 
opening to light and rain. The leaves of S. purpurea and of 
all the species of Heliamphora are open at the mouth and 
collect rainwater. The strikingly coloured leaves vary from 
yellow green to dark green suffused with red to deep red, 
the intensity of red depending in part on the amount of 
sunlight in the habitat. One species is white with red and 
green reticulations (netlike pattems); other species have 
translucent-spotted leaves.

The height of the plant usually is determined by the 
height of the leaves, which in most species average 1 to 
2 but may reach 4 feet (120 centimetres). By contrast 
with the North American pitcher plants, three of the six 
described species of Heliamphora are stemmed (caules- 
cent), branched, almost shrubby perennials, which attain 
a height of four feet. Their pitchers vary from 8 to 20 
inches (20 to 50 centimetres) in length.

The inflorescence (flower cluster) of Sarracenia and Dar- Flowering 
lingtonia consists of a tail, leafless stalk (scape) with a structures 
solitary, nodding flower. The flowering scapes generally 
average about a foot in height but may vary from a few 
inches to four feet. Typically, the flowering scape more 
or less equals the length of the longest leaves, although 
in Darlingtonia and Heliamphora species the scape may 
be as much as twice the length of the leaves (to four 
feet in Darlingtonia). In Heliamphora, the inflorescence 
is several-flowered and one to two feet long; the flowers 
lack differentiated petals, the sepals being white to pink 
or rose purple and showy. The large flower (several inches 
across) of the North American species has five yellow, 
greenish-yellow, or pink to wine-coloured petals and five 
firm, green sepals, which persist long after the petals have 
fallen. The petals may be short or long and showy, as in
S. flava, in which they hang down like a hound’s ears.
T he sarracenias have a un ique, um brella-like style, w hich  
has tiny Stigmas on  its five points.

EVOLUTION
No fossils have been reported for the pitcher-plant or­
der. Phylogenetic relationships must be inferred from the 
morphological and biological relationships of the modern 
species, and such considerations, not surprisingly, have 
led to diverse views. Most authorities now agree that the 
carnivorous flowering plants form a more heterogeneous 
group than was traditionally thought and that, therefore, 
camivory must have arisen independently in several more 
or less unrelated evolutionary lines. No two authorities 
agree, however, on the number or relationships of the 
lines, some assigning these plants to as many as six dif­
ferent orders. Furthermore, different authorities place the 
same carnivorous species in different orders.

On the basis of floral morphology, phylogenists at present 
have quite different views about the origin of the order 
Sarraceniales. Some regard the Sarraceniales as a very 
specialized order that has retained some primitive features 
that place it near the order Ranunculales (Ranales), from 
which it and the order Papaverales are derived. Others 
place the pitcher-plant order next to the order Violales 
and derive both orders from the Theales (Guttiferales).
Still others propose different origins and alliances w ithin  
the fram ework o f  their ow n  phylogenetic Systems.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The Sarraceniales is distin­

guished from other orders chiefly by its distinctive, highly 
modified leaves and to a lesser extent by features of the 
inflorescence and flowers. The more important distin­
guishing features used to separate the three genera within 
the single family are presence or absence of above-ground 
stem, form of leaves, number and arrangement of flowers, 
presence or absence of petals, coloration of sepals, num­
ber of carpels (simple ovaries or sections of a compound 
ovary), and form of style.
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Taxonomie problems. The order Sarraceniales, as pre­
sented in the Annotated clasification, is defined in the 
strictest sense and includes only the family Sarraceniaceae. 
Unquestionably, the three genera named therein belong in 
the same family. So similar is the California pitcher plant 
to some of the eastern species that Darlingtonia probably 
could not be defended as a separate genus if it were not 
for its great geographic isolation from the eastern species.
The chief taxonomie problems of the family arise at two 

levels. First, there is no agreement about the relationship 
of the Sarraceniaceae to the families Droseraceae and 
Nepenthaceae of the order Nepenthales. Some authorities 
continue to hold to the older view that the three distinct 
families form a natural order. This view rests on the 
theory that the leaves of the three families represent mod- 
ifications from a common type. Authors have gone so far 
as to propose that the families Nepenthaceae and the Sar­
raceniaceae should be merged into a single family because 
Heliamphora seems to bridge the gap. Other authorities 
place greater weight on floral and pollen morphology, 
both of which suggest that the Sarraceniaceae stands apart 
from the other two families. Increasingly, evidence indi­
cates that these families belong in two or three perhaps 
widely separated orders.

Second, within the family Sarraceniaceae there has never 
been agreement about the number of species in the genus 
Sarracenia, even though the group has been known for 
400 years. Furthermore, there is reason to suspect that 
a similar problem of delineating species exists in He­
liamphora, although knowledge of this genus is scant. The 
most useful taxonomie features in Sarracenia pertain to 
the form and habit of the pitchered leaves. The overall 
shape of the pitcher is generally constant and represents 
the single most useful feature, but colour and marking are 
important in some cases. Leaf size is quite variable within 
species and of itself is not useful. In combination, other 
characteristics (e.g., colour and shape of petals, odour, 
curvature of sepals, and presence and number of swordlike 
leaves) may be diagnostic. As with family relationships, 
specific relationships cannot be known any more defini- 
tively than they are without new lines of evidence.

(S.G.S.)

Hamamelidales

Hamamelidales is an order of woody flowering plants that 
includes three families, 30 genera, and about 80 to 150 
species. Knowledge is still very incomplete conceming 
several genera; thus the actual number of species remains 
uncertain. The families and most of the genera are iso- 
lated both morphologically (i.e., with respect to structure 
and form) and geographically, although the order as a 
whole is distributed worldwide. Thirteen genera contain 
only one species each and five genera only two species 
each. The order Hamamelidales is especially interesting 
from the standpoint of phylogeny because it apparently 
forms a link between groups with extreme types of floral 
Organization; viz., the primitive woody plants with large, 
petalled flowers (the magnolias, buttercups, saxifrages, and 
roses) and the catkin-flowered plants (Amentiferae), which 
include the beeches, birches, alders, and oaks.

GENERAL FEATURES
All representatives of the order are woody: trees and shrubs, 
partly evergreen, partly deciduous; there are no herbaceous 
species. Most members of the order are medium-sized 
trees, but some are small shrubs (e.g., Hamamelis, witch 
hazel; Fothergilla, witch alder); others are giant trees up to 
200 feet (60 metres) high (e.g., Liquidambar, sweet gum; 
Altingia; Symingtonia; and Platanus, plane tree).

Distribution and abundance. The actual distribution of 
the order is worldwide (except in Arctic regions), but most 
of the species and genera have very limited individual 
ranges of distribution, and it is possible that some of them 
will soon become extinct. Moreover, there are only a few 
species that grow in large pure stands. Several species are 
widely represented in northern fossil deposits.

Economie importance. Some genera are attractive for 
their early blossoming; some are even truly winter bloom-

ing as is especially true of Hamamelis (witch hazel) and 
Corylopsis. Others are known by their brilliant yellow, or­
ange, or crimson leaf coloration in the fall (e.g., Disanthus; 
Fothergilla, the witch alder; Hamamelis; Liquidambar, 
the sweet gum; and Parrotia, ironwood) or for being 
impressive, large trees (Liquidambar and Platanus). All 
these genera are more or less hardy in temperate regions. 
Rhodoleia, which has showy, red, bird-pollinated flowers, 
can be cultivated only in tropical or subtropical regions. 
Parts of Hamamelis (witch hazel) plants have long been 
used as raw material for various purposes. The North 
American Indians used the fluid from boiled sterns to stop 
bleeding and heal wounds. Today alcoholic extracts from 
leaves and bark are used for styptic (antibleeding) reme­
dies, and watery extracts are used for various cosmetics 
and liniments.
The wood of several trees is used as construction mate­

rial or for furniture (e.g., Altingia, Liquidambar, Parrotia, 
Symingtonia, and Platanus). In other genera the twigs or 
bast (fibres) are used as a tough binding and plaiting ma­
terial (e.g., Molinadendron and Parrotiopsis).

NATURAL HISTORY
Life cycle. The reproduction biology of the Hamamel­

idales shows some outstanding features. The range of pol­
lination mechanisms is relatively wide. Pollination may 
be effected by bees or bumblebees (e.g., in Corylopsis), by 
flies (in Disanthus and Hamamelis), by birds (in Rhodo­
leia), or by wind (in Liquidambar, Parrotia, Sinowilsonia, 
Sycopsis, and Platanus). In certain members of the family 
Hamamelidaceae fertilization of the ovules occurs long af­
ter pollination—e.g., five to seven months in Hamamelis 
virginiana.
In the genera of Hamamelidaceae with one seed per 

carpel (structural unit of pistil), seed dispersal takes place 
by an ejecting mechanism. As the fruit opens, the bony 
endocarp (inner layer) bends in a characteristic manner 
and presses against the very hard and smooth surface of 
the seeds. The seeds are then forcibly discharged over 
distances of several metres. In contrast, the small, winged 
seeds of the many-seeded fruits of Liquidambar are dis­
tributed by wind. In Platanus the tufted nutlets are wind- 
dispersed. In many species of the family Hamamelidaceae, 
seed germination is usually delayed because of the very 
hard and impervious seed coat; the seeds sometimes take 
one or two years to germinate.
Ecology. The family Platanaceae and a large part of the 

family Hamamelidaceae occur in moist woodlands, espe­
cially on stream banks, and on steep woody slopes. Other 
species grow best on drier rocky soils. The exact ecological 
range is unknown for most species. Many members of the 
family Hamamelidaceae grow in tropical and subtropical 
mountain regions, particularly in undisturbed forest areas. 
In general, representatives of the families Hamamelidaceae 
and Platanaceae are not specialized for extreme habitats, 
but the species of Myrothamnaceae are quite remarkable 
in being among the most extremely drought-resistant of 
all seed plants and fems—twigs and leaves can dry out 
and remain in a dry condition for several years without 
dying. They are found in the arid regions of tropical and 
Southern Africa and Madagascar.

FORM AND FUNCTION
Vegetative characteristics. All species of the order are 

woody plants. The leaves are simple and have small ap­
pendages at the base of the leaf stalks called stipules (except 
in Rhodoleia). They are usually arranged alternately along 
the sterns. The anatomical structure of the wood is rela­
tively uniform; the small, angular vessel elements (water- 
conducting cells) mostly have very oblique end plates with 
many crossbars, the scalariform condition.
Flower and fruit characteristics. The individual flowers 

are usually medium-sized or small, but they often form 
dense inflorescences (flower clusters). Several genera bear 
unisexual flowers, but only the family Myrothamnaceae 
seems to be dioecious; i.e., its species bear male and fe­
male flowers on separate plants. The perianth—sepals and 
petals—especially the petal portion, is often reduced or 
absent, and the number of floral parts sometimes varies
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Vegetative, floral, and fruiting structures of three families of 
the order Hamamelidales.
Drawing by M. Pahl based on (M. moschata) Beitrage zur Biologie der Pflanzen (1966),
Duncker and Humblot; and (P. occidentalis flowers) G.H.M. Lawrence, Taxonomy of Vascular 
Plants (1951), The Macmillan Company

considerably within one species. The stamens (male flower 
structures) are usually provided with a short or long an- 
ther-connective protrusion—an appendage on the pollen 
sacs. The anthers open by means of valves except in the 
family Myrothamnaceae and in some genera of Hamamel­
idaceae. The female flower parts (the pistils) are composed 
of fused carpels (structural units of the pistil), except in 
Platanaceae, in which they are not fused, but they always 
show free styles, the elongate upper parts of the pistils. 
Each carpel usually contains a single ovule except in My­
rothamnaceae and some Hamamelidaceae. The fruits are 
capsules (nutlets in Platanaceae) that split open along a 
ventral (inner-side) line. In Hamamelidaceae, other modes 
of opening are also common. The seeds of the families 
Hamamelidaceae and Platanaceae contain no starch, but 
protein and oil are present.

EVOLUTION
Fossil record. The family Hamamelidaceae was widely 

distributed in the Northern Hemisphere, possibly in the 
Cretaceous Period (about 65,000,000 to 136,000,000 years 
ago), certainly in the Tertiary Period (2,500,000 to 65,- 
000,000 years ago). In Europe the group is known at least 
from the Eocene Epoch (beginning about 54,000,000 years 
ago) until the lowest Pleistocene (about 2,500,000 years 
ago). Liquidambar is known from the Upper Cretaceous 
of North America. The Tertiary discoveries have been at- 
tributed with more or less certainty mainly to the genera 
Corylopsis, Hamamelis, Liquidambar, and Parrotia. Some 
other fossils have been described as separate genera; the 
oldest ones from the European Eocene are Hamamelidan-

thium and Steinhauera. The oldest remains of Platanus 
are known for America from the Upper Cretaceous, for 
Europe from the middle Oligocene Epoch (about 30,000,- 
000 years ago). Credneria, known by leaves from the 
Cretaceous and long considered an ancestor of Platanus, 
has been transferred to the family Menispermaceae.

Phylogeny. The fossil record is too sparse to give suf­
ficiënt information about the evolution of the group as a 
whole and about phylogenetic (evolutionary) relationships 
to other orders. Nevertheless, the characters of the living 
groups are interesting enough for certain phylogenetic con- 
clusions. Floral structure, inflorescence morphology, leaf 
structure, wood anatomy, and Chemical data show rela­
tionships to orders of the so-called “Amentiferae” (catkin 
bearers—catkins are elongate clusters of many small uni­
sexual flowers), especially to the order Fagales (which 
includes the beech and birch families). Possible relation­
ships are also indicated to the order Urticales (elm, mul- 
berry, and nettle families), and less probably to the orders 
Myricales (sweet gale family), Juglandales (walnut family), 
and Casuarinales, but not to the Salicales (willow order— 
one of the catkin-bearing plant groups). Corylopsis and 
Sinowilsonia (family Hamamelidaceae) are the most in­
teresting genera with respect to the relationships shown to 
the catkin-bearing plant orders. Sinowilsonia, for example, 
has reduced unisexual flowers arranged in catkins. There 
are connections, on the other hand, to certain groups of 
the order Saxifragales, especially to the family Cunoni- 
aceae. Certain superficial resemblances are also seen to the 
primitive woody families Cercidiphyllaceae, Eupteleaceae, 
Tetracentraceae, and Trochodendraceae, but they are con­
sidered to be the result of convergent evolution and not 
close phylogenetic affinity. Thus, the family Hamameli­
daceae is most interesting in being a sort of link between 
two quite different main groups of flowering plants. The 
order Hamamelidales, therefore, represents an ancestral 
tropical and subtropical stock for several plant groups that 
have an amentiferous life form, which mainly developed 
in the temperate regions. Moreover, this connection lends 
support to the idea of a monophyletic origin (i.e., one 
evolutionary line of descent) of the flowering plants.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. Useful characters to distinguish 

the three families of the Hamamelidales include phyl- 
lotaxy (leaf arrangement), leaf form, hair types, structure 
of the inflorescences and flowers (particularly of the gy­
noecium—the female flower parts), and fruits.

A ltem ate Systems o f Classification. Some authorities 
include additional families in the order Hamamelidales, 
among them Tetracentraceae, Cercidiphyllaceae, Eupte­
leaceae, Bruniaceae, Stachyuraceae, Daphniphyllaceae, 
and Buxaceae. All these families, however, occupy quite 
isolated positions. Furthermore, some of the subfamilies of 
the Hamamelidaceae, as presented here, have been raised 
to the status of separate families by some authors. These 
include Disanthaceae, Rhodoleiaceae, and Altingiaceae 
(= Liquidambaroideae). (P.K.E.)

Urticales (nettle order)

The flowering plant order Urticales, or nettle order, in­
cludes such important and well-known plants as the figs, 
breadfruit, mulberries, elms, stinging nettles, hops, and 
true hemp, or marijuana. Although the order is mainly 
tropical in distribution, many of its species are widely and 
abundantly dispersed in temperate regions, particularly 
in the Northern Hemisphere. The Urticales is distinctive 
morphologically and is considered to be among the more 
evolutionarily advanced groups of the woody flowering 
plants. It includes about 125 genera and about 3,100 
species in four families.

GENERAL FEATURES
Size range and diversity of structure. Plants of the net­

tle order range from small herbaceous (nonwoody) species 
to large trees. The elm family (Ulmaceae) consists of 
shrubs and trees, including the elms (Ulmus) and hackber- 
ries (Celtis), some of which grow to 150 feet (45 metres)
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in height. A great diversity of mainly woody plants is 
found in the mulberry family (Moraceae), which contains 
the figs, with about 800 species. Figs are great trees of 
the tropical forests; some are buttressed by wide-ranging, 
and often finlike, spreading roots, as exemplified by Ficus 
elastica, the well-known India rubber tree. Many figs grow 
at first as epiphytes, or air plants, upon the branches of 

»trangler other trees, from seeds dropped by birds or bats. As these 
igs young plants develop, they send aerial roots down along

the trunk of the supporting host tree, and in time the ever 
enlarging roots gradually crush the host to death. These 
are the so-called strangler figs, vinelike in youth but self­
supporting large trees at maturity. The banyan, or Bengal 
fig (F. benghalensis), is another wide-spreading tree, an 
old specimen of which comes to resemble a dense grove 
of trees by dropping thick prop roots from its spread­
ing branches. Some of the tree species bear long, sharp 
thorns, for which feature these plants find use as hedgerow 
or fencerow trees to enclose livestock or discourage tres­
passers (e.g., Maclura, osage orange).

Drawing by M. Pahl

Representative plants of the (top left) elm and (others) 
mulberry families.

The nettle family (Urticaceae) is well known for its sting- 
ing hairs, which can cause severe pain on contact. Although 
the nettle family is most abundant in the tropics, where 
its species are shrubby and treelike, the temperate regions 
of the Northern Hemisphere contain large numbers of the 
herbaceous nettles, seldom more than a few feet tail and 
often weedy looking. The hemp family (Cannabaceae) is 
also herbaceous: one genus (Humulus, hop) is a vine and 
the other (Cannabis, hemp) a tail herb.

Distribution and abundance. The species of the order 
Urticales are unequally divided among the genera and 
families. One of the two largest families of the order is the 
mulberry family, with more than 1,400 species in about 
54 genera. Of these genera the largest are Ficus (more than 
800 species) and Dorstenia (about 170 species). Brosimum

and Artocarpus each contain about 50 species, which are 
distributed in the tropics. About 12 more genera in the 
mulberry family contain between 10 and 25 species each.
The more than 30 remaining genera have fewer than four 
species each, and a third of these are known by a single 
species each.
The nettle family also contains about 54 genera, with 

more than 1,400 species of mostly herbaceous or soft- 
wooded plants. The largest genera are Pilea (400 species; 
the tropics) Elatostema (200 species; the tropics), Boehme- 
ria (100 species; the tropics and northern subtropics), and 
Cecropia (100 species; tropical America). The next 20 
genera, in numbers of species, all contain between 10 and 
50 species each; the nettles themselves (Urtica) comprise 
a group of about 50 species. There is a large group of 
monotypic genera, about 14 in all.
The largest genus of the elm family is Celtis (hackberries), 

with about 80 species distributed in the Northern Hemi- Distribu- 
sphere and in Southern Africa. The elms (Ulmus) consist tion of the 
of about 45 species, north temperate in distribution but elms 
extending as far south as the Himalayas and Indochina in 
Asia and to Mexico in North America. Other genera in the 
tropics and subtropics include Trema, 30 species; Giron- 
niera, 15; Ampelocera, 9; Parasponia, 6; and Chaetachme,
4. The genus Zelkova, with seven species, is found in the 
eastern Mediterranean countries eastward to the Caucasus 
and into Asia. Lozanella, with two species, is native to 
Central and South America from Mexico to Peru and Bo­
livia. Planera, with a single species (P. aquatica), is native 
to the Southern United States.

The smallest family is the hemp family (Cannabaceae), 
which consists of only two genera and about five species.
Humulus (hop) occurs in north temperate regions, espe­
cially in Europe and the northeastem United States. The 
genus Cannabis, with a single species (C. sativa), is thought 
to be native to Central Asia but is now widely cultivated 
and has escaped from cultivation as a weed throughout 
much of the Northern Hemisphere.
Economie importance. Wood products. Valuable timber 

trees include the elms, among which the cork elm. or rock 
elm (Ulmus thomasii), is considered superior because it 
grows to a great height before branching, thus producing 
long lengths of clear (knot-free) wood. The keyaki (Zelkova 
acuminata) of Japan is much appreciated for the beautiful 
colour and grain of its wood. Wood of the osage orange is 
used for railroad ties and fence posts and has been used 
to carve high-quality hunting bows in times past. Flexible, 
strong, and also durable, it has a bright orange colour 
that eventually tums brown. Celtis occidentalis wood, sold 
under the name beaverwood, is used for boxes, furniture, 
and gift items. The wood of the African oak (Chlorophora 
excelsa), of tropical Africa, is heavy, tough, difficult to 
split, and resistant to termite attack. It has been used as 
a substitute for teak in shipbuilding and furniture mak­
ing. Chaetoptelea mexicana, found in Mexico south of 
Panama, is a large tree, the wood of which is used as 
lumber. Holoptelea grandis, a tail tree of the Congo basin,
Uganda, Cameroon, and Cóte dTvoire, has hard yellow 
wood used for house interiors and small-boat construc- 
tion. Phyllostylon brasiliensis—San Domingo boxwood, 
or West Indian boxwood, of the lumber trade—is a tree 
ranging from the West Indies to Argentina. It produces 
a fine-textured, lemon-yellow, straight-grained wood val- 
ued for the high polish it will accept; stained black, it 
is often used as a substitute for true ebony. The wood 
of Planera aquatica, called false sandalwood, is fragrant 
and is used in cabinetmaking. The lightweight wood of 
Chaetachme microcarpa, a shrub of central and south­
em Africa, is used for the manufacture of guitars and 
other musical instmments. Brosimum aubletii, source of Letter- 
the expensive letterwood of the lumber trade, is a tree wood 
of the Guianas (Guyana, Suriname, and French Guiana). 
lts reddish-brown or brown wood, bearing black marks 
that resemble printed letters or hieroglyphics, is used for 
cabinetwork and small items such as handles, dmmsticks, 
and violin bows. Bosqueia angolensis, a tree of the Congo 
basin and Angola, produces yellow wood that tums pink 
on exposure to air; it is used in general construction and 
cabinetry. The wood of Morus rubra, the red mulberry
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Representative plants of the nettle and hemp families.
From (female flower, stinging hair) A. Engler, Syllabus der Pflanzenfamilien 
(1964), Gebrüder Borntraeger Verlag Berlin-Stuttgart; and (cystolith) A.B. Rendle,
The Classification of Flowering Plants (1967), Cambridge University Press

of eastern North America, although light and not very 
strong, is durable and rot-resistant, qualities that make it 
useful in fence construction and boat building. Brosimum 
pamense, the Para breadnut tree of Brazil, produces wood 
called redwood or Cardinal wood, used in fine furniture 
and fancy carpentry. Many Ficus species find use as lum­
ber. Ficus benghalensis has wood that is durable in water. 
The wide, flat, finlike buttress roots of large specimens of 
F. elastica—the rubber tree grown as a houseplant—are 
used in tropical regions to make planks. Ficus sycomorus, 
a wood of great durability, was used by the Egyptians to 
make their mummy cases.

The hop and hemp. Among the most outstanding eco­
nomically important plants in the Urticales is the hop 
(Humulus lupulus), the female flowers of which are used 
to flavour beer and to clarify it by precipitating protein 
materials that cause turbidity. The active principles of the 
hop also help prevent spoilage in beer by retarding the 
growth of bacteria.

The hemp, or cannabis (Cannabis sativa), used as a 
crude drug plant in Asia and Africa for centuries, has 
become increasingly widespread in Europe, North Amer­
ica, and South America since World War II. Parts of the 
plant are dried and offered under many names, including 
hashish, marijuana, pot, and grass. It is widely smoked, 
chewed, sniffed, or eaten to produce a mild euphoria (see 
drugs and drug action). The sterns of the hemp plant 
also yield a fibre, called hemp, used mostly for rope, 
twine, bags, sacks, carpets, and other purposes suited to 
its coarseness. Hemp seeds are the source of hemp seed 
oil, which is used in paints, varnishes, soaps, and some 
edible products.
Fruits. Important fruits of the order are produced 

mainly by the mulberry family, Moraceae. The edible fig 
(Ficus carica), cultivated since antiquity, is eaten raw,

dried, preserved, or candied; when ground it serves as a 
substitute for tea or coffee. Numerous commercially grown 
varieties differ in flavour, size, colour, preserving qualities, 
appearance, and other features. Many other Ficus species 
also produce edible figs.
An important tropical tree is the breadfruit (Artocarpus 

altilis), One of the highest yielding of food plants, a single 
tree may have more than 800 grapefruit-sized, seedless 
fruits each season. Breadfruits, high in carbohydrates, con­
stitute one of the staple foods in many tropical regions. 
The fruit is filled with a starchy, pulpy, white mass that is 
usually cooked before eating. Closely related to the bread­
fruit is the jackfruit (A. heterophyllus), which produces 
fruits up to two feet long and weighing 40 pounds (18 kilo- 
grams) or more; they are not highly esteemed, however, 
because of their inferior flavour and seed-filled interior.

A number of lesser fruits of the order are also eaten, 
such as the breadnut (Brosimum alicastrum), mulberries 
(Morus alba, the white mulberry; M. rubra, the red; and 
M. nigra, the black), and hackberries (Celtis occidentalis 
and others). In addition, fruits are eaten from the fol- 
lowing plants: Debregeasia edulis, a Japanese shrub that 
produces yellow fruits resembling strawberries; Pourouma 
cecropiaefolia, a Brazilian tree with round, fleshy berries; 
Cudrania javanensis; Celtis selloviana and C. iguaneae; 
Myrianthus arborea; and Sahagunia strepticans.

Fibres. Plant fibres for cloth, sacks, rope, and numerous 
other purposes are produced mainly by the nettle and the 
hemp families. The fibres of the hemp are similar to those 
of flax. A finer fibre is produced from the ramie, or China 
grass plant (Boehmeria nivea), also called the Chinese 
silk plant because its fibres make a cloth resembling silk. 
Ramie fibres, although eight times stronger than cotton 
fibres and much longer, are difficult to separate from the 
plant tissues. The fibres are also used to produce papers, 
cordage, and industrial bagging. Other plants with fibres 
like those of the ramie are sometimes used as substitutes for 
it; they include Sarcochlamys pulcherrima (duggal fibre) 
and Pouzolzia occidentialis (yaquilla). Olona (Touchardia 
latifolia) was formerly an important fibre plant of Hawaii, 
used for cloth, cordage, and especially fishnets because of 
its durability in water. Fibres are also obtained from the 
stinging nettle (Urtica dioica); U. breweri; U. cannabina; 
Debregeasia hypoleuca; Villebrunea integrifolia; and many 
others, including the wood nettle (Laportea canadensis), 
the fibres of which are claimed to be 50 times as strong 
as a cotton thread of equal diameter. Fibres extracted 
from the bark and aerial roots of many Ficus species are 
used locally.
Bark cloth, or tapa cloth, made from the inner bark of 

some trees, especially the paper mulberry (Broussonetia 
papyrifera), was once used by local populations mainly 
for clothing. It is still produced but now principally for 
religious purposes and for the tourist trade. Bark cloth is 
also made from the breadfruit tree, certain fig trees (Ficus 
tinctoria and others), Pipturus albidus, and several other 
genera, including Antiaris, Sloetia, and Trema. Paper is 
made from the inner bark of the paper mulberry and sev­
eral other plants of the order (e.g., Streblus asper, Ficus 
religiosa, F. petiolaris).
Latex products. Among the earliest sources of rubber 

were species of the latex-bearing family Moraceae, es­
pecially Ficus elastica, but the Para rubber tree (Hevea 
brasiliensis, family Euphorbiaceae) has largely displaced 
it. Among numerous other rubber-producing trees in the 
order Urticales, however, are the Mexican rubber tree 
(Castilla elastica), one of the most productive of wild 
rubber trees; C. lactißora; C. nicoyensis; C. costaricana; C. 
ulei; Ficus nekbudu, the latex of which becomes red when 
heated; F. gnaphalocarpa, a source of rubberlike gutta- 
percha; F. rigo; and F. vogeli.

Latex is used in many other ways, as for birdlime, a 
sticky substance used to catch birds (from Ficus anomani, 
F. glumosa, and others); as indelible red ink (Bosqueia 
angolensis); as a red dye (B. p hoberos); as a base for chew- 
ing gum (Ficus platyphylla); as a component in glue and 
caulking compounds (Artocarpus altilis and Brosimum 
utile); as a beverage (the cow tree, Brosimum utile); and 
as medicines (F. indica and F. involuta).
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Other uses. Silkworms are fed almost exclusively on 
mulberry leaves, Morus alba being preferred in Western 
countries. In Asia, the leaves of many species of Morus, 
some Ficus species, and Maclura pomifera are also used.

Ornamental plants of the order include about 50 species 
of Ficus, among which are F. elastica (the India rubber 
plant), F. lyrata (fiddle-leaf fig), F. pumila (creeping or 
climbing fig), F. benghalensis (banyan, or Bengal fig); Ul­
mus (elms); Celtis (hackberries); and Morus (mulberries).

NATURAL HISTORY
Pollination. Most members of the order Urticales are 

wind-pollinated, and some species have adaptations that 
enhance this process. Pilea microphylla (Urticaceae), the 
artillery plant, for example, ejects its pollen in tiny ex­
plosive puffs. Many genera, particularly in the family 
Urticaceae, exhibit the same phenomenon. In the flower 
buds of the nettles (especially species of Urtica), the sta­
mens (male, pollen-producing structures) are bent inward 
and held under tension (inflexed) in the bud. When the 
flower opens, the stamens are suddenly released and spring 
out with such violence that the anthers, or pollen sacs, 
are tumed inside out, ejecting their pollen in a cloud. 
The pollen is then carried by the wind to the large, 
brushlike Stigmas (pollen-receptive regions of the female 
flower parts) of other flowers. The flowers, like most wind- 
pollinated flowers, are inconspicuous, greenish in colour, 
and lack petals.

The genus Parietaria (Urticaceae) also has explosive sta­
mens, but unlike most other members of the family it has 
bisexual flowers—flowers with functional organs of both 
sexes. Self-fertilization is averted by the early maturing of 
the pistil (female structure), a condition called protogyny. 
The elongated upper part of the pistil (the style) projects 
from the tip of the unopened bud, ready to receive pollen 
from other flowers that have already matured. Later, when 
the flower opens, the stamens are fully developed and 
release their pollen explosively, but the ovules of these 
flowers have already been fertilized, and the style has 
dropped off.

Some species of the Moraceae are insect-pollinated, par­
ticularly the figs. Pollination is accomplished by small 
wasps called fig wasps or gall wasps (Blastophaga psenes). 
In the figs, separate male and female flowers are borne in 
a specialized inflorescence, or flower cluster, which con­
sists of a hollow, pear-shaped stem tip with the flowers on 
the inside. This structure, called a syconium, ultimately 
becomes a fig at maturity. The male flowers are usually 
arranged near the small opening at the upper end of the 
syconium, and the female flowers, much more numerous, 
line the interior. The female flowers are of two types, 
long-styled fertile flowers and short-styled sterile ones. The 
long-styled flowers eventually produce a single, small, one- 
seeded, hard-shelled fruit called an achene. The fig itself is 
actually a collection of many of these achenes surrounded 
by the fleshy tissue of the syconium. The short-styled 
flowers are called gall flowers; they do not develop fruits 
but are used as egg-laying sites by the gall wasps, which 
pollinate the other flowers in the process of egg laying. 
The gall flowers then become a mass of pulpy, abnormal 
plant tissue, the gall, on which the wasp larvae feed and 
in which they develop.

The three flower cluster types—male, long-styled female, 
and short-styled female or gall flowers—are produced 
in three distinctive syconia. The first type of syconium, 
produced in the spring, contains male flowers and gall 
flowers; each of the latter may contain one of the fig wasp 
eggs, deposited there in the spring by wasps that had just 
emerged from overwintering in another type of fig. These 
eggs produce wingless male and winged female wasps later 
in the summer. The male wasp bites through the wall of 
a gall containing a female wasp and mates with her. On 
leaving the fig to search for a suitable place to lay eggs, the 
female wasp becomes covered with pollen from the male 
flowers near the small exit hole, at the tip of the fig. The 
second type of syconium, the true fig, bears only long- 
styled fertile female flowers. The female wasp, searching 
for egg-laying sites in summer, enters these figs and polli- 
nates the flowers inside but does not lay eggs because the

styles are too long to suit the egg-depositing anatomy of 
the insect. The third type of syconium, produced in the 
autumn, contains only short-styled gall flowers. The eggs 
that are laid develop in the gall flowers and produce the 
next year’s fig wasps.
Symbiotic relationships. The close interdependence of 

figs and the fig wasps can be considered a form of sym- 
biosis, or living together for mutual benefit. The fig is 
pollinated by the fig wasp and in return provides special­
ized flowers suitable for the wasp’s reproductive require- 
ments. Another kind of symbiosis, involving ants, occurs 
in several species of the family Urticaceae, including the 
trumpet tree (Cecropia peltata) of tropical America. This 
plant has hollow sterns that are inhabited by ants of the 
genus Azteca, which rush out and attack any intruder that 
disturbs the plant. They provide protection against leaf- 
cutter ants, and the plant in turn provides not only living 
space for the ants but also special food bodies for them 
on the lower side of the swollen bases of the leafstalks. As 
the food bodies are eaten, new ones grow to replace them. 
The plant also has special thin areas in the walls along the 
sterns that make it possible for fertile female ants to bur- 
row inside to lay their eggs. Some other Cecropia species, 
which do not harbour Azteca ants, are protected from 
leaf-cutter ants by a thick coating of wax on the stem that 
prevents the leaf cutters from climbing up.

FORM AND FUNCTION
Vegetative characteristics. Stinging hairs. About 12 

genera in the family Urticaceae have stinging hairs. The 
principal ones include Urtica (50 species), Urera (35 
species), and Laportea (about 25 species). In addition, Gi- 
rardinia, Obetia, Gyrotaenia, Parsana, and Hesperocnide, 
all with fewer than 10 species each, have stinging hairs. 
In some species the hairs are found on all plant parts, 
but in others they may be restricted to the upper surfaces 
of leaves, to flowers, to fruits, or to the lower surfaces of 
leaves along the large veins.

The stinging hairs are hollow, glandular plant hairs tipped 
by a sharp-pointed, glasslike terminal cell that penetrates 
the skin at the lightest touch, like a hypodermic needle. 
The brittle tip breaks off in the skin, releasing an irritant 
liquid into the wound. The composition of this stinging 
fluid is not known in all cases, but in the wood net­
tle of eastem North America (Laportea canadensis) it is 
formic acid, and in the tree nettle of Australia (L. pho- 
tiniphylla) it is a mixture of toxic substances, including 
5-hydroxytryptamine.
Stinging nettles, such as Urtica dioica and the common 

nettle (U. gracilis), which are among the more widespread 
stinging species in temperate regions, usually produce an 
initial buming Sensation that may disappear within an 
hour or may linger as an itch for hours or even days. The 
tree nettle of Australia, however, produces a sting so in­
tense that the victim may dash about wildly, screaming in 
pain. Deaths from the tree nettle have been reported in a 
few cases; irritation can last for months. Urtica holosericea, 
in the western United States, has been reported to have a 
sting powerful enough to kill a horse.
Although the stinging hairs cause rashes and irritation 

when the plant is touched, some stinging species can be 
used for food. The young leaves of many nettle species, 
for example, are often boiled and eaten like spinach. The 
stinging juice is not poisonous, and boiling renders the 
hairs incapable of penetrating the skin as well. Wilted 
plants likewise have a greatly reduced capability of sting­
ing because the hairs lack the rigidity needed to penetrate 
the skin.

In addition to the stinging members of the nettle family, 
a few other plants in the order produce skin irritations. 
Contact with the fruits or leaves of the osage orange, for 
example, produces dermatitis in susceptible persons.

Cystoliths. Another feature characteristic of the nettle 
family and many members of the mulberry family is the 
presence of cystoliths, deposits of calcium carbonate inside 
enlarged epidermal (surface) cells. They are visible as dots 
or variously shaped marks, especially in pressed, dried 
leaves. Their function in the plant is unknown.

Calcium carbonate deposits occur in another form in
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Chlorophora excelsa (Moraceae), source of the iroko wood 
of commerce, which is very durable and practically im­
mune to termites and wood-rotting fungi. About 3 percent 
of the trees carry streaks or lumps of calcium carbonate 
in the wood. These are called iroko stones and are hard 
enough to dull woodworking tools.

Fruit characteristics. The fruits of many members of 
the family Moraceae are multiple fruits; i.e., they are 
formed by the fusion of several different flowers. In the 
mulberry this results in a small fleshy fruit that resembles 
a blackberry but is aetually the enlarged floral axis of 
a whole cluster (inflorescence) of flowers, instead of the 
developed carpels (ovule-bearing structures) of a single 
flower, as in the blackberry. Among the most extreme 
examples of this type of fruit are the breadfruit, breadnut, 
jackfruit, fig, and osage orange.

The jackfruit is unusual in still another way: it is pro­
duced along the main trunk of the tree, a condition known 
as caulicarpy (cauliflory when considering the flowers). 
Such large fruits as the jackfruit could not be supported 
on the branches. The fig is a unique type of multiple fruit 
(syconium). Each “seed” in a fig is aetually an individual 
fruit; the fig itself is the fleshy stem tip developed into a 
fruitlike structure.
In the family Ulmaceae the fruits are of two main types. 

Elms have dry, membranous, windblown fruit called Sama­
ras. In temperate regions, these fruits often mature early 
in the spring, before the leaves have fully expanded. The 
second type of fruit, found in Celtis and others, is a fleshy 
drupe, or stone-pitted fruit. These fruits are often eaten by 
birds and other animals, and the seeds are thereby spread.

EVOLUTION
Fossil record. One of the interesting observations to 

come out of the study of fossils of the earliest flower­
ing plants, which appeared during the Cretaceous Period 
(from 65,000,000 to 136,000,000 years ago), is that most 
of them belong to plant genera living today and represent 
both primitive and highly evolved forms. Among the latter 
are many fossil members of the order Urticales, especially 
of the family Moraceae. It may be inferred from this that 
the highly evolved groups, at least, had experienced a long 
period of evolution and development before the great in­
crease in flowering plants took place. So far none of this 
prior evolutionary history has been found in the fossil 
record. The earliest reliable fossils already show the differ- 
entiation of flowering plants into many distinct families.

Fossil leaves, fruits, and wood from the family Moraceae 
(including Artocarpus, Morus, Artocarpidium, Ficus, Fico- 
phyllum, and Ficoxylon) are known from the Upper Cre­
taceous and show this group to be already firmly evolved 
into present-day forms. On the other hand, many fossils, 
particularly of leaves, have been called fig fossils with 
little basis for the designation except the resemblance of 
outline, and some records for this family may eventually 
be reassigned to other groups. The genus Morus, however, 
is well-known in the London Clay flora, a fossil deposit 
consisting mainly of fruits and seeds öf some 500 species 
that lived during the Eocene Epoch (38,000,000 to 54,- 
000,000 years ago). The late Eocene amber deposits in the 
Baltic region contain examples of plants belonging to the 
families Ulmaceae and Urticaceae. The family Moraceae 
is among the largest of about 18 families represented in 
the Wilcox flora of the early Eocene, a fossil deposit 
known from about 130 different localities in North Amer­
ica. Numerous fossils of the family Ulmaceae (including 
Ulmus, Zelkova, Celtis, and Pteroceltis) have been found 
in regions that suggest that these genera were formerly 
much more widely distributed than they are now. The 
genus Ulmus, for example, occurs in Eocene-age deposits 
in Spitsbergen and on the west coast of Greenland among 
other fossils that indicate a former cool temperate climate 
for these regions. The family Urticaceae is represented by 
flowers (Forskohleanthium) and fruits (Urticarpum) em­
bedded in amber, both from the lower Eocene; fossil frag- 
ments of the genus Urtica date to the Pliocene (2,500,000 
to 7,000,000 years ago).

Phylogeny. The fossil record has so far served mostly 
to show the great antiquity of several of the groups that

belong to the order Urticales, but it has not revealed links 
with any ancestral groups. Nevertheless, some hints of the 
course of evolution for the order (and within the order) 
are reflected in the form, structure, and growth of living 
members. At first sight the predominantly wind-pollinated 
families Ulmaceae, Cannabaceae, and Urticaceae seem 
primitive, especially the elm family. The small, relatively 
simple, mostly unisexual flowers are considered to be de­
rived from a more complex condition rather than a prim­
itive feature, however. This concept is supported by the 
presence of vestigial organs of the opposite sex in many 
functionally male or female flowers, indicative of a former 
bisexuality. Many members of the families Moraceae and 
Urticaceae show this feature. Based on these and other 
lines of evidence, the order Urticales is thought to be 
derived from the witch hazel order (Hamamelidales), or at 
least from some ancestor of that group.

Within the Urticales, the family Ulmaceae is consid­
ered to be the most primitive. The families Moraceae, 
Cannabaceae, and Urticaceae are more highly evolved. 
The Urticaceae is considered advanced over the Moraceae 
mainly because of its herbaceous growth habit compared 
to the predominantly woody habit of the mulberry family. 
The two families, however, are very closely related and are 
joined by a series of genera that are distinctly transitional. 
These genera (Cecropia, Coussapoa, Poikilospermum, Mu- 
sanga, Myrianthus, and Pourouma) have sometimes been 
assigned to the Moraceae, sometimes to the Urticaceae. In 
the Classification presented above they are considered as 
belonging to the Urticaceae.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The order Urticales is distin­

guished from other orders mainly by floral characteristics. 
The presence of mostly unisexual (separate male and 
female) flowers that are wind-pollinated and produce a 
single seed each is a unifying feature. In the female flow­
ers the ovary is composed of two carpels (ovule-bearing 
structures), but there is only one ovary chamber (locule), 
containing a single ovule. The male flowers have only 
a few stamens (pollen-bearing structures). All flowers are 
characteristic in having few flower parts; all lack petals.

Within the order, the family Ulmaceae is characterized 
by its woody habit, unequal-sided leaves, paired stipules 
(basal appendages to the leaves), early-appearing flowers 
with stamens erect in the bud, and dry, winged fruits 
(Samaras) or fleshy, stony-pitted fruits (drupes). The family 
Moraceae is distinguished by its woody habit, milky sap, 
multiple fruits, and stipules that fall early leaving a charac­
teristic inflated scar. The family Cannabaceae is composed 
of aromatic herbs with watery sap and distinctive flowers. 
Features characteristic of the family Urticaceae include 
its herbaceous or softly woody habit, stinging hairs, cys­
toliths, fibrous sterns, and inflexed stamens that release 
their pollen explosively.

A lternate Systems o f  Classification. The Classification 
system presented in this article is widely recognized in 
its broader aspects, but viewpoints conceming the details 
differ among authorities; for example, the inclusion in 
the order Urticales of the four families recognized here 
is a feature of practically all Systems. In some, how­
ever, particularly in older Systems, the two genera here 
recognized as the family Cannabaceae (Cannabis and Hu­
mulus) are merged into the family Moraceae. There is 
also considerable difference of opinion as to which fam­
ily—Moraceae or Urticaceae—should contain the genera 
Cecropia, Coussapoa, Poikilospermum, Musanga, Myri­
anthus, and Pourouma. These genera have characteristics 
intermediate between the two families.

Three small families have sometimes been included in the 
order Urticales by some authorities, singly or in various 
combinations. These are the Rhoipteleaceae (represented 
only by Rhoiptelea chiliantha found in Southwest Asia), 
the Barbeyaceae (represented only by Barbeya oleoides, 
of northeast Africa and the Arabian Peninsula), and the 
Eucommiaceae (represented only by Eucommia ulmoides, 
found in China). The last two groups are sufficiently dis­
tinct, however, that they have been recognized as separate 
orders (Barbeyales and Eucommiales) in some of the most

Recogni- 
tion 
features 
for the 
families



634 Angiosperms

recent taxonomie Systems, as is done here. The Rhoipte- 
leaceae are generally believed to belong more properly in 
the walnut order (Juglandales).

Opinions are divided on the numbers of genera and 
species in each family, particularly the two largest. Esti­
mates for the Moraceae range from about 1,000 to 2,300 
species and from about 50 to 75 genera. The genus Ficus 
alone has been considered to contain anywhere from 800 
to more than 2,000 species. Estimates for the Urticaceae 
range from 500 to 1,900 species. These differences reflect, 
in part, the growing numbers of newly described species 
and, in part, differences of opinion conceming the place­
ment of genera in particular families and the validity of 
recognizing some genera and species at all. (F.K.A.)

Fagales (beech order)

The Fagales, or the beech order, consists of the family 
Fagaceae, 10 genera that comprise about 1,000 species. 
The family, and hence the order, is made up exclusively 
of shmbs and trees, often forest-forming trees that lend 
character and beauty to the landscape over great areas. 
Because they supply timber and many other economically 
valuable products, the Fagales are of considerable impor­
tance to man.

GENERAL FEATURES
While some species are low shmbs, the majority are 

Size range treelike, often reaching mighty proportions. Lithocarpus 
cyclophorus, for example, attains a height of 150 feet (45 
metres) and is held to be the largest tree of the Malay 
Peninsula. The stem girth of the English oak, Quercus 
robur, may reach 52 feet (16 metres), that of Castanea 
sativa, 90 feet (27 metres). The tropical-subtropical mem­
bers of the order (Lithocarpus, Castanopsis, Cyclobalanop- 
sis) are generally evergreen, with leathery-textured, usually 
smooth-margined leaves of uniform appearance. Outside 
the tropics the species as a mie are deciduous; that is, 
their leaves fall during unfavourable seasons. The leaves 
are usually lobed or toothed in different degrees around 
the margins. Many species of Nothofagus, usually known 
as southem beeches, that grow in the southem temperate 
zone have small, serrate or crenate (having rounded teeth) 
leaves that bear some similarity to birch leaves, often caus- 
ing the populär Australian name “birches” to be applied 
to these trees.

Distribution and abundance. The beech order is mainly 
distributed over the Northern Hemisphere. Four of the 
most important distribution centres may be distinguished. 
One of these is situated in Southeast Asia: the Indochinese 
peninsula and the East Indian archipelago (islands of In­
donesia). Here there is a centre for the genera Lithocarpus, 
Cyclobalanopsis, and Castanopsis, while the small genus 
Trigonobalanus is restricted to this area and a few oak 
(Quercus) species occur in the northern part. A second 
important distribution area, adjoining the first, is the East 
Asian one. The genera Cyclobalanopsis, Castanopsis, and 
Lithocarpus also occur here, though the species number 
decreases toward the north, while the oak species are here 
more numerous than in southeastem Asia and, moreover, 
some chestnut (Castanea) and beech (Fagus) species are 
added. A third distribution centre, though with a smaller 
species number, exists in the Mediterranean region to­
gether with Asia Minor and Caucasia. In this area there 
is especially a centre for section Cerris of the oak genus 
Quercus. A fourth and important centre is found in the 
eastem United States and Mexico, where the genus Quer­
cus is richly represented.

In addition to these more important distribution centres, 
the order also occurs, though to a smaller extent, in other 
areas. In the western coast provinces of North America 
a number of oak species, ons Lithocarpus species, and 
the endemic (restricted to that area) genus Chrysolepis 
are found. In middle and north Europe, the genera Fa­
gus, Quercus, and Castanea are represented; only a few 
species occur, but they are important in the Vegetation 
through their widespread occurrence. In the Southem 
Hemisphere there are isolated distribution areas for the 
genus Nothofagus (southem beeches) in western South

America, Australia, and New Zealand; and in the tropical 
region, the genus Trisyngyne is found on New Guinea and 
New Caledonia.

Economie importance. Numerous species of Fagales are 
of importance to man through supplying timber for dif­
ferent purposes. The lumber of European and American 
oaks (Quercus) is used for construction and carpentry, 
including shipbuilding; in America especially, the “white 
oak lumber,” obtained from Quercus alba, Q. macrocarpa,
Q. prinus, and others, is much appreciated and used for 
building purposes. The beeches (Fagus) and chestnuts 
(Castanea) of both continents are used for carpentry, piles, 
railroad ties, etc., though the chestnut blight has reduced 
the importance of the American chestnut (C. dentata). In 
East Asia, the oaks Quercus crispula and Q. glandulifera, 
among others, are used for carpentry and construction, 
as are the beeches (Fagus sieboldii and F. chinensis), the 
chestnuts (Castanea crenata and C. henryi), and Cyclo­
balanopsis glauca. Among the numerous species used in 
Southeast Asia are Lithocarpus spicatus, L. platycarpus,
L. pachyphyllus, L. costatus, L. cyclophorus, Castanop­
sis argentea, and C. indica, the two latter being used 
for building purposes. In the Southem Hemisphere, the 
Nothofagus species are much used for the same purposes 
as the beeches of the Northern Hemisphere.

Among other products obtained from members of the 
beech order is cork, especially supplied by Quercus suber, 
the cork oak, occurring naturally and cultivated in the 
western Mediterranean countries. Cork, however, is also 
obtained from other oak species, notably Q. occidentalis,
Q. pseudosuber, Q. fontanesii, and in China from Q. 
variabilis. The bark of several Quercus species and of 
Lithocarpus densiflorus, the Califomian “tanbark oak,” is 
used for tanning, and the “gall nuts” and cupules of some 
species are also sources of tannin. The “aleppo galis” 
of Quercus infectoria and “valonia,” the cupules of Q. 
aegilops, are well known as sources of tannin. In older 
times especially, other Chemical products were obtained; 
for example, from Fagus species methyl alcohol, acetic 
acid, creosote, guaiacol, and tar were extracted, and from 
Quercus robur, acetic acid. Oak manna was obtained 
from Q. cerris. Several species in the order have been 
used for dyeing; e.g., Quercus velutina in North America,
Q. incana in India, and Castanea crenata in East Asia.
The Mediterranean Quercus coccifera is host plant for a 
shieldlouse that supplies a pigment reminiscent of the red 
cochineal dye.

Many species of Fagales have edible fruits that have been Edible 
used by man. The European chestnut, Castanea sativa, fruits 
has been of special importance and has been cultivated to 
a great extent, as have some of the oak species, such as 
Quercus ilex, in the Mediterranean. In North America, the 
chestnut Castanea dentata and the chinquapin, C. pumila, 
have been used and also have been offered for sale in 
the local markets. Acoms of Quercus alba, Q. prinus, Q. 
lobata, of Fagus grandifolia and Chrysolepis sempervirens 
and others have been used for food, especially by the 
American Indians. In East Asia, the chestnuts Castanea 
crenata and C. mollissima are under much cultivation 
and their nuts are consumed to a considerable extent in 
Japan and China; and the nuts of several Lithocarpus 
and Castanopsis species have found use in their home 
countries, for instance, Lithocarpus edulis in Japan; Cas­
tanopsis delavayi in China; Lithocarpus garrettianus and 
Castanopsis boisi, C. poilanei, C. piriformis in Indochina;
C. hystrix and C. ferox in India; and C. schlenckerae in 
New Guinea.
Beechnuts and oak acoms have also been of importance 

as food for domestic animals, and in South America even 
the wood of Nothofagus species is used as cattle food, after 
decomposition by bacteria and fungi. Some oak species of 
East Asia are of indirect importance for human nourish- 
ment, the logs being used for the cultivation of the edible 
shiitake mushroom, Lentinus edodes, especially in Japan, 
and for other fungi. In Tierra del Fuego another edible 
fungus, Cyttaria darwinii, of great importance to the in- 
habitants, occurs on Nothofagus species.

Some species in the order are used for silkworm culture 
in Asia, for example, Quercus aliena and Q. faberi in
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China; Cyclobalanopsis glauca, Quercus acutissima, and 
Castanea crenata in Japan; and Quercus incana and Q. 
semecarpifolia in India.

NATURAL HISTORY
Life cycle. The time from seed germination to flower­

ing in the mature trees of the beech order is usually long, 
about 50 to 60 years for the English oak, and 40 to 50 for 
the European beech, if the trees are free-growing. As in 
the gymnosperms, the time between pollination and fer­
tilization is also long and, in some, the fruit requires two 
years’ time to ripen, as in several species of Lithocarpus 
and Quercus. The flowers develop in the deciduous species 
after the leaves appear, male and female flowers as a rule 
on the same tree (the monoecious condition); occasionally 
entirely male or female trees occur (the dioecious condi­
tion). In the Fagus group especially, the flowering is often 
periodical, with intervals of up to seven years between the 
“acorn years.” In some evergreen species the leaves persist 
for several years; in others they live only a year. Individ­
uals of some species attain great age; those of Castanea 
sativa, for example, may live more than 1,000 years, and 
those of Quercus robur may, under favourable conditions, 
attain a similar age. A tree of this species in Germany is 
reported to be about 1,500 years old. The common beech, 
however, will rarely reach more than 300 years in age.

Ecology. In the wide distribution area of the Fagales 
order, the ecological conditions are, of course, quite var- 
ied. In Southeast Asia, including the adjacent islands, 
favourable conditions are found especially on the moun­
tain slopes with high humidity and frequent cloud cover, 
the temperature being tropical to subtropical. In East Asia 
and the northern part of the Indochinese peninsula, as 
well as in the Himalayas, the conditions are somewhat 
different. The temperature is not as high, and the pre- 
cipitation and air humidity are varying, very high on the 
Southern slopes of the Himalayas but low in some interior 
Continental areas.

The special conditions in the Mediterranean area, sum­
mer dryness and winter rains, which also are found in 
part of western North America, give a dry-habitat char­
acter to members of the Fagales order occurring there, 
including such features as small leathery leaves that are 
spiny or hairy.

In the distribution areas of middle and north Europe 
and eastern North America, where temperate climate and 
rather great temperature variations occur, the Fagales, as 
a rule, are deciduous. While in Europe large forests are 
formed by a single species, in North America several 
species occur together mixed with other trees, and some 
species form low shrubberies on poor sand plains (Quercus 
ilicifolia and Q. prinoides). In Mexico, the Fagales, espe­
cially the oak genus Quercus, find favourable conditions 
for growth on the eastern slopes of the Mexican highland. 
Humidity and warmth there are high, and some Quercus 
species develop gigantic leaves. In the interior the condi­
tions are dry and warm, and the species are adapted to 
existence where water supply is limited.

Geo- The distribution areas of the genus Nothofagus in the
graphic Southern Hemisphere are not only geographically but also 
isolation ecologically widely separated from the others. The cli- 
of the matic character is oceanic, with small annual temperature
Southern change and great humidity. In parts of the South Amer-
beech ican district the mean annual temperature is very low

and scarcely enough for cereal production; nevertheless, 
several Nothofagus species occur there and may reach up 
to the snow line.

FORM AND FUNCTION
Vegetative characters. Among the distinguishing char­

acteristics of the Fagales order are the simple leaves, in 
the tropical species as a rule with entire unbroken margins 
and leathery texture, and in the temperate species often 
with lobed or toothed margins. Stipules, small leaflike 
appendages at the bases of leaf stalks, occur but fall soon 
after development. The leaves are, as a rule, altemate, 
either evenly distributed around the stem in a spiral or 
arranged in two rows. In the genera Lithocarpus, Cas­
tanopsis, and Castanea both possibilities occur in differ­

ent species, but in Quercus and Cyclobalanopsis only the 
evenly distributed spiral form is seen. In Fagus, on the 
other hand, the leaves are arranged exclusively in two 
rows along the branches, the rows being somewhat nearër 
to each other on the underside of the shoots. The same 
arrangement is found in most Nothofagus species, but the 
spiral distribution also occurs. An unusual arrangement 
is found in one species of Trigonobalanus, in which the 
leaves are in whorls on older shoots.

Flower and fruit characters. The flowers of the Fagales 
order are unisexual, though often with rudiments of the 
other sex present, and are usually arranged in dichasia 
(linear clusters branching into two axes) with three to 
seven flowers, which in their tum are collected in spikelike 
flower clusters, usually called catkins. With respect to the 
distribution of male and female flowers, three types of 
inflorescences (flower clusters) may be discerned: (1) all 
catkins are male in the upper, female in the lower part 
(some Lithocarpus species); (2) the upper catkins bear both 
male and female flowers, the lower being entirely male 
{Castanea and Chrysolepis); and (3) the upper catkins are 
wholly female, the lower male {Quercus, Cyclobalanopsis, 
Castanopsis). The genera Fagus, Nothofagus, and Trisyn- 
gyne differ from the usual condition in that the dichasia 
are not arranged in catkins but occur separately in the leaf 
axils, the points where leaf stalks join the stem.

Drawing by M. Pahl based on H. Hjelmqvist, "Studies on the floral morphology 
and phylogeny of the Amentiferae," BotanicaI Notiser supp. 2:1 (1948)

An important distinguishing feature of the Fagaceae fam- The 
ily (and hence the Fagales order) is the occurrence of a cupule 
so-called cUpule, a structure so characteristic that it pro­
vided the origin of the old family name Cupuliferae for 
the present Fagaceae family. This cupule is a stmeture 
that surrounds the fruit (acom, nut, etc.) as a cup and on 
the outer side bears modified leaf stmetures developed as 
scales, spines, or thin plates. It varies considerably from 
genus to genus. In the genus Lithocarpus each fmit is 
included in a cupule; the different cupules of a dichasium 
may, however, be more or less grown together. Similar 
cupules are found in the genera Cyclobalanopsis and Quer­
cus, whose flowers, however, are solitary. In Castanopsis 
and Castanea the whole female dichasium is surrounded 
by a common cupule, which may burst at fmit-ripening.
In Chrysolepis the cupule is a compound stmeture with 
separating walls between the fmits. In the Fagus group the 
cupule is divided into two to nine lobes; in some species 
of Trisyngyne it is much reduced.
The individual flowers of the Fagales order are simple 

and inconspicuous. In some genera, the perianth (the
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combined set of petals and sepals, or both, in a flower) is, 
in both the male and female flowers, made up of six peri­
anth leaves, which are comparatively well developed. In 
others, the perianth leaves of the male flowers are joined 
together, irregulär in shape, and various in number, and 
the female flowers may also have a somewhat irregulär 
perianth. Fusion of the flowers and reduction of the peri­
anth is discemible in a few genera. In Nothofagus three 
diminutive perianth lobes may exist in the female flower, 
and in Trisyngyne the male perianth is often cuplike with­
out discernible lobes.

The stamens (male flower parts) are in most genera about 
12 in number, partly opposite the lobes of the perianth, 
partly alternating with them. In Quercus the number is 
reduced, often to five, but in some Nothofagus species, 
on the other hand, it is increased and may be 30 to 
40. The anthers (pollen-bearing parts of the stamens) are 
in Lithocarpus, Castanopsis, Castanea, and Chrysolepis 
small, about as broad as high, attached at the middle, and 
movable. In Fagus, Nothofagus, and Trisyngyne they are 
oblong, attached at the base, immobile, and also much big- 
ger, especially in Nothofagus. The different development 
of the stamens is possibly connected with the pollination 
method. Those genera that have stamens of Lithocarpus 
type are mainly insect-pollinated, while the others are 
wind-pollinated.

As with the stamens, the pistil (female flower part) is 
also of different development in different genera, and the 
pistil structure is probably connected with the pollina­
tion method. The wind-pollinated genera have a more or 
less enlarged stigma (sticky pollen-receiving area) surface, 
which, of course, provides a greater chance to catch the 
pollen suspended in the air.

Ovary (part of the female pistil) and fruit are rounded 
in shape in the Quercus and Castanea groups, except 
for Chrysolepis. Sometimes the nuts, however, are some­
what flattened through pressure of adjacent fruits, and in 
some Lithocarpus species, as L. lindleyanus, the fruits are 
weakly triangulär. In Chrysolepis this triangulär shape is 
more pronounced, especially in younger stages, and still 
more in Trigonobalanus, of which one species even has 
three-winged fruits. The nuts of Fagus and the fruits of 
Nothofagus are also decidedly triangulär, while the dimer- 
ous (structure based on twos) top flower of Nothofagus 
and all female flowers of Trisyngyne develop flattened and 
more or less two-winged nuts, somewhat reminiscent of 
Ainus (alder) or Betula (birch) nuts. The ovules (devel­
oping seeds) are generally six in number, two in each of 
the chambers of the ovary; only one of them develops, 
however, into a seed.

EVOLUTION
Fossil record. Fossil Fagales show the great age of the 

order. Quercus, Fagus, and Lithocarpus are present in 
finds from Eurasia and North America, belonging to about 
the middle of the Cretaceous Period (about 100,000,000 
years ago), as is the fossil genus Dryophyllum, which was 
apparently related to Castanea. In the Southem Hemi­
sphere the genus Nothofagus also appears in the Creta­
ceous. In the Tertiary Period (25,000,000 to 65,000,000 
years ago) Castanopsis and Castanea are reported from 
different countries, and the order on the whole shows a 
rieh development. Fossil pollen of Nothofagus from the 
Cretaceous of New Zealand is known, and in Europe 
pollen from younger Cretaceous deposits is known that 
shows great similarity to Trigonobalanus.
Phylogeny. Since several genera thus appear in the same 

early period, the fossil finds give scarcely any guidance 
for a sketch of the evolution in the order. The problems 
of evolution and relationships are thus better approached 
through morphology (stmeture), especially the Organiza­
tion of the cupule. The inflorescence (flower cluster) type, 
the different style, stigma, and anther types (female and 
male structures), and other considerations are also impor­
tant features determining relationships.

CLASSIFICATION AND TAXONOMIC STATUS
The family Fagaceae (hence, the order Fagales) has at­
tracted the interest of many systematists (botanists who

study Classification of plants), and opinions have been 
considerably divergent about the subdivision of the group. 
Sometimes a very great number of genera has been pro­
posed, the sections of Lithocarpus and Quercus being 
given the rank of genera in these treatments. In other cases 
some of the genera have been united with each other, 
for example, Cyclobalanopsis has been joined with Quer­
cus, and Trisyngyne with Nothofagus. The morphological 
differences between Quercus and Cyclobalanopsis are not 
very great, but the two groups are clearly distinct from 
each other and there are no transitional forms between 
them (as may be found between Cyclobalanopsis and 
Lithocarpus). They thus apparently belong to two differ­
ent evolutionary lines, and on this account should be kept 
apart. Similar conditions are met with in the other case: 
Nothofagus and Trisyngyne apparently represent different 
evolutionary lines, which speaks in favour of the view that 
they are separate genera.

Among the groups related to the Fagales order, the order 
Betulales (birches) is the nearest. The two orders have, as 
a matter of fact, often been united into one. New genera 
have been added to the family from time to time. The 
American species formerly placed in the genus Castanopsis 
were in 1948 recognized as a distinct genus, Chrysolepis, 
and, in the 1940s, a great number of new species were dis­
covered by an expedition to New Guinea. These, like some 
earlier known species from New Caledonia, are placed in 
the genus Nothofagus by some authorities but by others 
are regarded as a separate genus, Trisyngyne. In 1961 a 
new species was found in Borneo that, together with an 
earlier known but incompletely described species from In­
dochina, forms the new genus Trigonobalanus. (H.Hj.)

The birches and their close allies—the alders, the iron- 
woods, the hombeams, and the hazelnuts—are a group 
of trees and shrubs that constitute an order of flowering 
plants, the Betulales or birch order. The group is predomi­
nantly of the north temperate and Arctic regions and long 
ago became deeply embedded in the folklore and ancient 
forest industries of primitive man. The tree birches are 
today major sources of cabinet woods and also provide 
handsome and graceful material for the landscape gar­
dener. Ecologically, the alders especially have been found 
to be important soil-builders (“pioneers”) because of the 
nitrogen-fixing bacteria in their root nodules; and all of the 
shrubby members of the order provide important cover 
for wildlife. Scientifically, as one of the members of the 
catkin-bearing group of flowering plants (Amentiferae), 
they have shared centre stage with the oaks, the walnuts, 
the willows, and others in stormy debates conceming 
which of the flowering plants are in reality primitive.

GENERAL FEATURES
Size range and distribution. The birches range from 

trees to sprawling shmbs; the canoe or paper birch ex- 
ceptionally reaches a height of 120 feet (37 metres) and 
a diameter of 3 feet (1 metre) on the northwest coasts of 
North America. The North American yellow birch and Tree 
black birch, Betula maximowicziana of Japan, and Betula heights 
albo-sinensis of central and western China achieve heights 
of 90 to 100 feet (27 to 30 metres). Most of the remaining 
tree birches are modest in height, such as the gray or 
old-field birch of the eastem United States, whose clus- 
tered sterns seldom become much over 30 feet (9 metres) 
high. Unusual flexibility in adapting to its environment is 
shown by the largest of the birches, the canoe birch, which 
assumes a depressed and shrubby form when it grows in 
exposed habitats at its northemmost limits near the tree 
line or at high altitudes. Among the dwarf birches, Betula 
pumila may grow as much as 15 feet (5 metres) high; 
other species that extend into the Arctic achieve a height 
of 5 or 6 feet (1.5 or 2 metres) in the lee of a protective 
rock, but in the open they creep on the surface of the 
tundra. One of these dwarf birches, Betula michauxii, is 
confined to southem Labrador; its slender twigs rise but 
a foot (30 centimetres) or so out of the shallow ponds in 
which it grows.

Betulales (birch order)
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Geo­
graphie
distribu-
tions

Products 
and uses 
of bark

The alders are commonly shrubs or small trees of 
medium size, but the black alder of Europe and northern 
Africa {Ainus glutinosa), the tree alders of western North 
America {Ainus rubra and A. rhombifolia), and Ainus hir- 
suta of northeastem Asia and northern Japan, are trees of 
up to 50 to 75 feet (15 to 23 metres) in height and 2 feet 
(0.6 metre) in diameter.

The various species of hornbeams and hop-hombeams 
are small trees, some of which may be 50 to 60 feet (15 to 
18 metres) tall but commonly reach a height of only 10 to 
15 feet (3 to 5 metres). The very local genus Ostryopsis, 
with two species in China, is a small shrub up to 10 feet 
(3 metres) in height.
Among the hazels, a strictly tree-habit characterizes the 

Turkish hazel, which may reach a height of 80 feet (24 
metres), while its close relative, the Chinese hazel of cen­
tral and western China, is reported to grow over 120 feet 
(37 metres) high. The great majority of hazels, however, 
are modest shrubs, often forming coppices.
The members of this order are found chiefly in cool to 

cool-temperate areas of the Northern Hemisphere; only in 
the Americas do they extend along the mountains into the 
Southem Hemisphere. In the mountains of North Amer­
ica some species occur as endendes. Individual species are 
usually prominent members of the plant communities of 
which they form a part, but seldom occur in pure stands.

Most of the genera, with the exception of Ostryopsis, 
are widespread in their distribution today. Thus in Betula 
(birch), the white birches and dwarf birches are circum- 
polar and very nearly coincide in their areas, the dwarf 
birches extending farther into the Arctic. They now oc­
cupy most areas that were glaciated recently (until about 
10,000 years ago). By contrast, other members of the 
genus are more disrupted in their distribution, tending 
to be centred on the geologically ancient areas of eastem 
North America and of eastern Asia, with extensions into 
the Himalayan and Caucasus regions. Some are even more 
limited in distribution, occurring only in northern China, 
Korea, and Japan.

In the genus Ainus (alders), many species occur gener­
ally throughout the range of the Betulales, except for the 
Himalayan region, where a small and distinctive group of 
species occurs. A few other species occur in Japan, across 
cool temperate North America, and in Europe. One small 
group of closely related species is limited to Szechwan in 
southwestem China.

Ostrya (hop-hombeam) and a few species of the genus 
Carpinus (hornbeam or blue beech) share much the same 
areas, both groups occurring in central eastern North 
America, in the Southern European region exclusive of 
the Iberian Peninsula, and in the southeastern portion of 
Asia. One small group of species of Carpinus is limited to 
temperate East Asia. Carpinus, however, has a somewhat 
wider range than does Ostrya, not only in Southern Europe 
and southeastern Asia but also in the highlands of Central 
America, from which Ostrya is absent. The two genera are 
notably absent from recently glaciated regions except for 
limited incursions into the Southern fringes of this area.

The closely related genus Ostryopsis is restricted to por- 
tions of the Himalayan region.

Corylus is another genus whose species occur around 
the Northern Hemisphere, projecting well into formerly 
glaciated areas, although not as aggressively as do the 
members of the dwarf birches of the genus Betula.

Economic importance. The primary economic members 
of the family are the tree birches of the Northern Hemi­
sphere, whose fine-grained wood provides lumber used for 
flooring, trim, furniture, and high-quality veneers. The 
uniform texture of the wood of these birches and of the 
tree alders makes it excellent for buttons, spools, wooden 
shoes, shoe lasts, and similar objects. The wood of hop- 
hombeam {Ostrya) and hombeam {Carpinus) is so diffi­
cult to split that it was used in pioneer days for such items 
as tooi handles and levers. All genera are used for fuel 
and charcoal.

The bark of various genera and also the mature female 
strobili (seed-bearing structures) of some species of alder 
are sources of high-quality tanning materials and have 
been so used by Eskimos, American Indians, and others.

The papery bark of the white birches was formerly used 
as a substitute for writing paper in Kashmir and for many 
kinds of Utensils and containers by the American Indi­
ans and Ainu people of Japan. In the Lapland region of 
Norway and Finland and other places it is used, when 
finely ground, as an emergency food. Some of the birches 
produce a sugary sap, which is fermented to produce birch 
beer; the twigs of the cherry birch of North America are 
steam-distilled to produce an essential oil (oil of winter­
green) mostly composed of methyl salicylate. Leaves of 
some of the birches in combination with alum produce a 
green dye, or with chalk produce a yellow colour. There 
is a multitude of other minor and very local uses, rang­
ing from the hooked sticks derived from Ainus nitida 
(Himalayan black alder) used in primitive rope bridges 
to extracts of the bark of Ainus rubra (of the west coast 
of North America), which have been recommended for 
scrofulous conditions, indigestion, and dyspepsia.

Hazelnuts and filberts {Corylus) have been harvested for 
food since the days of primitive man. Hybrids and se- 
lections have been produced by horticulturists and are 
widely used for food and as a source of oils used in food, 
painting, perfumes^ and soap manufacture.

NATURAL HISTORY
Life cycle. The life cycle of these plants is basically 

like that of other flowering plants, but there are certain 
peculiarities, largely in the reproductive portion. All mem­
bers of the family have developed the abundant, small 
(approximately 0.03 millimetre diameter), nonsticky, un- 
omamented pollen grains that are well adapted to wind 
pollination. It has been calculated that one hazel bush 
produces 600,000,000 pollen grains, shed from the flexible 
male catkins (pendent clusters of male flowers) before or 
at the time of the opening of the leaves in spring. The 
stiff female inflorescences (flower clusters) contain many 
fewer pistils (female structures), one hazel bush produc- 
ing only about 1,300 in 200 female inflorescences. Only 
the styles and stigmatic surfaces of the pistils (the pistil 
consists of stigma, style, and ovary—the stigma and styles 
being adapted to receiving the pollen, the ovary enclos­
ing the ovules, which are immature seeds) are mature at 
pollination time, usually late in May. In most flowering 
plants the three parts of the pistil develop simultaneously. 
The stigma is ready to receive the pollen when the style is 
ready to serve as the pathway for the pollen tube, which 
then makes its way to the future seeds (ovules) located 
within the ovary. But in the Betulales the ovules are not 
yet formed when pollination occurs. It takes weeks for the 
ovules to develop. In the meantime, the pollen tube, which 
in most plants grows directly to the ovule, remains inactive 
within the tissues of the style. After the development o f 
the ovule, the pollen tube résumés growth. It approaches 
the embryo sac by a most unusual path, through the basal 
or chalazal portion of the ovule, instead of by way of the 
micropyle (a small opening at one end of the ovule). This 
is termed chalazogamy. Subsequent events, including dou­
ble fertilization, the development of endosperm, embryo, 
seed, and fruit are typical of flowering plants.

Ecology. It is unusual for members of the order to 
occur in pure stands, although this has been reported for 
birch in the northern Soviet Union, the black alder in 
central Europe, and Carpinus betulus in the Rhine Valley. 
Ordinarily, the members of the order Betulales in Europe 
are associated with pine, spruce, or aspen, especially along 
waterways; they also occur on the moors of the north 
European plain. Some shrubby species form part of the 
understory in oak and beech forests.

In North America, the forest tree species are the red alder 
of the Pacific Coast region; the paper birch, which occurs 
from Alaska to New England; and the black birch and 
the yellow birch, both of which grow in the northeastem 
United States and extend southward in the Appalachian 
Mountains. Of these, the red alder is ecologically impor­
tant in its contribution of great quantities of nitrogen to 
the soil. This characteristic is shared by the other species 
of the genus, too. The red alder forms forests in associ- 
ation with Sitka spruce, western hemlock, white spmee, 
Douglas fir, and others, although it may occasionally form

Delayed 
fertiliza­
tion of 
ovule
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pure stands in stream bottoms and moist flats. Its small 
fruits germinate freely on mineral soil, and it is often 
the first tree species to become established, growing so 
rapidly for the first 25 years that it overtops its associates, 
but thereafter is overtaken by its chief competitor, the 
Douglas fir. The paper birch characteristically occurs in 
regions where summers are short and cool and the winters 
are cold and snowy. It tolerates a wide range of moisture 
conditions, but grows best in fresh, well-drained, sandy 
loams. It rarely occurs in pure stands, but grows with 
jack pine, or red or white spruce, and balsam fir, or with 
aspen. Despite the vast number of winged seeds produced 
per tree, the fragility of the newly germinated seedlings 
contributes to a low rate of survival. Paper birch generally 
lasts but a single generation in natural succession and is 
replaced by other, more shade-tolerant species. While the 
black birch is a minor species in many forest types, the 
yellow birch is a major member of several types of forest, 
being associated with sugar maple and beech, or hemlock, 
or balsam fir and pin cherry. Its small fruits germinate 
well after logging, fire, and windthrow but not in the thick 
litter of the undisturbed forest.

The river birch, the gray birch, the American hornbeam, 
and the hop-hornbeam are small trees in the forests of 
cool temperate North America, the two latter thriving as 
members of the understory in the rieh woods of bottom- 
lands, coves, and protected slopes. The gray birch grows 
in the dry soils of the northeastem United States and 
Canada, is an outstanding pioneer, and is notoriously in­
tolerant of shade.

Jhrubby Most shrubby members of the order Betulales occur 
nembers among the alders, birches, hazels, and both species of
)f the Ostryopsis. Temperate American species such as Ainus
)irch crispa, A. incana, Betula glandulifera, Corylus americana,
>rder and C. cornuta are often thicket-formers, especially when

they occur at the margins of woods or in the open. The 
arctic and subarctic species, notably among the birches, 
occur as low shmbs in the barren lands or in boggy or 
damp heath-covered areas.

F O R M  Ä N D  F U N C T I O N

The members of this largely temperate to arctic group 
are characterized throughout by their woody habit, which 
carries with it the necessity for surviving the winter above 
the surface of the soil. Direct concomitants to this re- 
quirement are adaptations that meet the need to conserve 
water during the winter, a period when water is largely 
frozen and thus physiologically unavailable. Three major 
morphological adaptations contribute to the survival of

From (Betula occidentalis) Taxonomy of Flowering Plants, 2nd ed., by C.L. 
Porter, W.H. Freeman and Company, Copyright © 1967, and (others) 

C. Sargent, Manual of the Trees of North America (1922), Dover Publications, Inc.

Representative plants from the tribes (top right) Carpineae and 
(others) Betuleae of the birch order.

Betulales species in such habitats: (1) the shedding of the 
leaves; (2) the envelopment of the extremely delicate em- 
bryonic cells of the growing point and the immature leaves 
of the next season with a system of tough, waterproof bud 
scales; and (3) the development of bark initiated by sec­
ondary changes under the original epidermis of the twigs 
and branchlets. In some species, continued growth of the 
woody portion of the stem is accompanied by the produc­
tion of bark that is formed in highly distinctive paperlike 
layers, although the functional superiority of this peculiar 
type of bark is unknown.

The characteristic cylindrical male catkins, which are so 
prominent in most members of the family throughout 
the winter, are precocious inflorescences composed of a 
multitude of male flowers whose anthers require but a few 
days of spring warmth to mature and shed their pollen.
T his precocity o f  the m ale flowers is m atched by the  
production o f  functional styles and Stigmas in the fem ale  
flowers, which are in  sm all stiff catkins or in som ew hat 
m odified buds. T he large quantities o f  tiny pollen grains 
shed before or at the tim e o f  lea f expansion in the spring 
provide the m axim al opportunity to  utilize the w ind as a 
pollinating agent.

The fruits are also characteristic structures. In those alders 
and birches with winged fruits that are freely carried about 
by the wind, the fruits are so small that there may be 
over 1,000,000 to the pound (e.g., as is the case in paper 
birch). The process of dissemination in the birches is facil­
itated by the shattering of the mature female catkin, which 
leaves only the catkin axis still attached to the parent tree 
in the fall. In the alders the female catkin, or ament, does 
not shatter; instead the scales become woody and remain 
attached to the ament axis, separating sufficiently so that 
the little fruits may shake out. Some of the alders have 
substituted corky ridges for the filmy wings, the corky Seed 
ridges serving as floats that aid in dissemination by water, distribu- 
In Ostrya, Carpinus, and Ostryopsis the fruits are nutlets tion 
that are attached to leafy wings or envelopes. These are 
shed in later summer, leaving the bare female axis on 
the tree; dissemination is presumably by small rodents or 
birds. In the hazelnut, the individual fruit is quite large, 
in Corylus americana averaging about 500 per pound, or 
each one averaging about 3,000 times the weight of an 
average paper birch fruit. Dissemination of this eminently 
edible fruit is by animals.

EVOLUTION
The evolutionary origins of the Betulales, as in the case 
of flowering plants generally, cannot as yet be determined 
from the available fossil evidence, even though there is an 
abundance of leaf impressions, pollens, and woods. These 
appear suddenly in the sedimentary rocks of the Mesozoic 
and Cenozoic Eras (i.e., in rocks as old as about 100,- 
000,000 years), very similar in form to the leaves, pollens, 
and woods of Contemporary genera. In the absence of 
direct evidence, it is necessary to fall back on information 
obtained from living forms. Based on living species, the 
order Betulales is considered by most authorities to be 
a moderately advanced rather than a primitive flower­
ing plant group. In fact, in some respects, with its often 
nectarless, odourless, wind-pollinated, unisexual, and very 
tiny flowers, it may be considered advanced as compared 
with the larger, bisexual flowers of the presumably prim­
itive flowering plants. The order Betulales has stamens 
differentiated into anther (pollen sac) and filament (stalk), 
the latter sometimes split all the way to the base of the 
filament to form two independent stamen halves. The 
ovary is inferior (i.e., it is enclosed within the basal por- 
tions of the other flower parts, which appear to arise at its 
upper end), composed of two fused carpels, has but one or 
two functional ovules, and is crowned with a well-defined 
style (the elongated upper portion of the ovary). The tiny 
flowers are clustered together and often are fused with 
adjacent leafy bracts to form very complex inflorescences.
The fruits are indehiscent (i.e., they do not split open 
along definite lines) single-seeded nuts or nutlets. The or­
der Betulales consists of woody trees or shrubs and in this 
respect is considered to be only moderately advanced. The 
leaves are pinnately veined (i.e., with a midrib and branch
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veins in the fashion of a feather), rather than palmate, 
and are trilacunar (i.e., having three leaf gaps); there are 
no vestiges of the ancient double origin of the vascular 
supply such as is found in the floral organs and cotyledons 
(“seed leaves”) of some flowering plants. The puzzling 
phenomenon of chalazogamy is difficult to assess from 
the evolutionary point of view, but the presence of only a 
single integument in the ovule and the long delay between 
pollination and fertilization are taken as being advanced. 
In the structure of the wood there are some examples 
of somewhat advanced features, but other quite primitive 
wood characters also occur. All of the above informa­
tion taken together can be interpreted to indicate that 
the Betulales probably originated before the Cretaceous 
Period (i.e., before about 136,000,000 years ago). Other 
families of flowering plants that may have had a hypo- 
thetical ancestor similar to that of the Betulales are found 

Evolution- in the Fagales (beech order). A common ancestor for the 
ary prede- two orders is difficult to determine, but various proposals 
cessors have been made, the two plant orders Hamamelidales and 

Sapindales being favoured. The students of wood anatomy 
favour the Hamamelid hypothesis. Whichever of these is 
the more tenable, both schools of thought unite in the 
rejection of the proposal that the birches, oaks, and other 
wind-pollinated orders represent ancestral types for the 
insect-pollinated families.

CLASSIFICATION AND TAXONOMIC STATUS
Until recently the Betulales, as presented herein, was 
treated as one of two families (Betulaceae and Fagaceae) 
in the order Fagales, but many authorities now regard 
each former family as a distinct order. Some workers have 
applied the family name Corylaceae to the group here 
called Betulaceae, and a few have even divided the group 
into three separate families—Carpinaceae, Corylaceae, and 
Betulaceae (corresponding for the most part to the tribes 
named above). The order as presented here, consisting of 
one family divided into three tribes, is the most recently 
accepted Classification, however. (E.C.A.)

Juglandales (walnut order)

This is a small but important order of flowering plants 
consisting of two families, Rhoipteleaceae, with one genus 
and one species, and Juglandaceae, the walnut family, 
with nine genera and about 58 species. The walnuts are 
common large forest trees, primarily of temperate areas 
but also of subtropical regions, mostly of eastern North 
America, Central America, western South America, and 
eastern Asia. Walnuts, hickories, and pecans have been 
appreciated for many years for their edible oily nuts and 
their valuable wood, and they are now cultivated in large 
numbers in most temperate regions of the world.

Some of the trees, at least in the early days before exten­
sive cutting for lumber, grew to be 150 feet or even 175 
feet high (46-53 metres). The black walnut, Juglans nigra, 
has been reported to reach 6 feet (2 metres) in diameter. 
The smallest member of the order is the Texas walnut,
J. microcarpa, a shrubby tree of Texas and New Mexico 
only 20 to 30 feet (6 to 9 metres) high.

GENERAL FEATURES
Distribution and abundance. The trees are common 

throughout the deciduous forests of the eastern United 
States and in parts of eastern Asia. In Mexico and Central 
America they are only locally common in certain canyons 
in the mountains or in fog beits on the slopes of the moun­
tains. One species, Oreomunnea (Engelhardia) pterocarpa, 
occurs in only one valley in Costa Rica. The black walnut, 
Juglans nigra, yields such valuable timber that most of 
the native trees in the eastern United States have been cut 
down; hickories (Carya species), too, have been greatly re­
duced in numbers from timber cutting. The fall webworm 
attacks the hickory and walnut leaves in many regions, 
and insect damage also seems to be reducing the numbers 
of the butternut (Juglans cinerea) in the northeast. In the 
United States and in Europe many walnut and hickory 
trees have become naturalized in the regions where they 
have been introduced.

Vegetative, floral, and fruiting structures of the walnut order.
From (left) American Journal of Botany, vol: 25 (1938) and (female flower, butternut) American 
Journal of Bot any, vol. 27 (1940)

Economic importance. The most important and best 
known member of the order is undoubtedly Juglans regia, 
the Persian walnut, also known as the English walnut and 
Circassian walnut. This was originally native to China, 
the Himalayan mountains, and from Iran to Greece. The 
wood and nuts have been used and prized for over 2,000 
years; the Persian walnut is probably the most important of 
all nuts. Orchards and individual trees have been planted 
in warm temperate areas in many countries. The pecan,
Carya illinoensis, native of the southeastern United States 
and northern Mexico, though not as valuable for its wood, 
is important for its valuable nuts; more and more orchards 
are being planted not only in the Southern United States 
but also in other countries. The black walnut, Juglans Uses of 
nigra, native in the eastern United States, is well known the black 
for its valuable wood used in fine furniture and in cabi- walnut 
network, interior panelling, and gun stocks. The tree has 
become so scarce as a native tree that lumbermen have 
been known to try to buy yard trees from private homes.
Even single trees can be extremely valuable because the 
wood can be extended considerably if used as thin ve­
neers. Black walnut meats are very tasty and are used in 
candy and cakes, but the hard-shelled nuts are difficult to 
crack. Important primarily locally for their nuts are the 
American butternut, Juglans cinerea; Japanese butternut,
J. ailantifolia; shagbark hickory, Carya ovata; and the big 
shellbark hickory, C. laciniosa. The wood of the hickories 
is extremely valuable because of its toughness, hardness, 
strength, and resistance to shock and is used for tooi han­
dles, wagon axles, and agricultural implements. The fresh 
husks of the butternut have been used as dye (khaki); the 
fruits of Platycarya have been used in China as a black 
dye for cotton cloth. The meats of the Persian walnut 
have been used for a drying oil. Several members of the 
temperate genera have been planted for dooryard trees 
or park trees. The Japanese butternut, a rapidly growing 
tree, is very hardy and is increasingly being planted in the 
United States; the nuts of the heartnut variety are easily 
cracked. The woods of the Asiatic members other than 
walnuts and hickories have local uses, but none of these 
trees has edible nuts. Leaves of various species have been 
thrown into the water for use as fish poisons by primitive 
people. A toxic substance, juglone, is given off by the 
leaves and roots of the black walnut and under certain 
conditions injures vegetable crops growing near the trees.

Natural history. The trees are adapted to wind polli-



640 Angiosperms

nation; thus the stamens of staminate (male) flowers are 
very numerous and the Stigmas (female flower structures) 
are enlarged to catch the pollen. Adaptations for seed dis­
semination have developed in two different directions. All 
members of the order have one-seeded fruits, and the seed 
remains inside the fruit for dissemination. Some genera 
have developed small fruits with wings for wind dispersal; 
others have developed large fruits, or nuts, for animal, 
primarily squirrel, dissemination. The seeds are typically 
viable for only one winter season in the northern regions 
and must not dry out; squirrels plant them underground, 
where it is moist. The nuts have an adherent husk for pro­
tection, but it is not known whether its principal function 
is to prevent drying out or injury in falling from the trees.

Many interesting natural hybrids are known among the 
hickories and the walnuts, but most of these are not used 
commercially. Some of the species of Carya (hickories) 
are diploids— i.e., they have the normal two sets of chro- 
mosomes per cell; some are tetraploids, with four sets of 
chromosomes in the nucleus of each cell.

Ecology. Many of the trees in the walnut order grow 
in the forests of the temperate regions; others grow in the 
mountains of the tropics; a few are subtropical or even 
grow near the seashore in the tropics, but none of them 
is strictly alpine. Most of the members have deciduous 
leaves, even in the tropics, but a few are evergreen. All 
appear to require moisture in the soil. A few grow in 
swamps, some in rieh bottomlands; others prefer dry hill- 
sides, but only where rainfall is sufficiënt; a few grow in 
arid regions, but then only along streams in canyons or 

icattered in the fog beits in the mountains. Members of the order 
>ccurrence rarely occur as solid forests but are mixed with other trees, 
)f trees especially oaks. An oak-hickory forest covers much of the 

deciduous forest of the eastern United States and part of 
eastern Mexico. Engelhardia is occasionally dominant in 
eastem Asia.

Distinguishing features. All members of the order are 
trees. The altemate or, rarely, opposite leaves are pinnately 
compound (i.e., each leaf is composed of several leaflets 
arranged along both sides of a central axis). The lower 
surfaces of the leaflets, and often the buds, flowers, and 
young fmits, are dotted with yellow or sometimes pale 
several-celled resinous scales. The inconspicuous flowers 
lack petals, and at least some occur in catkins or elongate 
slender spikes. Catkins are long and scaly, and usually 
drooping, spikes of unisexual flowers; that is, the male 
or staminate flowers occur in one catkin, the female or 
pistillate flowers in another. The ovary is two-celled or 
incompletely two-celled (that is, with one or two ovarian 
cavities or locules), but there is only one ovule. The one- 
seeded fruits are either winged nutlets or nuts, which are 
enclosed in husks. The seeds are oily and lack endosperm, 
a starchy nutriënt tissue for the developing embryo.

EVOLUTION
Fossil record. There is no fossil record for the rare 

Chinese and Indochinese family, Rhoipteleaceae, but the 
walnut family, Juglandaceae, is abundantly represented in 
the fossil record in the form of leaves, nuts, and pollen 
grains. Members of this family appear first in the Upper 
Cretaceous Period (about 75,000,000 years ago), along 
with the earliest flowering plants, and by then had already 
evolved into essentially modern genera. This indicates a 
long previous history, which is also true of many other 
flowering plants. As early as the Eocene Epoch (about
50.000. 000 years ago) the walnut family had spread over 
much of the Northern Hemisphere, with a much wider dis­
tribution than in modern times, and continued to spread 
through the rest of the Tertiary Period. Trees, therefore, 
occurred in regions where modern members are no longer 
native, such as Europe, North Africa, Alaska, Greenland, 
and the north western United States. Thus, in north central 
Oregon, in the Clamo Formation of the Eocene, of about
50.000. 000 years ago, 75 recently discovered petrified 
fmits strongly resemble the living Arizona walnut, Juglans 
major. The species is, however, much more primitive than 
any modem one and apparently is intermediate between 
modern species. Furthermore, some of the genera now 
restricted to eastem Asia, such as Pterocarya, Platycarya,

and Engelhardia, once were to be found over much of the 
United States as well as Europe.

The range has since become much restricted, due to a 
general cooling of the climate in the north and to moun­
tain building, resulting in present-day drier conditions. 
Furthermore, glacial activities in the Pleistocene Epoch of 
the last 2,000,000 years completely wiped out the trees in 
Europe, where they could not survive south of the glaciers 
because of the extensive east-to-west oriented European 
mountains that blocked their southward range extensions 
as the glaciers advanced. In the eastern United States and 
in China the mountains mn largely from north to south, 
and during periods of approaching glaciation the trees 
were able to move south by means of seed dispersal along 
the valleys, encountering no physical barriers, and move 
back north after the glaciers had retreated.

Phylogeny. Juglandales is one order of a group formerly 
known as the Amentiferae. All members of this group are 
woody plants, with inconspicuous wind-pollinated flowers 
that lack petals and are arranged in elongated clusters 
known as catkins (aments) or spikes, such as are found 
in the willows, bayberries, birches, oaks, and beeches. 
The catkins superficially resemble the cones of the gym­
nosperms (pines, spruces, firs, etc.). Some botanists believe 
that all of these orders are related, are very primitive, 
and have evolved directly from ancient gymnosperms, 
perhaps even the seed ferns. This belief is due partly to 
the resemblance of catkins to cones and especially to the 
Separation on the same tree of the male catkins from the 
female ones; partly to wind pollination and lack of petals 
as in the gymnosperms; and partly to the early appearance 
of the plants in the fossil record. While most botanists 
no longer believe that the Amentiferae group gave rise to 
more advanced flowering plants, some still believe that 
they are primitive and possibly had a different origin and 
line of evolution from the rest of the flowering plants. One 
European botanist, for example, has found features about 
the ovule of Engelhardia, a primitive genus of the family 
Juglandaceae, to be different from other angiosperms and 
highly reminiscent of certain fossil seed fems.
Most present-day botanists, however, now believe that 

the families of the Amentiferae are not primitive but 
advanced, having had ancestors with conspicuous, insect- 
pollinated flowers that had petals and bisexual flowers 
(with male stamens and female pistil together in the same 
flower). Thus, the presence of an abortive female pistil in 
a few male flowers in various species of the Juglandaceae 
family indicates that the ancestral flowers were bisexual. In 
addition, the compound pistil with inferior ovary (i.e., lo- 
cated below the attachment point of the other flower parts) 
in several families of the Amentiferae group suggests an 
advanced rather than a primitive nature. The ancestral bi­
sexual flowers have been reduced, the sexes separated, the 
petals lost, and the flowers crowded into catkins with spe- 
cialization for wind pollination. Furthermore, the catkin 
and the cone are technically not equivalent; each flower 
of a catkin (for example, a staminate flower) is equivalent 
to a complete cone (for example, a staminate cone) in 
the gymnosperms. Thus, theoretically, a catkin could be 
considered equivalent to a large number of massed cones. 
There is also a difference of opinion among present-day 
botanists as to the nature and evolution of the primitive 
flower itself and as to the type of plant, and its reproduc­
tive structure, from which the angiosperms arose. Since 
truly primitive angiosperms have not yet been located in 
the decidedly incomplete fossil record, the presence of 
early fossils of the Amentiferae group does not necessarily 
prove them to be the most primitive of flowering plants.

The Juglandales order itself, in tum, has stood apart 
from the other orders of the Amentiferae group because 
of its compound leaves, and the Juglandaceae family itself 
lacks the stipules (small, leaflike appendages at the base of 
leaf stalks) present in the other orders.

It has often been suggested that the Juglandaceae family 
has been derived from the Sapindales order, which in­
cludes the sumacs. These are woody plants with pinnately 
compound leaves also lacking stipules, some of them hav­
ing resinous dots on the leaflets as do the members of the 
Juglandaceae family. They also have panicles of flowers
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but, unlike the walnut family, petals are present. A few 
members even have reduced crowded flowers arranged in 
spikes. The wood anatomy and pollen structure, however, 
indicate that not only is the Juglandaceae family unrelated 
to the Sapindales order, but it is even more primitive 
than the latter in several features. Thus, the walnut family 
was probably derived from some other more primitive 
group. It now seems likely, though not proved, that the 
family was derived with the bayberries, oaks, and birches 
through the Hamamelidales, the witch hazel order, from 
the Magnoliales, the magnolia order. It is generally agreed 
that this last order is the most primitive living group of 
flowering plants, having, as it does, extremely primitive 
gymnosperm-like wood structure as well as other primi­
tive features.

There have been differences of opinion about which 
families are related to the walnut family. The families 
Julianiaceae, Picrodendraceae, and Rhoipteleaceae have 
been considered to be close to the Juglandaceae family 
because of their compound leaves and general flower and 
inflorescence (i.e., the flower cluster) structure. Studies of 
wood anatomy and pollen grain structure have shown 
that the first two are much more likely to be related to 
the Sapindales order. The stipules, flowers, and flattened 
winged fruits of the Rhoipteleaceae family strongly sug­
gest the elms in the order Urticales, though the latter 
have simple leaves. Again, wood anatomy indicates that 
the Rhoipteleaceae family is more closely related to the 
walnut family, especially to the more primitive genera 
of that family, Engelhardia and Alfaroa. The flower and 
inflorescence structure of the genus Rhoiptelea fit exactly 
the proposed hypothetical ancestor of the Juglandaceae 
family. In the Amentiferae group the bayberry family, 
Myricaceae, considered by many to constitute a distinct 
order, has been placed by some in the order Juglandales. 
This family has catkins and one-seeded nutlets that are of­
ten winged. Once more the bayberries have simple leaves 
and stipules, but they could still be close to the Juglandales 
order. The compound leaves of the Juglandaceae (walnut) 
family, however, separate it from the oaks and birches and 
even from witch hazels and magnolias.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The two families of the order 

are quite distinct in position of the ovary (superior or 
inferior) and internal structure of the ovary (two-celled 
or one-celled; that is, two-loculed or one-loculed), and in 
having bisexual (perfect) flowers in long slender spikes 
or unisexual (imperfect) flowers in true catkins. Within 
the Juglandaceae family itself the subfamilies, tribes, and 
genera are separated on the basis of the modification of 
the primary and secondary bracts (scales) in the fruiting 
condition into wings or into husks for the nutlets or nuts. 
In addition, the presence or absence of sepals (the outer 
whorl of flower structures, similar to flower petals but 
usually smaller and coloured green), type and position of 
inflorescences, Variation in position of the carpels (ovule- 
bearing leaves of the pistil), type of stigma, wood anatomy, 
and pollen structure are of value.
Taxonomie problems. The Classification used in this ar- 

ticle for dividing the Juglandaceae (walnut family) into 
subfamilies and tribes is a recent one of recognized author- 
ity. Most of the former classifications divided the family 
merely on the basis of the appearance of the fruits; for 
example, one group of genera has small, winged fruits, 
the other has larger fruits, most of which have husks. Yet 
various studies in wood anatomy, pollen structure, inflo­
rescence type and position, floral structure, and nature of 
primary and secondary bracts show that the traditional 
Classification schemes bring together unrelated members.

Tremendous advances have been made within the past 50 
years, primarily in the family Juglandaceae, in the knowl­
edge of inflorescences, flower structure, wood anatomy, 
pollen-grain structure, seedling type and its anatomy, num­
ber of genera and species, number of fossils, relationship 
within the family, and relationship to other families and 
orders. Much still remains to be done, however. Opinions 
differ as to what genera and how many species should be 
recognized. Relationships among the genera are still open

to  question. K now ledge o f  fruit and seedling structure is 
still incom plete. Better know ledge o f  the relationships o f  
the order to other orders is still needed  as is indicated in  
the lack o f  a satisfactory explanation  for the com poun d  
leaf. Intensive studies are n ow  going on  in  an attem pt 
to obtain a better natural Classification o f  the flowering  
plants as a w hole. T he loca tion  o f  the Juglandales order 
in  this Classification is still in  doubt. (Wa.E.M.)

Caryophyllales (pink order)

The order Caryophyllales includes many dicotyledonous 
plants (plants whose embryos have two leaves), ranging 
from garden subjects and vegetables to bizarre succulent 
plants that resemble stones. The garden plants include 
carnations, pinks, four-o’clocks, amaranths, portulacas, 
and Madeira vines. Vegetables in the order include beet, 
spinach, rhubarb, and buckwheat. The carpetweed family 
(Aizoaceae) includes ice plants, sea figs, and living stones. 
Some authorities include the cacti (as the family Cac- 
taceae) in this order as well; however, in view of evidence 
to the contrary and because the cacti are of such general 
interest, they are dealt with separately (see Cactales).

GENERAL FEATURES
The name of the order is derived from that of the pink 
family, Caryophyllaceae, which was based upon a pre- 
Linnaean genus, Caryophyllus. The number of species in 
the order has been estimated between 6,500 and 8,500, 
depending upon the interpretation of the order; i.e., which 
families are included in it and particularly whether the 
cactus family (Cactaceae) and the buckwheat family (Po- 
lygonaceae) are included. In this treatment of the order, 
the Cactaceae are excluded and the Polygonaceae are 
included.

Drawing by M. Pahl

Representative plants from the three largest families of 
the pink order.
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The Caryophyllales include mostly herbs, but various 
families have shrubs, vines, and trees. On the whole, the 
order is not noted for the size attained by its members. 
Commonly, the species are most pre valent in moist tem­
perate or tropical environments, but many members of 
the goosefoot family (Chenopodiaceae) are restricted to 
salty, alkaline soil. In some salt-tolerant species, the leaves 
are succulent (fleshy). Leaf succulence is also common in 
the family Aizoaceae and remarkably so in its numerous 
South African members.

NATURAL HISTORY
The most striking single ecological feature in the order 
is the dominance of the Chenopodiaceae in alkaline sit- 

Ecological uations and the prominence of succulent Aizoaceae in 
patterns the deserts of southem Africa. The other members of the 

order occur in any of several types of habitat, but in 
general none is conspicuous. Even the Aizoaceae in the 
Southern African deserts are not conspicuous except when 
they are in flower.

Characteristic geographic distribution patterns occur in 
individual families, but none is typical of the order as a 
whole. The poke family (Phytolaccaceae) and the Madeira- 
vine family (Basellaceae) include plants primarily of the 
American tropics. The amaranth family (Amaranthaceae) 
is most highly developed in tropical America and tropical 
Africa. The four-o’clock family (Nyctaginaceae) is com­
mon throughout the tropics but occurs also in the warmer 
temperate regions. The carpetweed family (Aizoaceae) oc­
curs over most of the Earth, but its chief centre of dis­
tribution is in desert and temperate latitudes of Southern 
Africa. The Caryophyllaceae (pink family), the Portula- 
caceae (portulaca family), and the Polygonaceae (buck­
wheat family) are characteristic of temperate regions. The 
goosefoot family (Chenopodiaceae) occurs throughout the

Drawing by M. Pahï

Representative plants from three medium-sized families of 
the pink order.

world, but its greatest develop m en t is in  salty or alkaline 
areas, particularly those o f  Coastal salt m arshes and deserts.

FORM AND FUNCTION
Vegetative characteristics. The external vegetative char­

acteristics of the plants in the Caryophyllales vary greatly; 
no specific feature can be singled out as indicative of 
the group. Certain tendenties are noteworthy but not dis­
tinguishing. Only rarely do the leaf bases bear stipules 
(leaflike tabs). Succulents occur in the Aizoaceae and in 
the Didiereaceae (a small Madagascan family), as well 
as in some of the Portulacaceae, Chenopodiaceae, Basel­
laceae, and Phytolaccaceae. Absence of stipules is almost a 
distinguishing characteristic of the order, but the presence 
of succulent tissues is not.

Two internal vegetative features characterize many mem­
bers of the Caryophyllales. Eight of the families have some 
members in which conductive tissues (xylem and phloem) 
are produced from generative tissue called cambium at 
various depths inside the stem or the root, rather than 
only at the position of this tissue in most other plants.
This produces additional cambial layers, as readily seen 
in a cross section of a beet root. Despite the commonness 
of this feature, it has not been proved to occur in all 
members of the order.
The second intemal feature is the Chemical uniqueness Pigments 

of pigmentation in many of the Caryophyllales. In most 
flowering plants colours ranging from nearly red to nearly 
blue (i.e., from violet to purple) are dependent upon 
the presence of Chemical compounds called anthocyanins; 
colours ranging from yellow to reddish orange are depen­
dent upon compounds called anthoxanthins. A distinct but 
parallel series of pigments occurs only in a large number 
of Caryophyllales and the cacti. These substances, known 
as betalains, include betacyanins, which produce colours 
from near red to near blue, and betaxanthins, which 
produce colours in the yellow to reddish-orange series.
The presence of betacyanins especially, rather than antho­
cyanins, is presumed to be of taxonomie significance. Be­
tacyanins have been found in many of the Caryophyllales 
but not in any members of the family Caryophyllaceae 
or the Molluginoideae (a group sometimes considered to 
be a separate family but included here as a subfamily 
in the Aizoaceae). Their presence also in the cacti is 
an indication of the relationship of these plants to the 
Caryophyllales and has led some authorities to include the 
cacti in this order.

Reproductive characteristics. Throughout most of the 
order, the flowers have true sepals (modified petallike 
structures) but no true petals (that is, not embryologi- 
cally derived from petal primordia). Some families that 
display what appear to be petals, such as Portulacaceae 
and Nyctaginaceae, are thought to have greatly modified 
sepals, in which case the sepallike appendages are then 
interpreted as bracts (specialized leaves subtending flow­
ers). The Caryophyllaceae, however, apparently have true 
petals developed by the usual means—that is, through 
modification of individual stamens (the male parts of a 
flower) or portions of them. Caryophyllaceae is the only 
family in the order that, so far as has been determined, 
has ordinary petals.

In most members of the order, the stamens are in one 
or two series (concentric circles around the central axis of 
the flower) or sometimes in three series of three; in some 
cases, however, as in many of the Aizoaceae, there are 
numerous stamens.
The carpels (specialized leaves each forming all or part 

of a pistil, the female part of the flower) are united and 
commonly enclose a single seed chamber, but there may 
be 3 to 12, one for each carpel. Usually, there are as 
many styles—extensions above a plant ovary bearing Stig­
mas, structures that receive pollen grains at their tips—as 
carpels, and they are not united. The structure and posi- 
tioning of the ovule in most members of the Caryophyl­
lales differ from the common type in the flowering plants 
in being curved or coiled in a special way. The ovule 
is surrounded by two coverings (integuments), the inner 
being longer than the outer. The embryo lies toward the 
outside of the ovule, surrounding the food-storage tissue,
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which usually is not formed from a nutritive tissue (en­
dosperm) during fertilization, as in most flowering plants. 
Commonly, most of the food is stored in the perisperm. 
The features of the ovules, embryos, and seeds are similar 
to those of the cacti, which further strengthens the case 
for a relationship of the two groups.

The placenta (the tissue that bears the ovules) in many 
Caryophyllales is either basal and low or forms a column 
arising from the base of the ovary. This type of placenta 
is rare in other orders of flowering plants. It does occur in 
the Primulales, probably indicating some relationship of 
these two orders.

EVOLUTION
As is true of most other chiefly herbaceous orders of 
flowering plants, the Caryophyllales have left virtually no 
fossil record. Any evidence, therefore, of phylogeny must 
come primarily from a consideration of the living mem­
bers of the order. The origin of the Caryophyllales, in 
consequence, is largely a matter of speculation. The order 
was presumably derived from the ancestral complex of the 
buttercup order (Ranales), but the present relationship of 
these orders is not close, and the lines of origin of the 
Caryophyllales are obscure.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. Consideration for inclusion in 

the order rests primarily upon such matters as absence 
of stipules (basal appendages of leafstalks), an unusual 
arrangement of cambial tissue, and the wide occurrence 
in the order of betalains, a unique class of pigment com­
pounds. Disposition into families is based chiefly upon 
floral features such as numbers of parts and position of 
the ovary with regard to the floral envelope. Of taxonomie 
significance also are the number and position of ovules 
and the type of fruit.

A lte m a te  S y stem s o f  C lassification . In some classifi- 
cations six additional families are included as follows 
(their disposition in this discussion follows in parenthe­
ses): Gyrostemonaceae (Phytolaccaceae), Bataceae (Phy- 
tolaccaceae), Molluginaceae (Aizoaceae), Tetragoniaceae 
(Aizoaceae), Halophytaceae (Chenopodiaceae), and Hec- 
torellaceae (Portulacaceae). The Polygonaceae are sepa­
rated by some as the order Polygonales. The families Bati- 
daceae and Thelygonaceae are sometimes grouped with 
the Caryophyllales but may be separated under orders of 
their own. The proposed alliance of the cacti with certain 
succulent members of the Aizoaceae (subfamily Ficoideae) 
is based on similarity of pollen grains, the presence of be­
tacyanins, and distinctive common features of the ovules 
and embryos. The differences that serve to separate the 
cacti are dealt with in the section Cactales. (L.Be.)

Cactales

The cacti are curious, often spiny, fleshy-stemmed plants 
constituting the family Cactaceae, order Cactales, charac­
teristic of and well adapted to dry regions. Although the 
cacti are native to the Americas—with one possible excep- 
tion (see below)—they are cultivated widely throughout 
the world for their bizarre forms and often striking blos­
soms. Cacti are easily grown from cuttings or from seeds; 
they are adapted to warm, arid indoor conditions and 
require little care once established.

GENERAL FEATURES
Importance. Cacti are economie plants in Mexico, parts 

of Central and South America, and the Caribbean region. 
Various species are cultivated for food, including vast 
complexes of prickly pears, especially of Opuntia ficus- 
indica, and torch cacti (Cereus). Drinks prepared from 
some cactus fruits have been a populär native medicine 
for fevers. In Mexico, leaves of chollas, resembling string 
beans, are eaten. In Latin America, species of Opuntia, 
Cereus, and other genera are planted around houses, often 
forming an impenetrable banier. Barrel cacti (Echinocac- 
tus and Ferocactus) are a source of water in emergencies.
Cacti are cultivated chiefly for their ornamental features 

and general hardiness. They can be grafted easily, and

many rare species are propagated by grafting upon more 
vigorous stocks. Many small cacti are suitable for home 
cultivation. Without water, most cacti persist but do not 
grow. Some species, however, do require periodic drought. 
Many species grow well in warm weather in füll sun, pro­
vided there is adequate soil moisture, but others require 
some shade.
Size range and diversity. Most cacti are composed of 

sterns and have no leaves. The leaves, when present, are 
usually greatly reduced; they may occur only temporar- 
ily at the growing end of the plant. Only in the genera 
Pereskia and Pereskiopsis, restricted to the tropics, do the 
leaves fit the populär conception of leaves.

Cacti vary greatly in size and general appearance, from 
buttonlike peyote (Lophophora) and low dumps of prickly 
pear (Opuntia) to upright columns of barrel cacti (Fe­
rocactus and Echinocactus) and the imposing saguaro 
(Cereus giganteus or Carnegiea gigantea) trees. Some of 
the climbing tropical species—such as those of the leaf 
cactus (Epiphyllum) and some species of Rhipsalis—have 
thin, flattened sterns. Regardless of its shape, degree of 
elongation, or branching, the cactus stem is succulent 
(having fleshy, moisture-conserving tissue) and greatly en- 
larged as storage tissue. The appearance of the plant varies 
also according to whether the stem surface is smooth or 
omamented with protruding tubercles, ridges, or grooves.
Distribution. The Cactaceae are native through most 

of the length of North and South America, from British 
Columbia and Alberta southward. The northemmost limit 
is along the Peace River in Canada; the southemmost limit 
extends far into Chile and Argentina. The only represen­
tatives of the family possibly native to the Old World are 
members of the genus Rhipsalis, occurring in East Africa, 
Madagascar, and Sri Lanka. Whether these plants are na­
tive or were introduced in these tropical areas is a matter 
of disagreement, as is the possibility of dispersal of this
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highly specialized group from the Western Hemisphere to 
the Eastern Hemisphere.

Various species of Opuntia and some other genera have 
been introduced into the Mediterranean region, and some 
have grown wild there since shortly after the discovery 
of America. Species of Opuntia are widely naturalized 
in India, the Malayan region, Hawaii, and Australia. In 
Australia and eastem Cape Province in South Africa, they 
have become pests difficult to eradicate.

NATURAL HISTORY
Life cycle. The characteristic feature of cactus seedlings 

is the pair of large seed leaves (cotyledons), which tend 
to be succulent, sometimes markedly so. From seed some 
species reach the flowering stage in two or three years, and 
both flowers and fmits may be developed even on sterns 
that still retain juvenile characters. (This curious feature 
led to the naming of many supposed species on the basis 
of plants that seemed to be mature because of reproduc­
tion but that did not have the expected type of spines.)

Usually within a few years the succulent stem assumes 
the characteristic form and appendages of the species. In 
the prickly pears, in which the adult stem is composed of 
flattened joints arranged end to end, the portion devel­
oped in the first year of growth is cylinder-like for several 
months, the upper portion gradually becoming flattened, 
and the joints developed later being flat.

Most cacti reach a considerable relative size within 5 or 
10 years, but some grow much slower. Information con­
ceming the age of older plants usually is lacking because 
the woody parts are very thin; counting of growth rings 
requires sectioning and careful study with a compound 
microscope. The saguaro, or giant cactus, is estimated to 
attain ages in the hundreds of years.

Pollination is mostly by insects or birds, though some­
times by other animals such as bats. Because there is no 
precise mechanism governing the pathway of pollinators, 
the process of pollination tends to be haphazard, at least 
in most of the larger flowers of the open as opposed to the 
tubular types. Most flowers open in the daytime and are 
visited by day-fiying insects or birds, but many, and espe­
cially such species as the saguaro and the various species 
of Cereus, open at night. As with other night-pollinated 
plants the night-blooming cacti tend to be white-flowered. 

\dapta- Ecology. Cacti are admirably adapted to dry environ- 
tions to mental conditions through such features as the thick water- 
irid retaining stem, extensive root System, and lack of leaves.
conditions The sterns of prickly pears concentrate water over the 

flat surfaces of the joints that either drips or streams from 
the curved lower margins, thereby increasing the amount 
of water in the soil just under the plant. Some species of 
cacti have spines that point downward; water collected on 
the spines, even from light mists, is directed in droplets 
to the ground. The saguaro’s downward-pointed spines 
during its earlier years of growth collect water and repel 
rodents that might eat the succulent sterns to secure wa­
ter. In older saguaros the stem above the approximately 
4- or 5-foot (1.2- to 1.5-metre) level produces another, 
not downward-directed, type of spine. For plants growing 
near the lower edge of a rock or a crack between rocks, 
the amount of water available from a relatively light rain 
may be greatly increased, as it would be for a plant living 
under the edge of a roof.
The root Systems of cacti are shallow and wide-spreading. 

They remain receptive to moisture through many months 
of dry weather and immediately soak up even the scantiest 
rainfall. Substances from the roots of some desert plants, 
and perhaps some of the cacti, prevent the invasion of 
any other plants nearby, thus increasing the chance of 
continued survival. The absence of leaves reduces the ra­
tio of plant surface to internal plant volume, as does the 
thickening of the sterns, thus aiding water retention.

Within their natural range, cacti occur in a wide variety of 
soil types. Frequently, a species is restricted to a particular 
type of rock formation, such as limestone or igneous rock. 
A few species are confined to localized rock outcroppings, 
a limitation particularly striking in the genus Pediocactus, 
in which 8 of its 11 taxa are found on special rock ledges 
on the Colorado Plateau or on gypsum-rich soil.

Some species are associated with tropical rain forests, as 
in the Everglades in Florida, where species of Opuntia and 
Cereus occur at points at which the water table may be 
only a few inches below the surface. Most species are sen­
sitive to cold, but many grow in regions with cold winters, 
as in the United States on the Great Plains and in the 
Great Basin and the Rocky Mountains.

FORM AND FUNCTION
Vegetative characteristics. Many other plants, succu­

lent and essentially leafless, are often confused with cacti.
A large group of spurges (Euphorbia species) occurring in 
Africa includes many plants with long cylindroid sterns 
similar in appearance to cacti. These plants, common in 
cultivation, are distinguished readily by their milky juice, 
a feature rare in cacti and supposedly absent in cacti with 
elongated sterns. Yuccas and the Century plants (Agave 
species) often are confused with cacti, but they are distin­
guished readily by succulence of the leaves rather than the 
sterns.
Cacti can be distinguished from all other succulent plants Distinctive 

by the presence of spines in areoles, special clearly defined structure 
areas, each developed from a lateral bud of the stem.
Areoles are universal in the cactus family (at least in the 
juvenile phase) and have so far not been found in an y  
other plant family. Almost all species of cactus have tufts 
of stiff sharp spines. In some species the mature plant may 
not have spines, but it does have areoles, which are filled 
with hair or sharp, barbed structures called glochids. The 
more obvious characters of the cactus family, in combina- 
tion with areoles, are reduction or lack of leaves, unusual 
floral formation, and distinctive fruits and seeds.
The leaves, if discemible, are reduced in size (except in 

Pereskia, as indicated above). In Opuntia they appear only 
on young joints of the stem and fall off after a month or 
more of growth. They are relatively small and succulent 
and range from conical to elongated and cylindroid. In 
most genera the leaves are not visible to the unaided eye 
but are represented by a hump of tissue just below a spine- 
bearing areole.

Reproductive characteristics. Frequently the flowers are 
large, attractive, and white or brightly coloured. All the 
genera have a floral tube that invests the ovary, and, 
except in Pereskia, adheres to its surface. The portion of 
the tube covering the ovary usually develops small, incon­
spicuous scales, which increase gradually in size upward 
on the free portion of the floral tube above the ovary.
They grade into sepaloid flower parts and, farther up, 
into petaloid parts. There are many conspicuous stamens 
(pollen-bearing organs) and 3 to 20 or more Stigmas (parts 
that receive pollen) arising from a single style. In some 
groups, especially Opuntia, there is only a short floral tube 
above the ovary, but in others, as with some species of 
Cereus, the tube may be very long. The fusion of the floral 
tube with the surface of the ovary occurs in all species of 
cacti except Pereskia and in many other flowering plants.
A flower which has this feature is described as epigynous, 
and its ovary is said to be inferior.
The ovary and the investing floral tube may develop 

into a fleshy and often edible fruit. It is one-chambered, 
and the numerous ovules bome on the walls give rise to 
numerous seeds. The ovules usually are campylotropous; 
that is, curved between the hilum (point of attachment to 
the stalk) and the opening through which the pollen tube 
enters (micropyle).
The flowers usually are associated with a spine-bearing 

areole, but in Mammillaria (fishhook cacti) they may be 
produced in a special areole between the elongated tuber­
cles of the stem surface or they may be in this position 
but have no visible connection with an areole. The flowers 
develop either inside the spine-bearing part of the areole 
or in an area either merging with it or remote from it and 
connected by an isthmus.

EVOLUTION
Because of the lack of fossils, the evolutionary course 
of the cacti is difficult to trace. One Opuntia-like fossil 
has been uncovered, but evidence suggests that it may 
not represent a cactus at all. Primitive living cacti may
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Origin of 
cacti

Similari- 
ties to 
other 
plant 
groups

suggest lineage. The greatest number of primitive features 
is preserved in Pereskia. The flowers of some species are 
perigynous (floral tube surrounds the ovary) instead of 
epigynous; the sterns are only moderately succulent; the 
leaves, though succulent, are similar to those of many 
other plants. The wood and reproductive parts reveal 
other primitive features. Of particular significance is the 
similarity of the carpels of Pereskia pititache to those of 
the primitive tropical woody plants of the buttercup order 
of other taxonomie Systems (Ranales). The carpels are 
unsealed, which may indicate origin of the cacti from a 
very primitive stock and an early Separation in evolution­
ary development from the Ranales or from developmental 
lines ancestral to the Ranales and to related groups. One 
of these lines of development may have branched off long 
ago to the ancestors of the order Caryophyllales, as indi- 
cated by the features held in common between that order 
and the cacti. The numerous differences between these 
two groups indicate that they separated as far back as the 
Late Mesozoic Era (about 130,000,000 years ago).

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The features used in separating 

cacti from other succulents are listed above (see Form and 
function). The family Cactaceae apparently is not closely 
related to any other plant family.

Taxonomie problems. The Cactaceae are considered by 
some authorities as the sole family of the order Cactales, 
as in this article. Thus, the cacti stand alone, not being 
related closely to any other group of flowering plants. 
They do share some features in common with the orders 
Ranales, Myrtales, Rosales, and others, but the relation­
ship to any of them is not close.

The order Cactales, consisting of the single family Cac­
taceae, has been included recently by several plant tax­
onomists in the Caryophyllales. This proposed alliance 
first arose from the obvious succulence of the Cactaceae 
and a subfamily of the family Aizoaceae. These families 
are similar to the cacti in features of the pollen grains, in 
the development of the embryo sac (megagametophyte), 
and in the campylotropus ovules with the food in reserve 
in the perisperm. In the cacti, however, the ovules may be 
in a variety of positions other than the campylotropous 
condition. Betacyanin pigments occur in the Caryophyl­
lales as well as in the Cactaceae, indicating a link between 
the groups; they have been assumed to occur in no other 
groups of plants.

The Aizoaceae, despite similarities, lack a number of the 
characteristic features of the cacti. Leaves of the Aizoaceae 
usually are opposite; those of the Cactaceae are altemate. 
The leaves are conspicuously succulent, while in cacti the 
sterns are succulent. The Aizoaceae do not have spines in 
areoles, as do cacti. The flowers are superficially similar, 
but in the Aizoaceae there are no leaves on the floral cup 
(tube) and leaves do not grade into sepaloid and petaloid 
parts. In the Aizoaceae the fruit has partitions at maturity, 
unlike the cacti. There is more than one style instead of 
the single style in the Cactaceae.

Similarities of the cacti and other groups, accompanied 
by numerous differences, indicate the derivation of these 
groups from a common ancestry. The major taxa and even 
the species of living flowering plants were mostly derived 
from ancestors that were wholly or partly displaced and 
that usually have become extinct, leaving no recognizable 
remains behind. (L.Be.)

Theales

Theales constitutes one of the larger orders of the flower­
ing plants, consisting of 21 families, with approximately 
155 genera and 2,550 species. Theales plants vary in form, 
stmeture, and range of habitats and are related to many 
other plant orders. Some authorities suggest that at least 
a few of the related orders evolved from an ancestor 
that, if still extant, would be included within the Theales. 
From this viewpoint, therefore, the order is of consider­
able interest.
Another feature of interest is the distribution of the 

species within the families. Five families contain 400 or

more species; one has about 120 species; and the other 15 
are of somewhat equivocal status—none contains more 
than 45 species. Many authorities merge the 15 small 
families with one or another of the larger families or place 
them in other orders.

GENERAL FEATURES
The order Theales is predominantly tropical in distribu­
tion, occurring in rain forests or in upland evergreen 
broad-leaved forests; few species occur in temperate re­
gions. Members of the order are found almost worldwide; 
however, the centre of distribution is in Southeast Asia.

Members of one family, Dipterocarpaceae, are character­
istic of the Malaysian rain forest, where species form the 
upper canopy at heights up to 250 feet (about 80 metres).
Many species of this family are of economie importance 
for their timber; others produce valuable resins. Camellia The tea 
(Thea) sinensis, the tea plant, is the most important eco- plant 
nomic species in the order. It has been cultivated for a 
long period of time in eastern India (Assam), Tibet, and 
China, the area to which it is probably native. Tea is also 
grown in several other areas (e.g., Sri Lanka, Turkey, and 
the Soviet Union).

Other species of Camellia (e.g., C. japonica) are widely 
cultivated as ornamentals in gardens in the temperate 
zone. Gordonia, Stuart ia (both of the family Theaceae), 
Hypericum (Hypericaceae), Ochna (Ochnaceae), and many 
other genera are used as horticultural ornamentals.

Edible fruits include the souari nut (Caryocar nuciferum, 
family Caryocaraceae), the mammee apple (Mammea 
americana, Clusiaceae), and the mangosteen (Garcinia 
mangostana, Clusiaceae).

Drawing by M. Pahl; G. punctata and G. delpyana based on A. Engler, 
Syllabus der Pflanzenfamilien; floral details of G. mangostana based on 

L H. Bailey, Manual of Cultivated Plants (1949); The Macmillan Company

Vegetative, floral, and fruiting structures of four of the larger
families of the order Theales.
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NATURAL HISTORY
Pollination. Not much is known about the pollination 

mechanisms in the order, but a number of notable struc­
tural developments seem to be related to pollination.

The most simple is the uniting of the stamens (male 
parts) either in a ring, as in the cultivated camellias, or 
in bundles, as in the common Saint-John’s-wort (Hyper­
icum) and in many tropical members of the order. In 
some members of the family Clusiaceae the stamens are 
united into very Condensed groups known as phalanxes. A 
further adaptation, presumably effective in pollination, is 
the extreme elongation of the stamens of the family Cary- 
ocaraceae; these project considerably beyond the petals 
and are also united at the base.

The most remarkable pollination adaptations are found 
in members of the Marcgraviaceae, in which the floral 
bracts, small leaflike structures located just below the flow­
ers, are transformed into nectar-secreting organs of various 
shapes, but always hollow and somewhat pitcherlike. In 
the simplest case (found in three genera), a bract subtends 
each flower. In the genus Marcgravia, however, the flower 
cluster is pendulous and umbellate—the flowers are on 
stalks that radiate from a common point, umbrella fash­
ion. The central flowers of the umbel are sterile, and their 
bracts are enlarged to form erect, pitcherlike structures, 
superficially very like the insectivorous pitchers of Ne- 

Humming- penthes, which hang below the outer ring of fertile flowers. 
bird These nectar-filled pitchers attract hummingbirds, which
flowers were once thought to pollinate the fertile flowers as they 

hovered, drinking the nectar. In at least two Guyanese 
species, the hummingbirds approach the pitchers from 
above the fertile flowers and do not come into contact 
with the stamens or the stigmata (female parts). In these 
two species, the stamens open in the late bud stage, and 
the flowers are aetually self-fertilized.

Seed dispersal. Various dispersal mechanisms occur in 
the order, but only two are noteworthy. In most families, 
the aging sepals persist around the ripening fruit, and 
in various groups, notably the families Dipterocarpaceae 
and Lophiraceae, two or more of them enlarge above the 
fruit, producing a two-winged structure that is distributed 
by the wind.

The most remarkable development connected with the 
seeds occurs in the family Dioncophyllaceae. In this group 
the fruits open before ripening, and the developing seeds 
are pushed out from the fruit by the lengthened and 
hardened funiculi—the stalks on which the ovules grow 
within the ovary. The seeds continue to develop in this 
exposed position until ripe, when they fall, leaving the 
remains of the fruit and the funiculi. The function of this 
stränge process, which is unique among flowering plants, 
is unknown.

Ecology. The order is extremely diverse in its habitat 
requirements. There are trees of the tropical rain forests 
(the family Dipterocarpaceae and others), climbers in the 
same forests (Marcgraviaceae), mangrove growth forms in 
Coastal tidewaters (Pellicieraceae), trees and shrubs of the 
mountain evergreen broad-leaved forests (Theaceae and 
others), herbs and shrubs of various temperate habitats 
(Theaceae, Hypericaceae), and aquatics of tropical and 
temperate freshwaters (Elatinaceae). The morphological 
variability of the order is thus reflected in its ecology.

FORM AND FUNCTION
Vegetative characteristics. The order Theales is not 

well distinguished from other plant orders, and there are 
no conclusive diagnostic characters that will consistently 
serve to distinguish it. The following features occur fre­
quently in the order, however, and, in combination, serve 
to characterize it in a general way.

The plants are usually woody, often with evergreen fo- 
liage. The leaves are usually simple, and resins are often 
present in the tissues. The bisexual flowers are mostly hy­
pogynous; i.e., the sepals, petals, and male parts (stamens) 
arise at the base of the ovary, a condition in which the 
ovary is described as superior. The calyx consists of free 
sepals and the corolla of free petals, and the flower is 
radially symmetrical. The stamens are usually numerous, 
with a tendency to be united, either in a ring or in a

number of separate bundles. The ovary is composed of 
two to many usually united segments called carpels, each 
of which bears ovules—developing seeds—attached along 
the central axis.

Resins are found in many members of the order, and 
some are of economic importance. In the family Hy­
pericaceae, the resins occur in distinct, often globular 
glands, which may be yellow, orange, red, or black; sim­
ilar glands occur in some of the smaller families (e.g., 
Diegodendraceae and Tetrameristaceae). In the family 
Dipterocarpaceae, the resins are more generally distributed 
throughout the tissues.

Although most species of the order are evergreen trees or 
shrubs, the family Marcgraviaceae, found in the forests of 
tropical South America, is composed of climbers. These 
have a number of structural modifications, particularly in 
the genus Marcgravia, which shows shoot dimorphism, a 
condition that consists of two distinct types of vegetative Variable 
growth patterns. The climbing shoots bear small leaves plant 
without stalks that are arranged in two rows (distichous) organs 
on the branches. Short adventitious (aerial) roots develop 
along these shoots and enable them to climb. The upper 
shoots, which bear pendulous flower clusters at their ends, 
have much larger, stalked, spirally arranged leaves and 
lack the adventitious roots of the climbing sterns. The 
transition between one shoot type and the other is often 
quite abrupt. The cause is unknown, but it is thought that 
the increase in the amount of light received by the shoots 
as they climb higher may be involved.

The family Dioncophyllaceae also shows remarkable veg­
etative modifications. In two of its genera, the leaves have 
two forms, one being “normal,” the other terminating in 
two leathery hooks that presumably enable the plant to 
scramble over other Vegetation. In the third genus, the

Drawing by M. Pahl based on (Dioncophyllaceae) Airy Shaw in A. Engler, 
Syllabus der Pflanzenfamilien, Gebrüder Borntraeger Verlag, Berlin, Stuttgart

Vegetative, floral, and fruiting structures of three of the
smaller families in the order Theales.
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leaves are of three forms, two as just described plus a third 
type with an elongation of the midrib, projecting beyond 
the blade and bearing glandular hairs. The function of the 
elongated part, which is called a rhabdode, is unknown, 
but the glandular hairs bome on it are very similar in 
stmeture to the “tentacles” of the insectivorous genus 
Drosophyllum of the order Nepenthales. The leaves of the 
Dioncophyllaceae have been compared both to the leaves 
of the Droseraceae and to the pitcher-bearing leaves of the 
family Nepenthaceae, but botanists agree that they are not 
insectivorous.

Floral characteristics. The flowers are exceptionally 
variable, and a wide range of structures occurs. There 
are usually distinct sepals and petals, though in some 
cases (family Dipterocarpaceae) the petals may be rather 
leathery and not brightly coloured. The sepals are usually 
four or five in number, free, and overlapping. In some 
groups, however, there is no sharp distinction between the 
sepals and the floral bracts and bracteoles—small green 
appendages just below the flowers—and the calyx appears 
to consist of a compressed spiral of several segments. This 
condition of the flower buds is called perulate. The petals 
vary from two to many, though four or five occur most 
commonly. They are normally free but may be fused to 
the ring formed by the united bases of the stamens.

The stamens are usually numerous (more rarely 5 to 10) 
and are centrifugally arranged (i.e., they ripen from the 
centre of the flower toward the circumference). They are 
usually united, either into a ring, to which the petals are 
sometimes joined, or into distinct bundles. The anthers 
(pollen sacs) usually open by slits, but terminal pores occur 
in some groups (e.g., Ochnaceae). The connective between 
the anthers is sometimes prolonged into an appendage (as 
in Dipterocarpaceae and Oncothecaceae).

The ovary consists of two or more (frequently five) 
carpels that are united, or, if apparently free, have a 
united style—the narrow upper portion. The ovules have 
two integuments, or coverings, and endosperm, a starchy 
nutriënt tissue for the developing embryo, may be present 
or absent in the seed.

EVOLUTION
Fossil record. As with most flowering plant groups, 

the fossil record of the Theales order is both scanty and 
of little value in deducing the evolutionary history of 
the group. Noteworthy features include the occurrence of 
fossils from families that are at present entirely tropical 
(Dipterocarpaceae and Clusiaceae) in deposits of Tertiary 
age (beginning about 65,000,000 years ago) in Europe and 
in the Mediterranean area.

Phylogeny. The difficulty of deducing evolutionary re­
lationships of such a variable group is revealed by extreme 
affinities that have been suggested for it. It has been sug­
gested by some authorities, for example, that the order 
is derived from early members of the family Dilleniaceae 
(order Dilleniales). Others stress this relationship by merg- 
ing the Theales and Dilleniales, either completely or in 
part. Again, the similarity between the orders Theales and 

Central the Ericales leads to the view that the order Ericales was 
evolu- derived from the Theales. Some authorities, in fact, place 
tionary the order Theales in a crucial position in their Systems, 
Position of suggesting that the origins of several other plant groups 
the Theales are to be found in a “thealaceous” ancestor. These groups 

are the orders Capparales, Primulales, Diapensiales, Sali- 
cales, Violales, Sarraceniales, and Malvales, and the family 
Lecythidaceae of the order Myrtales, as well as the Ericales 
already mentioned.

The problem of the precise meaning of phylogenetic 
origins occurs with this group. It cannot be denied that 
similarities exist among the orders mentioned, but many 
botanists are skeptical that all or even most of them arose 
from the Theales.

Within the order the problems of phylogeny are similar. 
A few indications as to the evolutionary relationships of 
the families emerge, however, even though they do not 
give a clear picture of evolution within the order.

The family Ochnaceae, for instance, appears to be linked 
to the Dipterocarpaceae through the family Lophiraceae. 
Similarly, the families Theaceae and Clusiaceae are linked

by the Bonnetiaceae. Many of the smaller families in­
cluded in the order are sufficiently similar to various 
of the larger families for them to be merged by var­
ious workers. Thus, the family Lophiraceae is usually 
included in the Ochnaceae; Bonnetiaceae, Asteropeiaceae, 
Tetrameristaceae, and Pellicieraceae in the Theaceae; and 
Hypericaceae in the Clusiaceae (the resulting large fam­
ily, in the last instance, is often called Guttiferae). The 
remaining smaller families—Strasburgeriaceae, Ancistro- 
cladaceae, Dioncophyllaceae, Diegodendraceae, Marc­
graviaceae, Pentaphylacaceae, Caryocaraceae, Quiinaceae, 
Medusagynaceae, and Oncothecaceae—form a mixed 
group. Some of them are clearly allied to the large families 
within the order, whereas others are of more controversial 
status.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. Some of the characteristics 

used in distinguishing the families have been mentioned.
T he curious bracts o f  the M arcgraviaceae and the enlarged  
and persistant calyx o f  Lophiraceae and D ipterocarpaceae, 
for instance, serve to  diagnose these fam ilies. Because the  
group is so variable, m any other characters are used in  
its Classification; these include variations in  habitat, lea f  
Position and form , presence or absence o f  stipules, and  
floral characters.

A ltern a te  S y stem s o f  C lassification . The order Theales is 
a variable group with a large number of unusual modifica­
tions. Thus, it is not surprising that taxonomie treatments 
of the 21 families included here vary.

Comparisons reveal a wide diversity of opinion as to 
which families the order Theales should contain, which 
groups should be regarded as families, and which orders 
are related to the Theales. The main conclusion arising 
from this lack of agreement is that the order Theales, 
as presented here, is variable and shows relationships in 
many directions; for example, more than 60 plant families The 
have been placed in the order Theales or have belonged problem of 
to other orders that include genera at some time placed determin- 
in the Theales as defined here. This represents about ing rela- 
13 percent of all flowering plant families, an impressive tionships 
number to be related to the 21 families. This large group 
is understandably difficult to divide so that all assumed 
relationships take their proper place.

Certain groups, how ever, show  m ore or less clear affinities 
w ith the Theales; these are the orders D illeniales, Ericales, 
and V iolales, w ith w hich the Theales are closely  associated  
in  all o f  the m ost authoritative Classification Systems.

W hen the con ten t o f  the group is considered, it is clear 
that it m ay be v iew ed as on e  order, as is don e here, or d i­
v ided in to  a num ber o f  separate orders. Because there are 
n o objective Standards for satisfactorily defining orders, no  
final decision  can be m ade. It seem s, how ever, that w ith in  
the large and variable Theales, as presented here, som e  
eventual subdividing is likely and w ould be useful.

Som e o f  the authors o f  the various taxonom ie Systems 
dealing w ith  the Theales recognize a large num ber o f  
relatively sm all fam ilies, w hile others recognize a sm aller  
num ber o f  relatively larger fam ilies. In v iew  o f  the extrem e  
variability o f  the group and its m ultiple relationships, the  
former treatm ent— the one follow ed here— seem s to  be a  
m ore accurate reflection o f  the natural Situation, and it 
seem s likely to  gain wider acceptance.

Further study of the group, however, from many points 
of view, is likely to result in modifications. Many of the 
families comprising the Theales are small, tropical, and 
not well known. Detailed studies of them may reveal 
unsuspected similarities or differences that will result in 
altered viewpoints. The habitats of many species in the 
group are in danger of extinction as a result of human 
activities, and it is extremely important that they be pre­
served for study. (J.Cul.)

Violales (violet order)

Violales is an order of nine families of flowering plants.
The nine families are the Bixaceae, Cistaceae, Cochlosper- 
maceae, Flacourtiaceae, Lacistemataceae, Peridiscaceae, 
Scyphostegiaceae, Stachyuraceae, and Violaceae. With the
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exception of the Cistaceae (rockrose family) and the Vio- 
laceae (violet family), the order Violales is restricted to the 
tropical regions of the world. The majority of the mem­
bers of these families are trees and shrubs, though many 
herbs are found in the families Cistaceae and Violaceae. 
Rarely, if ever, dominant in Vegetation, members of the 
Violales order are usually found as low Vegetation beneath 
the higher trees of forests.

GENERAL FEATURES
Economic uses of the plants of the Violales order are 
limited, although some provide man with food, dyes, and 
ornamentation. A member of the Bixaceae family (Bixa 
orellana) is used to produce a red “annatto” dye, which is 
extracted from the pulp around the seeds. It is native to 
tropical America, but it has been widely planted elsewhere 
in the tropics. Three members of the Flacourtiaceae fam­
ily are used as food in the tropics. The governor’s plum 

Economic (Flacourtia indica), a small tree, has maroon-coloured,
mportance juicy fruit 1 inch (2.5 centimetres) in diameter. Kei-apple 

(Dovyalis caffra), a small tree from South Africa, has bright 
yellow fruit. The fruits of both these species are used in 
jams and preserves. In addition, the Ceylon gooseberry 
(Dovyalis hebecarpa), which is cultivated in south Florida 
and California, produces edible fruit; and a fourth species 
of the family, Azara microphylla, from Chile, is cultivated 
for its orange berries.

The family Cistaceae provides many species of small 
ornamentals for rock gardens, especially from the genus 
Cistus (rockrose). At least 20 species native to the Mediter­
ranean region have been introduced into North American 
gardens. Another genus of this family, Helianthemum 
(sunrose), also is occasionally planted.

Of all the families of the order Violales, the violet family 
(Violaceae) has the longest history of uses by man, partic­
ularly in Europe. Violets are widely grown as ornamentals, 
and there are, for example, several nurseries in the United 
States that deal exclusively in wild violets or in cultivated

Drawing by M. Pahl. Reprinted with permission of The Macmillan Company from Taxonomy 
of Vascular Plants by G.H.M. Lawrence. Copyright 1951 by The Macmillan Company

varieties of wild forms. Over 100 species are offered for 
sale. Pansies, sweet white violets, and johnny-jump-ups 
are common names of some of the varieties most widely 
grown. The confederate violet is a gray-flowered form 
populär in Southern States of the United States in cultiva­
tion and as a wild flower. Many large-flowered forms of 
the genus Viola have been bred by hybridization (Crossing 
different species), a phenomenon found frequently in wild 
species of the family.
Wild violets are also used, in a variety of ways, as food. 

They may be eaten raw, in salads, or cooked in many 
ways. Wine and sugar syrups are made from them. They 
have been used in making candy, especially in France, and 
large violet plantations in Southern France obtain perfume 
from the petals.

FORM AND FUNCTION
Floral structure in the Violales order is varied, but flowers 
most frequently are constructed on a plan of five, generally 
five sepals and five petals, either with radial or bilateral 
(left- and right-sided) symmetry. All the families, except 
the Stachyuraceae, have true parietal placentation—i.e., 
with the seeds attached to the inner wall of the fruit. This 
is perhaps the most constant characteristic of the order. 
The fruit is also varied, but usually it is a capsule, a dry 
fruit with two or more openings that release the seeds. 
With rare exceptions, the species of the nine families are 
perennial, living for three or more years. Except for the 
Cistaceae and Violaceae families, members of the order 
are shrubs and trees. They have simple or lobed leaves, 
arranged alternately and spirally on the sterns, almost al­
ways with pairs of small leaflike appendages (stipules) at 
the bases of their stalks.

EVOLUTION
Evolutionary relationships among the nine families of the 
Violales order and among other closely related orders 
of flowering plants are obscure and have been variously 
interpreted and described by different authors. Because 
of the absence of any meaningful fossil record, the evo­
lutionary relationships among the flowering plant orders 
must be inferred from their present structural similarities. 
Characteristics of the flowers, such as numbers, fusion 
of parts, and placement of parts, are generally used to 
judge relationships. Using weighted combinations of such 
morphological features, it is held by some recent author­
ities that the Violales order is closely related to the order 
Theales and that the order Dilleniales has also arisen from 
the Theales. The Classification presented in this article is, 
however, considered to be more reliable and useful than 
previous ones.

CLASSIFICATION AND TAXONOMIC STATUS 
The order Violales, as presented, consists of nine families. 
Some authorities include as many as 21 families. All of 
the families of the Violales, as described, have been placed 
in other orders by various authorities, and most of these 
nine families have been divided into additional families or 
lumped into fewer families. The history of the Classifica­
tion of these families is not such as to inspire confidence, 
either in any existing scheme of Classification or indeed in 
any future scheme as presently conceivable. The Cistaceae, 
Flacourtiaceae, and Violaceae families have had the great­
est permanence of identity in the shifting classifications 
of 19th- and 20th-century phylogeneticists and may be 
considered as the most natural groupings. (N .H .R .)

Begoniales (begonia order)

The Begoniales, or begonia order, consists of two fami­
lies of flowering plants: Datiscaceae, distributed mostly in 
the northern tropics and subtropics, has three genera and 
three or four species; Begoniaceae, mostly of the moist 
tropics, has three to five genera, depending on the au- 
thority consulted, and about 1,000 species. There is little 
resemblance between plants of the two families, members 
of the Datiscaceae being mostly trees (except for Datisca, 
an herb) and those of the Begoniaceae mostly succulent 
herbs or subshrubs.
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Charac­
teristic 
begonia 
leaf shapes

GENERAL FEATURES
Size range and diversity of structure. Begonias vary in 

size from a few inches in height (such as Begonia stey- 
ermarkii of Venezuela, an herb) to the 16- to 20-foot (5- 
to 6-metre) height of somewhat woody shrubs or what 
are virtually small trees (such as B. pentaphylla and B. 
digitata of Brazil).

The growth habits of the plants of the order vary as 
widely as their size. Included in the family Begoniaceae 
are plants with sterns that are upright, creeping, or de­
veloped into underground rhizomes (horizontal rootlike 
sterns); stemless plants with basal tubers; and plants that 
climb by means of true roots or prop roots or by hooks 
developed from bent and elongated axillary buds—buds 
located in the upper angle between sterns and leafstalks.

The leaves of begonias vary from simple to compound 
(i.e., single bladed or with several leaflets, respectively) 
and essentially are smooth margined to much lobed. They 
generally have one lobe noticeably larger than the other. 
Characteristically, all leaves on one side of a branch have 
the larger lobe on the same side of the leaf, and those on the 
other side have the larger lobe on the opposite side; 
the leaves, in effect, form mirror images of each other.

In the family Datiscaceae, Tetrameies and Octomeles are 
large trees, 100 feet (30 metres) or more in height. Datisca, 
the other genus in the family, is a perennial herb resem­
bling Cannabis (hemp), for which one of its two species,
D. cannabina, is named.

Distribution and abundance. The family Begoniaceae is 
distributed generally throughout the moist tropics—being 
noticeably absent only from Australia and from Fiji to the 
Galäpagos Islands. Some species of Begoniaceae are abun­
dant in moist, cool tropical areas, such as occur in Central 
America to altitudes of 6,500 feet (2,000 metres) or more 
and in the wet eastern Himalayas to 12,000 feet (3,600 
metres). Others, with thick hairy leaves or stout tuberous 
bases, occupy niches in drier areas that are sandy or rocky. 
The plants may be found singly, in small colonies, or, 
occasionally, covering valleys or new road cuts.

The only species of Tetrameies, T. nudiflora, is found in 
India, Sri Lanka (formerly Ceylon), Java, and elsewhere in 
deciduous forests of medium rainfall, such as those in the 
Western Ghäts; the region from Sikkim to Tenasserim, 
Myanmar; the Andaman Islands; and the middle and 
eastern portions of Java in teak forests.
Two species of Octomeles have been described, but they 

are considered synonymous by most botanists. Specimens 
of Octomeles are among the tallest trees in the moist ever­
green ebony forests of the Malay Archipelago and Papua 
New Guinea, where they are locally abundant.

The two species of Datisca are perennial herbs that are 
widely separated geographically. D. cannabina is a na­
tive of the Old World, ranging from western Asia to the 
south side of the Himalayas, where it is found in the dry 
western portion, as well as in the temperate damp parts 
of the middle Himalayas. D. glomerata (durango root)

is known from California to northwestern Mexico but is 
not common.

Economic importance. The family Datiscaceae is of mi­
nor local importance and is of scientific interest chiefly 
because of its greatly reduced floral structure and its inter- 
rupted geographic distribution. The wood of Tetrameies 
and Octomeles is used in making packing cases, especially 
for tea. The root of Datisca cannabina contains a com­
pound, datiscin, used in the Orient as a yellow dye for silk.

The family Begoniaceae is of considerable horticultural 
interest, many species and hybrids being prized as house 
or garden plants. The leaves of some African and Asian 
Begonia species are eaten; in South America, some species 
are eaten to prevent scurvy. Rhizomes of certain species 
in South America are used for their medicinal qualities 
as astringents, as treatment for fever, as antisyphilitics, 
and as laxatives. The family Begoniaceae is also of evo­
lutionary interest. The family seems to be the end point 
of a line of development that has involved the structure 
of its various organs. Patterns of evolutionary progression, 
apparent from the diversity of the species, may be traced 
in the floral parts and the fruits.

The ornamental value of the plants is also based on di­
versity in growth habit; leaves, including colour patterns; 
inflorescence (flower-cluster) type; flower size and colour; 
and length of blooming period. Classifications of bego­
nias for horticultural purposes are quite different from 
those for botanical studies. In fact, the species are valued 
for their potential in producing hybrids. Three groups of 
species are of interest to horticulturists. One is cultivated 
for its leaves (including especially Begonia rex). Another, 
valued for its flowers, is subdivided into a group of small- 
flowered plants centred on B. cucullata (more commonly 
called B. semperflorens) and a group of large-flowered 
plants, including the tuberous begonias such as B. rosae- 
flora, B. veitchii, and B. boliviensis. A third group has both 
ornamental flowers and decorative leaves and includes B. 
scharjfiana and B. metallica, from which was produced 
the hybrid B. X credneri, now more widespread than ei­
ther of its parents.

Modem growers use four group classifications for bego­
nias: (1) fibrous-rooted, incuding the wax (B. semperflo­
rens), the cane stemmed, and the hirsute, or hairy; (2) 
the rhizomatous; (3) the rex; and (4) the tuberous rooted. 
Such horticultural classifications are not used by botanists 
because they often separate related taxa (genera, species, 
groups of species, etc.).

NATURAL HISTORY
Because of the comparative rarity of the family Datis­
caceae and because two genera of the family are tail trees 
with flowers at great distances from the ground, not many 
observations have been made on pollination mechanisms. 
Both Tetrameles and Octomeles are dioecious (i.e., male 
and female flowers on separate plants) and have unisexual 
flowers. An abundance of flowers suggests that pollination

Drawing by M. Moran

Representative plants from the two families of the begonia order.
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by wind is most likely in Tetrameies. Wind pollination 
is indicated in the other two genera because of their 
smooth ovoid pollen grains, but the possibility of insect 
pollination cannot be excluded. Datisca glomerata is also 
wind-pollinated.

Flowers of all the Begoniaceae are unisexual. There are 
almost no records of abnormalities in nature involving 
abortive members of one sex appearing in flowers of the 
other. The plants are usually monoecious—with flowers of 
both sexes developing on the same plant—but normally 
the two sexes come to maturity at different times. In some 
cases the plants are dioecious. In monoecious plants, flow­
ers of both sexes may, depending on the species, develop 
on the same inflorescence (flower cluster), or the inflores­
cences may bear flowers of only one sex.

’ollination Even though flowers of both sexes are often borne on 
the same plant, self-pollination does not usually occur be­
cause of the difference in the flowering time of the sexes. 
Some inflorescences are protandrous (i.e., the male flower 
parts mature before the female of the same inflorescence), 
and the pollen is completely shed by the time the female 
flowers are receptive. Other inflorescences, however, which 
have the staminate (male) flowers on upper branches and 
carpellate (female) ones on lateral branches, are proto- 
gynous—the female parts mature first—and the fruits are
-------- 1  ----- -̂---- i— c  — i i —
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Few records have been made of pollinating agents, though 
three different genera of bee visitors (Apis, Bombus, and 
Podalirius) have been reported. In cultivation it is thought 
that self-pollination may occur occasionally by a trickling 
down of pollen to the stigmas (the sticky pollen-receiving 
surfaces of the female flower parts).

Mature seeds, mostly less than 0.04 inch (1 millimetre) 
long, are borne in large numbers, usually in capsules, 
which become dry and split open. The small, characteris- 
tically pattemed, lightweight seeds seem not to be trans- 
ported over very great distances, though there are some 
records of bird dispersal.

Many members of the Begoniaceae contain free organic 
acids (including oxalic and malie) in the cell sap. It has 
been suggested that the presence of these acids may be 
an active deterrent to insect attack. Other cell contents of 
interest include crystals of calcium oxalate.

EVOLUTION
No unanimity has been reached on the actual relation­
ships of the family Datiscaceae, so that evolutionary the- 
orizing has been impractical and unsatisfactory. Affinity 
to the Begoniaceae has been rather generally accepted, 
with the seeds perhaps the most uniform character in the 
two families.

The interrupted distribution of Datisca has been sug­
gested as an evidence of its former occurrence in Europe, 
but a fossil record is lacking.

Based on the present distribution of the family Begoni­
aceae, the present-day representatives of the probable pro­
totype of the genus Begonia are the American and Asiatic 
members of Begonia (section Begoniastrum). From this 
group have originated the other numerous, highly special­
ized, endemic (i.e., restricted to one region) members. The 
two chief centres of distribution are from Brazil and the 
Andes mountains to Mexico; and in the eastern Himalayas, 
the mountains of Indochina, the Malay Archipelago, and 
especially the Philippines and New Guinea. Smaller num­
bers of species have reached other areas. Representatives 
of the family are absent in Europe and are relatively scarce 
in Africa, but distribution pattems are thought to indicate 
an earlier worldwide dispersal. Fossil evidence, however, 
is nonexistent, and proof, therefore, is lacking.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. At present the genus Begonia 

Jasis of consists of more than 60 sections to which its hundreds 
>egonia of species have been assigned. The primary divisions are
lassifica- geographic, and the sections, though distinguished by mor-
ion system phological characters, are rather strictly confined by geo­

graphic limits. Since many species are narrow endemics, 
the system of subdividing the genus into sections is more 
satisfactory in Begonia than it might be in many other

genera. Even here, however, many true relationships are 
obscured, and some species have been described numer­
ous times from different localities.

Twelve sections are described from Africa, 20 from Asia,
27 from America; one with three subsections is American- 
Asiatic. A few additional sections of uncertain relationship 
from each area have also been designated.

Although the plants vary in size, habit, and floral struc­
ture, they are usually recognizable as begonias because of 
their generally succulent (fleshy, thick) leaves and sterns 
and the slightly to markedly oblique leaf outline charac­
teristic of most species.

Botanically the family Begoniaceae offers many taxo­
nomie problems of interest. No complete modern mono- 
graph is yet available, the most detailed studies having 
been prepared for particular geographic areas, usually as 
parts of more inclusive floras. Phytogeographic (plant dis­
tribution) studies would produce many interesting and 
worthwhile results because of the high percentage of en- 
demism in the family. If combined with monographic 
work, such research would probably result in a reduction 
of the number of species now recognized.
Taxonomie problems. The order Begoniales is presented 

in this article in a form generally accepted by botanists; 
i.e., including two families, Begoniaceae and Datiscaceae, 
the latter containing the genera Datisca, Teirameles, and 
Octomeles. In 1965, however, the last two genera were 
accorded family status (Tetramelaceae) and thus were 
separated from the Datiscaceae. This newer arrangement 
seems to be a more satisfactory Classification than any 
previously proposed.

Nonetheless, problems remain conceming the relation­
ship of the families Datiscaceae and Begoniaceae and the 
true affinity of each in the general Classification system.
Casual observation of the plants in the two families does 
not give much insight into their possible relationship be­
cause of the enormous differences in the habit and aspect 
of their members.

A need exists for more detailed observations, utilizing 
modern techniques and on a family-wide basis, of tri- 
chomes (plant hairs), pollen, clironiosoriies, and seeds. A 
broad-scale anatomical survey might serve to clarify and 
perhaps to modify relationships between species groups.

(B.G.S./L.B.Sm .)

Capparales (caper order)

Capparales, the caper order of flowering plants, consists 
of eight families, 427 genera, and 4,000 species. The type 
family, Capparaceae, derives its name and importance 
from kapparis, the Greek name used by Dioscorides for 
Capparis spinosa, which is the source of the caper of 
commerce. The genus Capparis is often confined to and 
regions of the tropics and subtropics and includes diverse 
growth forms such as trees, shmbs, and stragglers. In 
addition to this dominant genus, the order has several 
other genera that provide food and flowers to mankind.
The cabbage, cauliflower, knol kohl (all three are vari­
eties of Brassica oleraced), tumip (B. rapa), and radish 
(Raphanus sativus) are important vegetables, rich in sulfur 
compounds and vitamin C. The edible mustard oil is from 
the seeds of Brassica juncea and B. campestris. The well- 
known horseradish tree (Moringa oleifera) is cultivated 
for its edible roots and fruits and for ben oil, used as a 
lubricant for watches. The mignonette (Reseda odorata), 
stock (Matthiola incana), wallflower (Cheiranthus cheiri), 
and candytuft (Iberis species) are garden plants widely 
cultivated for their flowers.

The two so-called crucifixion thoms (Koeberlinia spinosa 
and Canotia holacantha) together constitute an interest­
ing growth form characterized by leafless, thomy thickets 
found only in the southwestem deserts of North America.

GENERAL FEATURES
Diversity of structure and habit. The members of the 

order exhibit diverse growth features. Some, such as 
Crataeva nurvala and Moringa oleifera, are small, decid­
uous trees, cultivated in the tropics and subtropics. Many 
others are armed or unarmed (i.e., thomy or not) shmbs. Thoms
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The arms are the paired, stipular (located at the base of 
leafstalks), recurved thorns, as in Capparis spinosa (ca- 
pers), C. micrantha, and Apophyllum anomalum, which 
are distributed in the Mediterranean region, Africa, and 
Australia, respectively. The arms may also consist of the 
tips of the branches in Zilla myagroides of the Nubian 
Desert of Africa and Koeberlinia spinosa and Canotia ho- 
lacantha (crucifixion thoms) of the southwestem deserts of 
North America. The leaves are short-lived in many of these 
species. The order is also rieh in stragglers (sprawling, vine- 
like forms), such as Capparis sepiaria of India, C. cucur- 
bitina and C. scortechinii of Malaysia, and woody lianas, 
such as Maerua arenaria of India, Roydsia parviflora and
R. scortechinii of Malaysia, and Ritchiea frangrans of 
tropical Africa. The Australian Emblingia calceoliflora is 
a prostrate undershrub with a hispidulous (hairy) stem. 
Cleome (bee plant) and allied genera are mostly glandular, 
annual (short-lived) herbs; Isomeris arborea (burro fat), a 
close ally, is a shrub in the Mexican desert. The herba­
ceous annuals are also represented widely by Capsella 
bursa-pastoris (shepherd’s purse), the herbaceous peren­
nials (plants that continue to grow season after season) 
by Cheiranthus cheiri (wallflower) and Cochlearia offici- 
nalis (scurvy grass), and the woody perennials by Alyssum 
spinosum and Vella spinosa, all of the above belonging 
to the north temperate zone. The common aquatic forms 
are Rorippa palustris (marsh cress), Cardamine praten­
sis (cuckooflower), C. rotundifolia (mountain watercress), 
Nasturtium officinale (watercress), and Subularia aquatica, 
which are all found in temperate regions and on tropical 
mountains. Nasturtium officinale has spreading sterns that 
root at the nodes (“joints” of a stem) and pinnate leaves 
(i.e., leaves with either veins or separate leaflets arranged

Drawing by M. Pahl

Representative plants from six of the eight families of the 
order Capparales.

along either side of a central axis). Subularia aquatica has 
long, narrow, centric (shieldlike) leaves; its flowers either 
project above water or remain submerged and then rely 
on self-fertilization, because they remain closed. There are 
tufted xerophytes (plants adapted to dry habitats) such 
as Erophila verna and Anastatica hierochuntica (rose of 
Jericho) of Europe and the Mediterranean region, which 
have hairy or fleshy leaves and grow on sand dunes.
Saline (salty-habitat) succulents, such as Cakile maritima 
(sea rocket) and Crambe maritima (sea kale), are found 
along the Atlantic and Baltic shores and in the Mediter­
ranean region.

Economie importance. Examples from the family Cap- 
paraceae. The pickled flower buds of Capparis spinosa 
are the commercial European capers. The root bark is 
bitter and has been used to treat rheumatism, paralysis, 
toothache, and disorders of the liver and spleen. The fmits 
and flower buds of C. decidua are edible and are often 
preserved in salt vinegar. The flower buds are used as 
potherbs. The fmit is astringent and has been used to treat 
heart disorders. The hard, heavy wood is used to make 
tooi handles and boat knees (a bent piece of wood used 
as a brace in boat constmction) because it is resistant to 
termite attack. C. sepiaria, the Indian caper, is planted as 
a hedge. It has been used to decrease fevers and to treat Edible and 
skin diseases. C. zeylanica fmits are edible and used in useful 
curries. The root bark has been used as a sedative and is products 
effective against cholera. C. mitchellii fmits are edible and 
are consumed in Australia and Tasmania. C. corymbifera 
flower buds are preserved in salt vinegar and eaten. The 
pounded leaves and twigs of Cadaba farinosa are made 
into cakes, puddings, and cereals; as food, the plant is 
called forsa or balambe in the Arabian Peninsula and trop­
ical Africa. The leaves and seeds of Cleome icosandra are 
useful as external applications for wounds and ulcers. The 
seeds are also used in curries. C. spinosa (spiderflower) is 
grown as an ornamental. The ashes from the sterns and 
leaves of Courbonia virgate are used as a source of salt in 
parts of The Sudan and Arabia.

Examples from the family Brassicaceae. Alliaria offici- 
nalis (garlic mustard) is used to treat gangrenous infections.
Armoracia lapathifolia is the well-known horseradish, 
whose roots are used for flavouring food. Barbarea verna 
(Belle Isle cress) is used as a vegetable. Brassica campestris 
variety sarson (yellow sarson, or Indian colza) provides 
seed oil, which is used for cooking, and oil cake, which is 
used as cattle feed; the tender leaves and shoots are eaten 
as a vegetable. B. campestris variety toria (Indian rapé) 
has similar uses. The tender leaves and shoots of B. hirta 
(white mustard) are used as a vegetable; the seeds yield a 
fatty oil. B. juncea (Indian mustard) seed oil is used for 
cooking. B. napus (rapé) leaves are used as vegetables. The 
seeds of B. nigra (black mustard) are used as a spice and Plants 
condiment. B. oleracea variety acephala is the vegetable related to 
borecole, or kale. B. oleracea variety botrytis is cauliflower cabbage 
or broccoli, which is grown all over the world for its edible 
inflorescences (flower clusters). B. oleracea variety capi­
tata is cabbage. B. oleracea variety gemmifera is Bmssels 
sprouts, a bud-bearing cabbage, the young shoots, buds, 
and leaves of which are edible. B. oleracea variety gongy- 
lodes is kohlrabi, or knol kohl, the short, swollen stem of 
which is edible. B. pekinensis is Chinese cabbage. B. rapa 
is the turnip. Raphanus sativus is the well-known radish.

NATURAL HISTORY
Adaptations for pollination. The perpetuation and 

spread of this order is facilitated by the efficiënt adapta­
tion of its flowers, fmits, and seeds for pollination and 
dispersal. In the family Capparaceae, the pollination is 
by insects, which are attracted by nectar secretion, dense 
aggregation of the flowers, and the bright colours of the 
petals. Dichogamy, the maturing of the male and female 
organs of the same flower at different times, favours cross- 
pollination in many cases, as does, in Cleome spinosa 
(spiderflowers), the production of male flowers alternating 
with female and bisexual flowers in succession. In the 
family Brassicaceae, both cross- and self-pollination of 
the flowers occur. The twisting of stamens (male pollen- 
producing stmetures) to one side may favour cross-polli-
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nation. In such instances, however, the slightest irregular- 
ity in the movement of the visiting insect may cause self- 
pollination because of the close proximity of the anthers 
(pollen sacs) to the stigma (sticky, pollen-receiving surface 
of the female structure). In Cardamine chenopodifolia and 
Subularia aquatica, the flower remains submerged and 
closed (the cleistogamous condition) when the water is 
high. Pringlea antiscorbutica (Kerguelen Island cabbage) 
is wind-pollinated in the absence of insects suitable for 
its pollination. The flowers are without petals but have 
exerted (long, extended past the end of the flower) anthers 
and long, filiform (threadlike), stigmatic pollen-catching 
structures. In Cardamine pratensis (lady’s smock), self- 
sterility favours cross-pollination. In mignonette (Reseda 
odorata) of the family Resedaceae, different parts of the 
flower play different functions in the process of pollina­
tion. Nectar is secreted by the large, posteriorly projected 
petallike disk. The white, fringed edges of the petals, 
the red anthers, and the strong odour attract the insect 
visitors. The pistil (female structure consisting of stigma, 
style, and ovary), with terminal, papillose (nipplelike) Stig­
mas, projects from the centre, and the stigmas receive 
the pollen carried by insect visitors. If the insects fail to 
visit the flowers, the stigmas, which lie directly below the 
anthers, eventually receive pollen from them and achieve 
seif-poflination.
Adaptations for dispersal. The dispersal of fruits and 

seeds in the Capparales order is caused by a variety of 
agents. The wind is the chief agent of dissemination in 
the desert. In North African deserts, fruits and seeds are 
either winged or are light or hairy; a pair of wings usually 
surrounds the fruit in Zilla macroptera, and the seeds are 
velvety in Cleome arabica. In Morettia phileana of the 
Nubian Desert and Sisymbrium altissium (tumbling mus­
tard) of Europe and North America, the withered plants 
and their inflorescences (flower clusters) are blown about, 
scattering the fruits and seeds. In Anastatica hierochuntica 
(rose of Jericho) of the deserts of Asia Minor and North 
Africa, the plants curve into balls, or “roses,” in drought 
and are blown along by the wind until they reach a wet 
spot; there the balls unfold along with the valves of the 
fruit, dispersing the seeds. In Biscutella californica the fruits 
are edged with hairs. In Cochlearia, the four- to six-seeded 
locules (ovary chambers) are dispersed by the valves acting 
as wings. In Draba verna (whitlow grass) the thin septum 
of the dried fruit sends the small, light seeds away like 
tennis balls from a racket. The fruits of Crataeva nurvala 
and C. macrocarpa in Malaysia, Myanmar, and Indochina 
and the seeds of Mathiola incana (stock) and Nasturtium 
officinale (watercress) are dispersed by river waters. The 
seeds of Cakile maritima and Crambe maritima and the 
fruits of Raphanus maritimus are disseminated by sea 
tides. In Nasturtium lacustre and Cardamine pratensis 
(cuckooflower) the leaves with bulbils or adventitious buds 
float and develop into new plants elsewhere. Animals act 
as agents for the dispersal of seeds in the order Cappa­
rales through their excreta. Seeds of Sisymbrium sophia 
and Capsella bursa-pastoris, for example, are distributed 
through the excreta of cattle; fruits of Draba alpina and 
seeds of Cardamine bellidifolia and Cochlearia arctica are 
dispersed in the excreta of birds; and fruits of Draba verna 
are carried in the excreta of earthworms. The seeds of 
Capparales may also be dispersed by simple adhesion to 
the feet of man or cattle and to the wheels of carts. The 
mucilaginous seeds of Capsella bursa-pastoris stick to the 
feet of gulls and those of Cardamine (white top), Sene- 
biera heleniana, and Lepidium perfoliatum (peppergrass) 
to seashore birds.

Adaptation to environment. The propagation of plants 
by seeds is strongly handicapped in saline and arid con­
ditions because of incomplete seed ripening in mother 
plants at times; low soil moisture; hard, nonabsorbing soil 
crusts; high concentrations of soluble salts; or destruc- 
tion of seedlings due to various factors such as irregulär 
rainfall, animals, wind erosion, and deposition of mud. 
Large seeds with large food supplies may be advantageous 
in establishing seedlings in spite of competition for light 
and moisture, eating by animals, wind erosion, and other 
factors. The large seed of Crambe maritima, for example,

sends down an extensive root at an early stage of develop­
ment, enabling the species to colonize adverse habitats in 
the early phase.
Delayed germination. Many of the desert seeds pos- 

sess germination-inhibiting substances. The seeds of Eruca 
boveana and Carrichtera annua of the dry Mediterranean, 
Arabian, and Persian regions contain inhibiting factors; 
as much as 4 to 8 inches (10 to 20 centimetres) of rain 
wash away these factors, thereby considerably improving 
the percentage of germination of such seeds. The fruit 
valves of Sinapis alba contain a blastokoline substance 
that suppresses the germination of the seeds. Some desert 
annuals from Arizona sprout only after a long period of 
ripening. Lepidium lasiocarpum is ready to germinate af­
ter one year and Streptanthus arizonicus after 26 months. 
The presence of inhibitors and the habit of germinating 
only after a long period of ripening are believed to be 
adaptations that enable a proportion of the seeds to get 
established at times when favourable extemal conditions 
exist. Many annuals seem to counterbalance the danger of 
extermination in dry habitats by profuse seed production. 
Even the tiniest ephemeral, such as Erophila verna of 
the Mediterranean region, sets numerous fruits and ripens 
large numbers of seeds.
Sexual versus vegetative propagation. The natural prop­

agation of plants by seeds is observed mainly in crop 
plants. In ornamentals, however, the propagation is by 
both seeds and vegetative means.

In an environment that is favourable for growth and 
flowering, such as the damp woodlands of the British 
Isles, profuse vegetative propagation takes place as an 
alternative to low seed production. Although plants of 
Cardamine pratensis (lady’s smock) flower profusely, seed 
production is scanty, and 70 percent of them reproduce 
vegetatively by means of buds developed at the base of the 
terminal leaflets. In Dentaria bulbifera (coralroot) repro­
duction is exclusively or mainly by means of bulbils that 
replace the lower flowers on the inflorescence. The upper 
flowers rarely produce fertile seeds. The bulbils, about 
0.04 inch (1 millimetre) in length and thrice that in thick­
ness, normally develop near the parent plant. Vegetative 
spreading is also by rhizomes, horizontal, rootlike sterns. 
The species is restricted to certain woods in Great Britain, 
although many other woodlands appear to be suited for 
its growth. Similarly, Nasturtium sylvestre (wood cress) 
rarely produces fertile seeds in spite of free flowering. It 
spreads profusely by means of prostrate sterns that root 
at the nodes.

Ecology. Members of this order grow in varied ecolog- 
ical conditions. Trees, shrubs, and climbers of Crataeva, 
Maerua, and Capparis grow in tropical rain forests. In 
tropical deserts the undershrubs and shrubs such as Farse- 
tia aegyptiaca, Zilla myagroides, Capparis spinosa, C. 
decidua, Apophyllum anomalum, Koeberlinia spinosa, and 
Canotia holacantha grow in rock clefts and on sandy 
hillocks.

Plants such as Crambe maritima, Cakile maritima, and 
Cochlearia anglica grow along the seashore, enduring low 
concentrations of salts and the consequent physiological 
dryness. Draba alpina, Cochlearia nudicaulis, and Car­
damine bellidifolia grow in Arctic regions, withstanding 
continuous light during summer and low temperatures 
and dry winds in winter. Cochlearia fenestrata, along 
with its flowers and fruits, resists low temperature with­
out protection.

FORM AND FUNCTION
Morphological features. The order consists of herbs, 

shrubs, small trees, and lianas. The leaves are altemate 
or opposite, simple or palmately compound, and they 
have stipules. In Capparis, Apophyllum, Koeberlinia, and 
Canotia, the leafless shrubs form dense thickets either by 
recurved stipular spines or thomy-tipped branches.

The flowers have petals, are bisexual, and are hypogynous 
(i.e., the sepals, petals, and stamens arise at the base of 
the ovary) or perigynous (sepals, petals, and stamen partly 
enclose the ovary), with numerous to few stamens and an 
ovary of two or more fused carpels. The fmit may be a 
fleshy berry or drupe or a dry silique, silicle, or capsule—
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fruits that open along one or more sutures. The seeds are 
curved or straight, winged or nonwinged.
Physiological features. In desert species such as Cap­

paris decidua and the crucifixion thorns, spiny, leafless, 
green sterns form thickets, and there are strongly devel­
oped taproots. Apophyllum anomalum of Australia is also 

Dry leafless but is covered with a thick coat of plant hairs.
habitat In Zilla spinosa and Ochradenus baccatus the leaves of 
adapta- the rainy season are replaced by smaller summer leaves. 
tions The seaside Cakile maritima and the dune-inhabiting

Cochlearia officinalis are succulents; by storing water in 
their sterns and leaves, the former resists high salt concen­
trations and the latter drought.

The Arctic and alpine Draba alpina, Cochlearia nudi- 
caulis, C. fenestrata, and Cardamine bellidifolia have 
thick, small, cushionlike sterns and short, leathery leaves 
with concealed stomata (pores).

EVOLUTION, CLASSIFICATION, AND TAXONOMIC STATUS
The families Capparaceae and Brassicaceae form the core 
of the order Capparales. They have many common vege­
tative and floral features and cells. Other shared features 
suggest that the family Capparaceae is ancestral to the 
Brassicaceae.
There are many taxonomie problems in this order. The 

orders Capparales and Violales are regarded by some au­
thorities as parallel offshoots of the order Theales. Others, 
however, consider the Capparales to have originated from 
the most primitive members of the order Violales, similar 
to the family Flacourtiaceae of that order.

The Cleomoideae, a subfamily of the Capparaceae, closely 
resemble the family Brassicaceae in their herbaceous habit 
and capsular fruit with central partitions. Some authorities 
raise the Cleomoideae to the rank of family, called Cleo- 
maceae, which is considered to be closely related and basic 
to the family Brassicaceae. This treatment needs support 
from other enquiries into floral anatomy, embryology, and 
pollen morphology, however.
The resemblance and position of the family Tovariaceae 

with respect to the family Capparaceae could be better un- 
derstood if the vascular anatomy of the axile placentation 
and eight-parted flower were better known.
The systematic position of the family Emblingiaceae is 

disputed. It shows resemblances to the families Cappa­
raceae, Goodeniaceae, Scrophulariaceae, and Verbenaceae 
and Polygalaceae. More information on the floral and 
vegetative anatomy, embryology, and other details of this 
family will be necessary to establish the exact relationship 
of this group. (H.S.N .)

Ericales

The Ericales is an order of about 2,700 species of plants, 
largely shrubs or small trees, arranged in 10 families and 
about 135 genera.
The number of species used as ornamentals is inordi- 

nately large when compared with other plant groups of 
similar size. Many of the most beautiful and prized horti­
cultural plants throughout the world are found in the Eri­
cales, notable examples being azaleas and rhododendrons. 
Blueberries and cranberries are among the economically 
important members of the order.

GENERAL FEATURES
Structural diversity and distribution. Although predom­

inantly woody shrubs and small trees, the order includes 
herbs, undershrubs, vines, epiphytes (plants that grow upon 
other plants), herbaceous saprophytes (nonphotosynthetic 
plants that obtain nourishment from dead organic matter), 
and root parasites. A few tree species attain heights of 75 
to 100 feet (20 to 30 metres).
Ericads are very widely distributed in the tropics and 

throughout temperate regions of the Northern and South- 
Worldwide ern Hemispheres and are a significant component of the 
distribu- subarctic circumpolar flora. A few extend into the Arctic 
tion and the Antarctic regions. A number of genera are indige-

nous to Southern Africa, and the large family Epacridaceae 
is in a sense the Australian segment of the order.
It has been customary to think of the species of the

Representative plants from three of the principal families of 
the order Ericales.
Drawing by M. Pahl based on (Epacridaceae, Ericaceae all but ovary) G.H.M. Lawrence,
Taxonomy of Vascular Plants (1951); The Macmillan Company, (Ericaceae ovary) J. Hutchinson,
The Families of Flowering Plants; The Clarendon Press, Oxford

Ericales as inhabitants of temperate and cooler regions, 
with tropical representatives being confined to the cool, 
high mountainous regions. A majority of species do oc­
cupy these areas, but the recent inclusion of the families 
Actinidiaceae and Saurauiaceae in the order has extended 
the group’s range into typically tropical situations of Asia 
and America. As a general rule, ericalean plants prefer 
acid soils.
Economie importance. Ericads have served as tea Substi­

tutes; early explorers of Canada and the eastem and north­
ern regions of the United States, for example, brewed tea 
from the leaves of Labrador tea, or bog tea (Ledum palus­
tre); Lapland rosebay (.Rhododendron lapponicum); and 
checkerberry, or teaberry (Gaultheria procumbens). The 
Ojibwa Indians similarly used bog rosemary (Andromeda 
glaucophylla) and leatherleaf (Chamaedaphne calyculata).

For centuries the best material for making briar pipes 
has been wood from burls of Erica arborea or related 
Mediterranean species.

Ericalean plants have been and still are most important to Edible 
man as foodstuffs and as cultivated ornamentals. Checker- berries 
berry (Gaultheria procumbens), certain of the bearberries 
(Arctostaphylos species), and creeping snowberry (Chio- 
genes hispidula) produce edible fmits. In Asia the fmit of 
the tara vine (Actinidia arguta) is much sought after, and 
the kiwifmit, or Chinese gooseberry {Actinidia chinensis), 
is commercially important in New Zealand. But it is the 
huckleberries, the blueberries, and the cranberries that are 
most prized as fresh fmits or as jellies or preserves.
Cranberries (Vaccinium macrocarpon) are cultivated in
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Massachusetts, especially on Cape Cod; in New Jersey; in 
Wisconsin; and in the Pacific Northwest. They are also 
harvested from wild stands in these areas. The tart fresh 
berries are processed with sugar and sold as cranberry 
sauce or jelly. Cranberries, first cultivated in New England 
in the early 19th Century, are still one of the leading 
exports of Massachusetts. Cranberry sauce and jelly have 
come to be thought of as uniquely American, but the 
Scandinavians hold in high esteem their own native cran­
berry (V. vitis-idaea), the berry of which is spicier than 
the American fruit.

Huckleberries (Gaylussacia baccata) are harvested only 
from wild stands in the eastem United States and Canada. 
Although the flesh of the fmit is generally considered to 
be sweet and delicious, the “berry” is aetually a dmpe, or 
stony-seeded fmit, with 10 large, hard nutlets, making it 
less desirable and marketable than blueberries.

Blueberries of many types are harvested from wild stands 
in New England and the eastem States and from northern 
California into western Canada. Several species of Vac- 
cinium are involved. They range from lowbush to highbush 
species and from diploid to hexaploid forms (i.e., genetic 
variants with two to six sets of chromosomes, respectively). 
Blueberries, with their small and insignificant seeds, are 
widely considered a delicacy, and their production is eco- 
nomicaliy significant, especially in New England. 

)rnamen- The other major use of ericads is as ornamentals. In Asia 
al uses some of the vinelike forms (Actinidia arguta and Clemato- 

clethra species) are cultivated for their deep green foliage. 
Several species of sweet pepper bush (Clethra) are used hor- 
ticulturally to take advantage of the highly fragrant sum­
mer flowers. The leatherwood (Cyrilla racemißora) and 
buckwheat tree (Cliftonia monophylla) are used similarly 
and also are desirable for their showy autumn coloration 
of foliage. The sourwood (Oxydendrum arboreum), one of 
the few trees in the order, is also cultivated because of the 
brilliant colour of its foliage in autumn. In Europe and 
New England, the heather (Calluna vulgaris) and some of 
the low bushy heaths (Erica species) are used as garden 
border plants. Many ericads are planted in gardens as nov- 
elties or to provide Variation in foliage colour and texture.

The most important ornamentals in the entire order, 
however, are found in the genus Rhododendron, the aza- 
leas and the rhododendrons, about 850 species of which 
are or have the potential to be ornamentals. Some of the 
most spectacular flower clusters known are produced by 
these shmbs, and they are widely used not only for the 
beauty of their blooms but also for the value of the many 
evergreen species as effective background shmbs. Natural 
species are cultivated, and many hybrids have originated 
in cultivation; it is thus difficult to develop a Classification 
that includes all species, varieties, and forms. It is safe 
to say, however, that there are at least 1,000 varieties of 
rhododendrons and azaleas in cultivation.

Noxious ericads. The order contains a few species harm- 
ful to humans or animals. Some contain a toxic substance 
identified as andromedotoxin. This compound is known 
to occur in certain species of Rhododendron, Leucothoë, 
Menziesia, Ledum, and Kalmia, and it is probably more 
widespread in the order than is now known. Humans can 
be poisoned by chewing on leaves and twigs or by sucking 
nectar from the flowers of these plants. Poisoned honey 
has been reported in areas in which bees visit large Rhodo­
dendron or laurel (Kalmia) stands, but the honey is so 
bitter that very little of it can be eaten. The poison causes 
watering of the mouth, eyes, and nose; vomiting; slow 
pulse; and depressed blood pressure. Massive ingestion of 
andromedotoxin results in convulsions and slow and pro­
gressive paralysis until death; fatalities, however, are rare.

Several species of laurel (Kalmia) long have been known 
to be poisonous to domestic animals. Kalmia angustifolia 
is known colloquially as sheepkill, lambkill, or calfkill, and 
one common name of K. latifolia is poison laurel. Sheep 
and cattle may become ill and die from eating foliage of 
these plants, but deer do not seem to be affected. The 
course of the disease parallels that in humans who have 
taken massive ingestion of andromedotoxin—convulsions, 
progressive paralysis, and death. Laurel poisoning is not a 
serious problem in sheep or cattle, however, probably be­

cause the tough, leathery leaves are not desirable except in 
the absence of more palatable foliage. Cases of poisoning 
are more frequent in sheep than in cattle.

NATURAL HISTORY
Pollination. Compared with some of the very highly 

specialized plant groups, such as the orchids, few unusual 
or unique features exist in the life cycle of the ericads.
There has been only the slightest tendency toward de­
velopment of irregulär flowers, and highly involved and 
complicated methods of pollination are rare.

Probably most ericads may be pollinated in more than 
one way, but studies on pollination in the Ericales have 
been sketchy. In the heather (Calluna vulgaris), the nec­
tary in the flower is a continuous, fleshy ring around 
the base of the ovary (female structure), and the lower 
parts of the petals and stamen filaments (basal parts of 
the male structures) are also succulent. An insect forcing Insect 
its proboscis into the flower shoves the anthers (pollen pollination 
sacs) apart. Anther chambers open laterally, and homlike 
appendages attached to the anthers help deposit pollen on 
the insect’s proboscis by acting as levers. Pollen is carried 
to another flower by the insect and deposited upon the 
stigma (pollen-receptive surface of the female structure) as 
the insect probes for nectar in the flower.

Nectar production decreases near the end of the pollina­
tion period. The filaments then elongate and extend the 
open anthers beyond the confines of the flower; thereafter 
wind pollination occurs.

Another kind of pollination also takes place in the same 
heather flower. Certain small insects (Taeniothrips eri- 
cae [Thysanoptera]) appear to be present at all times in 
Calluna flowers. These tiny insects are very lively, move 
about actively, and reach parts of the flower inaccessible 
to larger insects. Pollen discharged during their activity 
adheres to their bodies, which become sticky with nectar.

The males of T. ericae are much rarer than the females 
and cannot fly. Females, therefore, take the aggressive 
role and fly from flower to flower searching for males.
They depart from projecting stigmas, their bodies heavi- 
ly iaden with pollen, and presumably land on stigmas, 
thereby probably being able to effect both seif- and cross- 
pollination.

The laureis (Kalmia species) have two pouches in each 
of the five partly fused petals. Anthers are retained un­
der tension in these pockets until the flower opens; then 
the filaments snap the anthers up, and pollen is forcibly 
ejected. Laurel flowers are visited by bees that almost 
certainly effect pollination. Presumably elevation of the 
anthers above the saucer-shaped flowers of Kalmia also 
permits wind pollination.

Mycorrhizal relationships. Mycorrhizae are structures 
formed by plant roots and the fungi that live in close 
association with them. Mycorrhizal associations are com­
mon and widespread in the Ericales. It has been suggested 
that probably all ericads are in some mycorrhizal relation­
ship. Although considerable research has been done on 
the nature of the relationship, much of the work has been 
challenged and is of doubtful validity. In most instances, 
the species with an obligate relationship and those with­
out cannot be identified with certainty; the relationship is 
obligate, however, in the few members of the family Pyro- 
laceae that occasionally lack Chlorophyll and in the family 
Monotropaceae, all of whose members lack Chlorophyll.
In addition to these families, mycorrhizae have been re­
ported in the Clethraceae, Epacridaceae, and Empetraceae.
The phenomenon, which is widespread in the Ericaceae, 
probably occurs in all families of the order.

The structure of the ericalean mycorrhiza has been 
described as being intermediate between the conditions 
called ectotrophic and endotrophic, and the term ecten- 
dotrophic has been used to describe the mycorrhiza of 
Monotropa. Host roots are enveloped by masses of fungal 
hyphae (filaments of fungus cells) as in ectotrophs, but 
hyphae penetrate the cells of the host root tissues, as in 
endotrophs.

The fungi involved in the relationship are members of 
the fungal classes Deuteromycetes and Basidiomycetes. A 
number are of the genus Rhizoctonia. Little is known
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as yet of the physiological relationships between the fun­
gus and the plant. The view that species of Phoma, a 
deuteromycetes associated with some ericads, serve to fix 
free atmospheric nitrogen appears to be unfounded. There 
are advocates of a theory that fungi may serve in some 
capacity to synthesize various carbon-containing materials 
from the soil, which are then passed along to the host 
plant. This explanation is especially attractive in explain- 
ing saprophytic situations of nongreen ericads. It must 
be assumed that the fungus utilizes organic compounds 
from the soil and transfers its products in forms useful 
to the plant.

EVOLUTION
Fossil records of ericads are not numerous, especially con- 
sidering the number of species in the order. All have been 
found in deposits of the Tertiary Period (2,500,000 to 65,- 
000,000 years ago) and mostly from the Oligocene Epoch 
(26,000,000 to 38,000,000 years ago) and the Miocene 
Epoch (about 7,000,000 to 26,000,000 years ago).

Fossil leaves of Saurauia have been found in Alaska, 
and Actinidia leaves have been recovered from Califor­
nia. Miocene layers in Oregon have yielded leaves of 
Arbutus trainii, which closely resemble those of the living 
madrona (A. menziesii) of the Pacific Coast. Fossil records 
of Arctostaphylos, Vaccinium, and Andromeda also have 
been reported.

Many fossil pollen grains have been taken from Miocene 
deposits at Rypin, Poland. In some cases, some of them 
have been assigned to the Ericales because of structural 
resemblances; in other cases, they have been so assigned 
because of structure and the fact that they occur in tetrads 
(groups of four), a condition common in living ericads. 
Cyrilla appears to be represented by three species. Several 
pollen tetrads have been assigned to the Ericaceae, but only 
those of the genus Rhododendron are clearly identified.

The fossil record is of little help in tracing phylogenetic 
relationships within the order or between the Ericales and 
other orders. Relationships must be determined largely 
from comparative morphological studies of living forms. 
Close affinities between the order Ericales and the order 
Diapensiales are recognized, and a common ancestry for 
the two is postulated in the order Theales. A close relation­
ship of these groups has been recognized for some time.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. Although there are exceptions 

to most features, ericads generally are shrubs with alter- 
nate, simple, leathery leaves. Their flowers have functional 
structures of both sexes and are regulär (radially symmetri­
cal) with a four- or five-parted corolla (collection of petals) 
of partly fused petals. Stamens number twice the number 
of corolla lobes and usually are attached directly to the re­
ceptacle (expanded stalk tip that carries the flower parts). 
Anthers open by terminal pores, and pollen is discharged 
in tetrads. The pistil (female structure) is compound with 
one style (upper, narrow, elongated part of pistil). The 
ovules are numerous and are attached along the central 
axis of the ovary. The only characteristics shared by all er­
icalean species are that the ovule has but one integument, 
or covering cell layer, and the nucellus (central part of 
ovule) is a single cell layer thick.

Variations in the above characteristics provide the bases 
for establishing families and for determining relationships 
between them. Major variables of taxonomie significance 
are: number of floral parts, degree of fusion of floral parts, 
degree of fusion of floral parts with the ovary, type of 
anther dehiscence (opening), structure of pollen, structure 
of ovary, and type of fruit.
Taxonomie problems. Close relationships among the 

families Clethraceae, Pyrolaceae, Monotropaceae, Eri- 
caeeae, and Epacridaceae have been recognized for many 
years, although taxonomists have not agreed in their 
treatment of the families. The family Monotropaceae fre­
quently is combined with the Pyrolaceae, and both fami­
lies are sometimes included in the Ericaceae. The family 
Vacciniaceae, which is composed of those species of the 
Ericaceae that have partly to wholly inferior ovaries, is 
sometimes recognized.

In any of these manipulations, however, the five “core 
families” comprise some 2,200 species, or more than 80 
percent of the approximately 2,700 species of the order.

Inclusion of the family Empetraceae in the Ericales has 
become almost universally accepted in recent years, al­
though one important taxonomist retains it in the order 
Celastrales.

Fairly recently the family Cyrillaceae has been placed in 
the Ericales, an arrangement that is gaining acceptance. 
Previously, it was assigned to the Celastrales, and, in some 
Systems, it remains there.

The families Actinidiaceae and the Saurauiaceae are ob- 
viously closely related to each other, and it is common 
to find the Saurauiaceae within the Actinidiaceae. These 
families have affinities with both the orders Dilleniales 
and Theales, and modern taxonomie treatments are about 
equally divided in placing them in one or the other order. 
Referred to the Ericales, as is done here, they are the most 
primitive families in the order and may be regarded as 
near ancestral to the families more traditionally compris- 
ing the Ericales.

Inclusion of the family Grubbiaceae in the Ericales has 
been to date quite widely rejected. The family consistently 
has been placed in the order Santalales for a great many 
years. The main stumbling block to general acceptance 
of the Grubbiaceae in the order Ericales is the structure 
of the pistil. The ovary is inferior and, as it begins its 
development, is more or less two-locular (chambered). As 
the ovary continues to mature it becomes unilocular with 
a standing, free-central placenta that bears two pendulous 
ovules. This ovular structure is so typical of the order 
Santalales and so completely atypical of the order Ericales 
that few taxonomists consider the ericalean characteristics 
of the Grubbiaceae to outweigh the santalalean structure 
of the ovary. (H.T.C.)

Ebenales (ebony order)

The ebony order of flowering plants (Ebenales) consists 
essentially of woody trees or shrubs growing in the trop­
ics. They have simple, smooth-margined leaves arranged 
alternately along the sterns and bear radially symmetrical 
flowers that display diverse floral plans. The sepals and 
petals usually number four or five, and they are always 
fused. The male reproductive structures, or stamens, are 
variable in number and are arranged in one or more 
whorls. The female structure, or gynoecium, is superior— 
i.e., positioned above the point of attachment of the sepals, 
petals, and stamens—and it is usually composed of many 
sections called carpels. The ovules, or seed precursors, 
are attached to a central axis in the ovary. Glandular, or 
secretory, cells are often present in the flowers.

Five families are included in the ebony order. Only three 
of these are of numerical or economic importance, how­
ever. They are the Ebenaceae, the Sapotaceae, and the 
Styracaceae.

GENERAL FEATURES
Distribution and abundance. The family Styracaceae 

contains about 150 species, which are grouped into 10 
genera; these plants grow mostly in hot climates. The 
most important genus, Styrax, contains about 100 species, 
of which one is found in the Mediterranean area (Styrax 
officinalis).
The family Ebenaceae contains only four to six genera, 

although it has a total of some 450 species. The genus 
Diospyros (persimmon and ebony) is the most important 
one in the family both numerically (350 species) and 
economically. The present-day distribution of the family 
Ebenaceae is largely pantropical. One-third of the species 
are found in Asia (India, Indonesia, Indochina, and the 
Philippines); another third are in Africa and Madagascar; 
and, of the remaining third, one-half are in Central and 
South America and the rest in Oceania (including Aus­
tralia). There are, of course, a few species in subtropical 
climates, and four are found in warm temperate zones 
(North America and Asia). Ecologically, 85 percent of the 
tropical species grow in forests, with 60 percent in the ever­
green forests. The zone of distribution of different species
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Representative plants from the three principal families of the 
ebony order.
Drawing by M. Pahl based on (Diospyros flowers) J. Hutchinson, Families of Flowering Plants; 
The Clarendon Press, Oxford

of the family Ebenaceae varies enormously; for example, 
Diospyros virginiana (persimmon) extends from Texas to 
Florida and northern Connecticut, but D. mafiensis is 
known only from a very small area in East Africa.

The family Sapotaceae contains 63 to 126 genera, de­
pending on the authority consulted, and more than 600 
species, whose features contrast sharply depending on 
whether the species is found in the New World or the Old 
World. For example, no genus with a two-whorled calyx 
or with more stamens than petals is to be found in the 
Americas. Genera of plants with ovaries of three or fewer 
chambers occur very frequently in the Americas but are 
exceptional in the Old World. The same contrast applies 
to the relative distribution of unisexual-—separate male or 
female—flowers. In Africa the area from Guinea to the 
Congo basin is richly endowed with species of the family 
Sapotaceae, particularly in Cameroon and Gabon. Mada- 
gascar has both pantropical and endemic (strictly native) 
genera. The island of Mauritius has an endemic genus 
(.Labourdonnaisia). The genus Northea is found only in 
the Seychelles. The dry forests, savannas, and steppes that 
range from The Sudan to the Zambezi River are poor in 
Sapotaceae species, apart from a few endemics, of which 
Butyrospermurh parkii is of economic importance—its 
oily seeds are pressed to obtain shea butter. New Cale- 
donia is outstanding in the Australo-Papuan zone for the 
number of endemics of this family. Several regions of 
tropical America also have particular genera, in addition 
to genera with more extensive distributions.

Economic importance. Family Styracaceae. Economi­
cally, the best known representative of the family Styra­
caceae is the Malayan Styrax benzoin, a tail tree that is 
the source of the resin benzoin. The resin forms in cavities 
caused by the destruction of tissues in the wood of sterns 
and branches. Styrax tonkinensis is also a source of resin;

deep incisions are made in the trunks, and the drops of 
resin that form in the cuts are collected about two months 
later. The resins contain Vanillin, benzoic acid, and cin- 
namic acid. The Arab benzoin trade dates back before the 
Christian Era and provided incense to the Middle East and 
China. In the Western world it is used for perfumes and 
as a balsam and antiseptic. Several plants of the family 
Styracaceae are also used for ornamental purposes {e.g.,
Halesia, Styrax).

Ebony family. The family Ebenaceae is of economic 
importance especially for its timber, which is used in 
cabinetmaking. The wood, which is denser than water 
and hence sinks, has a hard, fine grain and is difficult to 
work, but it takes a magnificent polish. The heartwood 
of a number of species of Diospyros is used to provide 
a variety of colours: green in D. chloroxylon from India; 
red in D. rubra from the Mascarene Islands; white in D. 
chryophyllos, also from the Mascarene Islands; and varie- 
gated from D. hirsuta. Finally, the black woods, the true 
ebonies, are obtained from D. dendo and D. mespiliformis, 
which grow in equatorial Africa; D. crassißora in Gabon 
and Cameroon; D. ebenum in Sri Lanka; D. melanoxylon 
in India; D. perrieri and D. haplostylis in Madagascar; and 
D. celebica in the Celebes. There are also other species 
that produce true ebonies. The quality of the wood is re­
lated to Chemical changes in the cell walls that occur with 
respect to the formation of gums. As a result of abusive 
and indiscriminate exploitation, natural stands of these 
trees have been considerably diminished.

The fruits of some species of Diospyros are edible. The Edible 
name itself signifies “celestial fruit” or “fruit of the gods.” fruits 
The best known of these is the kaki, or Japanese persim­
mon, Diospyros kaki, cultivated in Japan. About 800 va­
rieties of this species have been developed, some of which 
have been acclimatized to the Mediterranean area. The 
fruits, large orange-red berries, are very astringent until 
fully ripe, at which time the tannin content is completely 
transformed into insoluble crystals. The juice is then sweet 
and palatable.

Although D. kaki has been cultivated in Japan for sev­
eral centuries, it originated in China, where it is also 
highly valued. The fruits of D virginiana, the common 
persimmon of the United States, are used in jam making 
or dried like prunes. D. ebenaster, the black sapote, is a 
populär fruit, but little known outside Mexico. The dark 
colour of the flesh may make it unattractive to the unini- 
tiated, yet it is considered to be equal in quality to the 
Japanese persimmon. D. lotus, a native of Central Asia 
and the Middle East, is grown in the Mediterranean area 
of western Europe as an ornamental tree. D. mespiliformis 
from Africa not only has edible fruit but its leaves, roots, 
and bark possess bactericidal properties. The bark of D. 
multiflora is used in the preparation of arrow poisons.
Family Sapotaceae. There are many species of the fam­

ily Sapotaceae that are important as sources of timber, 
fruit, and gamboge (a resin). The heavy, hard, and long- 
lasting woods of some species of Pouteria (white balata) 
and Manilkara (red balata) are harvested in the Guianas 
and in Brazil, as is Chrysophyllum prieurei, also from the 
Guianas, and Mastichodendron species (ironwoods) from 
the Antilles. In Africa among the commercially important 
species are Tieghemella heckelii from Cóte d’Ivoire and 
Gabon and Autranella congolensis of Central Africa. In 
tropical Asia several species o f Palaquium are cut for tim­
ber, as is Sideroxylon zwagei in Indo-Malaya.

The fruits of some Sapotaceae species are edible. The 
sapodilla (fruit of Manilkara zapota, sometimes called Nis- 
pero achras) has been described as luscious, cool, agreeable, 
and fragrant. This plant, a native of southem Mexico, not 
only fumishes an excellent fmit but also a gum, known 
even to the early Aztecs, who chewed it. Now the milky 
latex is extracted from the trunk and from unripe fmit, 
boiled with aromatic ingredients, and made into chewing 
gum. This useful tree has been cultivated in many hot 
regions: West Bengal in India, the Hawaiian Islands, and 
parts of Africa. The sapote {Calocarpum mammosum) is 
another useful fmit from Central America. It is said that 
Hernän Cortés, the Spanish conqueror of Mexico, and his 
army were able to stay alive by eating this fmit during
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their march from Mexico to Honduras. It is also cultivated 
in the West Indies, South America, and the Philippines. 
In the West Indies the sapote is called marmalade plum; 
in Cuba, mamey Colorado. The star apple (from Chryso- 
phyllum cainitö) is another fruit of Central America and 
the West Indies.

Other fruits of the family Sapotaceae with local popu- 
larity are the canistel (Lucuma nervosa), grown in Cuba 
and Florida; the abia (Pouteria caimito) in Peru; and the 
gambeya (Synsepalum dulcificum) in Africa.

The seeds of many Sapotaceae species contain useful oils, 
and those of several species of Madhuca from India are 
used both locally in the production of mohwra and illipe 
butter and exported for the manufacture of edible fats. 
The oil cakes made of these seeds are rich in saponins 
(glucose-containing substances that produce soapy lathers) 
and toxic substances, which have to be eliminated before 
the cakes can be used as animal fodder. The beurre de 
Karité (“butter of Karité”) of The Sudan and the Nile 
River area across to Senegal is extracted from the seeds of 
Butyrospermum paradoxum (now Vitellaria paradoxa), a 
variously shaped tree native to the savannas of the area. 
This oil is an important element in the nutrition of the 
native populations of those areas. In Southern Morocco 
the seeds of Argania spinosa yield an oil totalling about 
50 percent of the weight of the kernei. The oil, of strictly 
local use, is an important item in the diet of the tribes of 
the area.

Other species of the family Sapotaceae fumish latex for 
commercial use. Gutta-percha, related to rubber but not 
elastic, is used to insulate submarine electric cables and 
in the manufacture of golf balls; the substance is found 
in several species of Palaquium from Malaysia (e.g., P. 
gutta and P. leiocarpum). In tropical America Manilkara 
bidentata provides a latex known as balata gum, which 
goes into the manufacture of diving beits.

NATURAL HISTORY
Little is known about the biology of the family Ebenaceae. 
The aromatic flowers of many species open at night, and 
the petals fall the next moming. Parthenocarpy, the pro­
duction of fruits without fertilization, has been observed 
in Diospyros kaki, from which seedless fruits have been 
obtained. The dormancy of the seeds in some species has 
been shown to result from the mechanical resistance of 
the seed coats.

Ecologically, the family Sapotaceae is represented most 
abundantly in damp forests, where they give an indication 
of the age of the forest by their quantity relative to other 
species. They are usually large-sized trees. Members of 
this family are also fairly numerous in the Coastal thickets 
of tropical seas and along river banks. Although they are 
practically lacking in the arid zones, spiny representatives 
grow in semi-arid areas, and small trees less than 10 feet 
(3 metres) high occur in thickets in New Caledonia.

Only the cultivated species have really been studied. It 
has been observed, however, that certain species (e.g., 
Butyrospermum paradoxum) are a particular attraction to 
bees and that others are pollinated at night by bats.

FORM AND FUNCTION
Family Styracaceae. The family Styracaceae is com­

posed of small trees or shrubs with alternately arranged 
leaves that lack stipules, small leaflike appendages at the 
bases of leafstalks. The leaves are characterized by a hairy 
covering of stellate (branched in starlike patterns) plant 
hairs or scales. They have five-parted flowers with a calyx 
that is often fused.

The petals of the corolla are usually nearly free; i.e., not 
fused together. The male reproductive complex is usu­
ally composed of two whorls of stamens (diplostemony), 
although single whorls sometimes occur. The gynoecium 
(female reproductive complex) is located above the attach­
ment point of the other flower parts or is partly enclosed 
by the bases of the sepals, petals, and stamens—its posi­
tion is thus said to be superior or semi-inferior. It is com­
posed of three to five segments called carpels, which form 
the same number of interior chambers, or locules. The 
partitions between the locules, however, are incompletely

formed and exist only in the lower half of the ovary. One 
or more erect or pendulous ovules are present in each 
locule. The fruits are drupes (stony-seeded, nonsplitting 
fruits) or capsules containing one or more seeds.
The ebony family. The family Ebenaceae consists of 

trees and shrubs with altemate (rarely opposite) simple, 
smooth-margined leaves that lack stipules. The plant hairs 
are generally formed of single cells but sometimes occur in 
tufts, or at times are branched into two parts. Glandular 
hairs also occur.

The solitary flowers occur in leaf axils (upper angles be­
tween leafstalks and sterns) or form restricted, few-flowered 
inflorescences (clusters). They occasionally occur even on 
the trunk or older branches (cauliflory). They are radially 
symmetrical, and their parts occur in basic numbers of 
three to seven. The plants are dioecious—the male and 
female flowers occur on separate plants-—but both flower 
sexes often have vestigial or sterile organs of the opposite 
sex in their stmeture. The stamens are generally attached 
either to the inner surface of the tubular stmeture formed 
by the joined lower portions of the petals (corolla tube) or 
at its base. They are either equal in number to the corolla 
lobes (petals) or two to four times as many (up to 120). In 
the female flowers the superior ovary is composed of two 
to eight carpels with as many locules or more, because of 
the formation of false septa, or walls. Each locule contains 
one or two ovules suspended from its summit. The fmit 
is usually a berry containing 1 to 16 seeds.

Family Sapotaceae. The family Sapotaceae consists 
mainly of large trees that are easily recognizable by the 
sticky latex throughout the plant. Their branched plant 
hairs also are distinctive, but the arms, or branches, of the 
hairs may not always be equal. The leathery leaves are 
simple and lack stipules; foliation is dense, particularly at 
ends of branches where the leaves form tufts.

Sapotaceous flowers may be solitary, grouped in axillary 
inflorescences, or cauliflorous. They are usually small, reg­
ulär in shape, and bisexual. Each flower has a calyx of four 
to eight overlapping sepals in a single whorl. The corolla 
has as many parts as has the calyx, but the overlapping 
petals are always more or less fused. The stamens occur 
in two, three, or even more whorls; their arrangement is 
characteristic: attached, singly or in groups, opposite the 
petals. The superior ovary is composed of fused carpels 
with one to 30 locules, each containing one ovule attached 
along the central axis of the ovary.

The fmit is usually a hardened berry containing one to 
five seeds (rarely more), which are liberated after the fallen 
fmit rots on the ground. The seeds characteristically have a 
thick, smooth, and shiny seed coat and a large, dull, basal 
scar (hilum). The position, size, and shape of the hilum is 
often used to delimit groups within the family. The seeds 
contain a well-developed endosperm (nutriënt tissue for 
the developing embryo) and are frequently rich in oil.

EVOLUTION
The order Ebenales is thought to have had its origin in 
the order Theales, especially the family Theaceae. The 
family Styracaceae is considered to be the most primitive 
within the order. Styrax offeinalis, which grows today in 
the Mediterranean region, is known as a fossil from the 
Eocene Epoch (38,000,000 to 54,000,000 years ago) from 
areas where it is now lacking (e.g., central Germany).

Fossil members of the genera Diospyros and Royena have 
been uncovered in strata of the Upper Cretaceous (about
65,000,000 years ago and earlier), and wood samples of 
the family Ebenaceae have been taken from Oligocene 
rock (26,000,000 to 38,000,000 years ago) in Hungary.

Members of the family Sapotaceae lived during the Up­
per Cretaceous, according to the fossil record, with repre­
sentatives of the genus Sideroxylon in Europe as late as 
the Oligocene Epoch. The family is now pantropical, with 
one-third of its genera in Central and South America, one- 
third in Africa, and one-third in India and the Pacific.

CLASSIFICATION AND TAXONOMIC STATUS
A considerable difference of opinion continues on the 
subdivision of the family Sapotaceae into tribes or sub­
families, as well as on the delimitation and position of its

Fossil
specimens



58 Angiosperms

genera. One authority, for example, in his treatment of the 
order included 63 genera; another, 126. The lack of com­
plete herbarium material complicates the task of placing 
the various taxonomie groups (genera and species) within 
such a homogeneous family. The characteristics available 
for separating genera and species are, according to some 
workers, a continuous network of smoothly intergrading 
features that do not permit easy Separation into smaller 
groups. As a result, it is almost impossible to assess the 
evolutionary trends of the family.

Some authorities remove the family Styracaceae from 
the order Ebenales. The pollen is similar to that of the 
family Ebenaceae, however, but is also rather like that of 
the Cornaceae and Nyssaceae, both of which are families 
of the order Cornales. (J.Mi./C.E.B.B.)

Primulales (primrose order)

The primrose order of flowering plants (Primulales) con­
tains three families, about 64 genera, and nearly 2,000 
species. The group has long been of populär interest be­
cause of the attractiveness of many of the wild plants, 
such as shooting star (Dodecatheon) and loosestrife (Lysi- 
machia), and the beauty of the cultivated members, such 
as cyclamen (Cyclamen) and primrose {Primula).

Two of the families (Theophrastaceae and Myrsinaceae), 
which contain about half of the species in the order, are 
composed entirely of trees or shrubs. A few species of 
these families are climbers or epiphytes (plants that grow 
upon other plants instead of being rooted in soil). The or­
der is worldwide in distribution, although the two woody 
families have a much more restricted range than the third, 
the primrose family (Primulaceae), which is composed of 
herbaceous (nonwoody) plants.

The economie importance of the order lies almost en-

Drawing by M. Pahl

Representative plants from the three families of the 
order Primulales.

tirely in its ornamental value. Very few of the woody rep­
resentatives are in cultivation and then only infrequently.
In the tropics some of the woody species are used to 
poison fish and as a tapeworm remedy (e.g., the pea-sized 
fruits of Myrsine africana).

NATURAL HISTORY
In the wild the plants reproduce mostly by seed, and in Cross- 
cultivation this method is also common. Cross-pollination pollination 
in the woody families is attained by the occurrence of ensured 
species with separate male and female flowers. In some by flower 
species of the family Primulaceae, however, cross-pollina- structure 
tion is effected by heterostyly, a condition in which some 
flowers have differently sized or positioned sexual struc­
tures (male stamens and female pistils) than others of the 
same species. Heterostylous flowers appear superficially 
identical, but some have short styles (the narrow, upper 
part of the pistil) and elevated anthers (the saclike pollen- 
producing part of the stamen); others have long styles and 
anthers near the inner base of the tubular corolla (fused 
petals). Self-pollination is almost entirely prevented by the 
different lengths of styles and stamens. Cross-pollination 
is practically ensured when an insect visits the flowers 
because it transfers pollen only between male and female 
structures of similar length, which are in different flowers.
An insect (usually a bee) visiting a short-styled flower, for 
example, could encounter long stamens and piek up a load 
of pollen from them. This pollen would then be deposited 
on the stigma (the sticky, pollen-receiving region at the 
tip of the style) of a long-styled flower on a subsequent 
flower visit, but not on a short-styled flower because the 
pollen is not carried in an appropriate place on the insect 
to reach the stigma of a short-styled flower. A similar 
restriction operates when an insect picks up pollen from 
the short stamens of a long-styled flower. The pollen can 
only be deposited on the stigma of a short-styled plant.
The centre, or “eye,” of the corolla is often a different and 
brighter colour than the rest of the flower and is thought 
to function as a guide for the insect.

The family Primulaceae occurs primarily in cool climates 
and damp, usually acidic soils. A large number occur in 
mountainous regions, and many grow in the arctic tun- 
dra or in alpine communities at high elevations. The two 
woody families are subtropical and tropical.

FORM AND FUNCTION
Few morphological characters other than the flowers and 
fruits make the order readily distinguishable. The leaves 
are simple, lack the small basal appendages called stipules, 
and are generally alternately arranged along the sterns; but 
this combination of traits is by no means unique. The 
location of the stamens in front of the corolla lobes, rather 
than in the usual position of being altemate with them, and 
the unusual free-central placentation—the attachment of 
the ovules to a short column that arises from the interior 
base of the ovary—make the order completely distinctive.
The pistil is composed of five carpels, or ovule-bearing 
segments, which is not unique but is sufficiently unusual 
to make it useful in recognizing members of the order.

The two woody families differ morphologically from 
each other in two characters. The Theophrastaceae has, 
in addition to the five stamens, five petallike staminodes, 
or sterile stamens, that lie alternately with the corolla 
lobes. The seeds of this family are large and yellowish.
The family Myrsinaceae lacks staminodes—at least petal­
like ones—and the seeds are small and dark coloured. In 
both families the fmits are more or less fleshy. The family 
Primulaceae, being herbaceous (rarely a little woody at the 
base), is readily differentiated from the other two families.
The fmit, a capsule, is not fleshy.

EVOLUTION
The two woody families, which are included in the order 
chiefly because of the stmeture of the flower and fmit, may 
have had a different evolutionary origin from that of the 
herbaceous family. The form and stmeture of the flowers 
in the three families, however, are so striking and similar 
that their placement in one order is widely accepted.

There is strong evidence that the more or less immediate
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ancestors of the order had 10 stamens and a five-celled 
pistil. Loss of the five outer stamens and of the septa form­
ing the five cells readily explain the present type of flower. 
The carpel number of five contrasts with the usual two- 
carpelled condition of other plants with petals fused into 
a tubular corolla (sympetalous plants). On the widely held 
supposition that the larger the number of parts a flower 
has the less evolved it is, this order is considered primitive 
within the sympetalous group. Sympetalous plants are, 
however, considered to be eyolutionarily advanced over 
most plants with free-petalled flowers.

The primrose order, seems to be related to the ebony 
order (Ebenales), but neither is considered to have been 
derived from the other, and the two orders may have 
had a common origin. The origin has been sought 
among flowering plant groups with separate, free petals. 
The Caryophyllaceae (pink family), consisting primarily 
of herbaceous plants, has several characters remarkably 
similar to the Primulaceae, including the unusual free­
central placentation. For this reason there is widespread 
opinion that this group is ancestral to the Primulaceae. 
Because woody plants are considered to be more primitive 
than herbs, however, and therefore the woody families of 
the order would not likely be derived from herbaceous 
families, it has been considered logical to look for a 
woody ancestor. Some authorities have recently suggested 
relatives of the woody, free-petalled tea or camellia or­
der (Theales) as likely ancestors. A Classification has been 
proposed that derives the families Theophrastaceae and 
Myrsinaceae from the order Theales and removes them 
from the Primulales. This arrangement leaves the family 
Primulaceae in the primrose order; it is considered tp be 
derived from the Caryophyllaceae.
The evidence from Chemical studies of plants is not 

definitive. Leuco-anthocyanin pigments occur in the or­
der Theales and in the family Myrsinaceae but not in 
the Theophrastaceae. Although infrequent in sympetalous 
families, the pigments do occur in the Primulaceae and 
in the possibly related family Plumbaginaceae (leadwort 
family). But in the putative ancestor, the Caryophyllaceae, 
they do not.

Fossil; leaves and flowers have been found representing 
the family Myrsinaceae in the Northern Hemisphere from 
Tertiary (2,500,000 to 65,000,000 years ago) and upper 
Oligocene (about 26,000,000 years ago) deposits. These 
are from regions in which living species of the family no 
longer occur.

CLASSIFICATION AND TAXONOMIC STATUS 
The following descriptions are generalizations; some are 
true in all instances and some have exceptions, usually 
rare ones. The superior-fruit (i.e., an ovary positioned 
above the attachment point of the other flower parts) 
character finds an exception in the genus Samolus (fam­
ily Primulaceae) in which the capsule is half-inferior, or 
partly enclosed by the basal parts of the sepals, petals, 
and stamens. The genus Coris, of the same family, with a 
single species in the Mediterranean region and northeast 
Africa, has a bilaterally symmetrical corolla. It has been 
suggested that this aberrant species does not belong in the 
order Primulales.

There are serious differences of opinion conceming what 
families ought to constitute the order Primulales. The most 
widely accepted viewpoint is that presented here, which 
recognizes the three families described in the annotated 
Classification section above.
Another taxonomie system, gaining in acceptance, rec­

ognizes the families Myrsinaceae, Theophrastaceae, and 
Aegicerataceae (consisting of the single genus Aegiceras, 
here placed in the Myrsinaceae) to constitute a separate 
order, the Myrsinales. In that system the primrose order 
contains the two families Primulaceae and Plumbagi­
naceae. The main division between the two orders is based 
on woodiness versus the herbaceous habit, the Myrsinales 
containing the woody plants, and the Primulales contain­
ing the herbaceous ones.

Still other Systems accept all the above mentioned fami­
lies (and sometimes also the family Plantaginaceae) into a 
more broadly defined primrose order.

The order is thus distinctive morphologically; its evolu­
tionary origins and whether or not its families came from 
one or more than one ancestral stock still are not clear.

(G.J.G.)

Malvales (mallow order)

Malvales, the mallow order, is a relatively small order of 
flowering plants containing nine families and about 3,000 
species, most of which are woody plants, though some are 
herbaceous. The order is found throughout the world, ex­
cept in the Arctic, in nearly all types of habitats, especially 
in the warm temperate and tropical regions.

A number of plants in this order are economically or 
aesthetically important; for example, the cotton genus 
(Gossypium), the source of chocolate (Theobroma cacao), 
and plants cultivated for their beautiful flowers (Hibiscus, 
Althaea, and others).

Fruits of a large number of species of the Sterculiaceae 
family are rich in caffeine, and those of Theobroma ca­
cao also contain the alkaloid theobromine. West African 
kola nuts from species of the genus Cola also contain the 
heart-stimulating glucoside kolanin. In addition, alkaloids 
have been detected in numerous other species, includ­
ing Walt her ia indica (family Sterculiaceae), several species 
of Elaeocarpus and Sloanea (Elaeocarpaceae), a number 
of genera of the family Malvaceae, and Corchorus and 
Grewia (Tiliaceae).

GENERAL FEATURES
Size range and diversity of structure. The forms exhib- 

ited by plants in the order Malvales are diverse, including 
plants with a size range from small herbs to large trees. 
None, however, is parasitic or normally epiphytic (not 
rooted in soil but living among tree branches), nor are 
there any particularly succulent species. In the family 
Bombacaceae the trees often develop swollen trunks, a 
feature particularly well exemplified in the baobab (Adan- 
sonia digitata) of tropical Africa (with related species in 
Madagascar and one in northwest Australia), a tree noted

Drawing by M. Pahl based on (Tiliaceae) reprinted with permission of 
Macmillan Publishing Co., Ine., from Taxonomy of Flowering Plants by 

G.H.M. Lawrence, Copyright 1951 by The Macmillan Company; (others) 
H. Baillon, The Natural History of Plants, vol. 14 (1875), L. Reeve & Co., Ltd.

Representative plants and structures from four of the largest 
families of the order Malvales.
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not for its height but for its remarkable girth, which may 
reach 80 feet (25 metres) or more.

Importance. Ochroma pyramidale (family Bomba- 
caceae) is the source of bälsa wood, the lightest of all 
timbers. The trees are natives of the area from Mexico to 
Bolivia, in Brazil, and in the Antilles. 

mrce of Ceiba pentandra (Bombacaceae), the silk-cotton, or 
Lpok kapok, tree, is a widely buttressed tree up to 200 feet (60 

metres) high, native to tropical America but now widely 
distributed throughout the tropics. Kapok, the resilient 
water-resistant hairs from the fruit capsules, is used for up- 
holstery, lifesaving equipment, quilts, and other products. 
Bombax ceiba, the cotton tree of tropical Asia, produces 
an inferior kapok.
Durio zibethinus (Bombacaceae), a large buttressed tree 

native perhaps in Sumatra and Borneo, is now cultivated 
and often naturalized throughout tropical Southeast Asia 
for its fruit, the durian, which is famous for its delicate 
flavour but disagreeable odour.
The family Elaeocarpaceae contains no plants of great 

economic importance, although a few are sometimes 
grown for their horticultural merit; for example, Muntin- 
gia calabura, often cultivated, and naturalized in parts 
of Florida. Other horticultural plants include species of 
Elaeocarpus and Crinodendron, especially C. hookeriana. 
a native of Chile, the lantern tree. The fruits of Aristotelia 
macqui, the macqui, are eaten in Chile.
Abutilon theophrasti (Malvaceae) is cultivated in north­

ern China for its bast fibres, Chinese jute, which are used 
to make ropes, twine, and other fibre products.
Althaea rosea (Malvaceae), the hollyhock, a native of 

the eastem Mediterranean region, is widely cultivated in 
temperate gardens. The well-known Hibiscus rosa-sinensis 
(Malvaceae) is grown throughout the tropics for its flam­
boyant flowers. H. esculentus (also known as Abelmoschus 
esculentus), okra, is widely cultivated in tropical regions 
for its edible, mucilaginous, immature fmits, much used 
in soups. H. sabdariffa, the roselle, is used for its sweet 
calyx or as a potherb.
Cotton is obtained from species of the genus Gossypium 

(Malvaceae) and consists of the hairs that have developed 
on the seeds. In addition, cottonseed oil is extracted from 
the seeds themselves and cottonseed-oil cake, the residue, 
is used to feed cattle. There are about 20 wild species 
of Gossypium, perhaps 3 in Australia, 7 in Africa and 
Southwest Asia, and 8 in the Americas. All of them are 
lintless; that is, the individual seed hairs, even when well 
developed, are without convolutions. They are perennial 
shmbs that occur naturally in open habitats of dry regions 
of the tropics and subtropics, especially on banks of creeks 
or stream beds that are dry during most of the year. Such 
habitats are preferred because the seedlings are highly 
susceptible to competition from other plants. The domes- 
ticated cottons, two species, bear seeds with lint that may 
be spun. They have double the number of chromosomes 
found in the wild species and arose by hybridization some 
time in the past between Old and New World species. At 
first perennial, they later developed an annual habit, as 
shown in the modem races.

ource The genus Cola (Sterculiaceae), C. nitida and C. acumi-
f cola nata especially, is the source of kola nuts. These two
avouring species are forest trees native to West Africa, and there

they are often cultivated beyond the area of their natural 
distribution. Kola nuts constitute an important article of 
trade in West Africa and are a rich source of caffeine. 
They also contain the glucoside kolanin and when chewed 
confer considerable ability to withstand fatigue.

The species Theobroma cacao (Sterculiaceae), cacao, is 
one of about 22 species in the genus and is native from 
the central part of the Amazon Basin and Guyana west­
ward and northward to southem Mexico. Its fmits are the 
source of cocoa, chocolate, and cocoa butter. There are 
two main types of cocoa trees, their distributions separated 
by the Isthmus of Panama. The subspecies cacao, from 
Mexico and Central America, corresponds to the “Criollo” 
cultivars, while the subspecies T  cacao sphaerocarpum 
of South America contains the “Forastero” varieties. The 
large, tough, berrylike fruits containing the seeds, or beans 
as they are called, are often borne directly on the tree

tmnks. Cocoa butter is obtained from the beans by press- 
ing and cocoa by roasting them.

The genus Tilia (Tiliaceae), the lindens or limes (not to 
be confused with the unrelated tropical limes, Citrus au- 
rantiifolia [family Rutaceae, order Rutales]), particularly
T. americana and T  X europaea, are valuable as timber 
trees and for the fibre below the bark, the bast fibre, 
which has been much used in country districts. The nectar 
secreted at the base of the sepals in the sweetly scented 
flowers is much sought after by bees and produces highly 
prized honey.

Corchorus capsularis and C. olitorius (Tiliaceae) consti­
tute the chief source of jute or gunny and—especially C. 
capsularis—are much cultivated in India and Bangladesh 
and, to a lesser extent, elsewhere. The plants form sparsely 
branched annuals up to about 10 feet (3 metres) high.
When ready, the sterns are cut and retted in water, and 
the fibre is extracted by beating. The leaves and young 
shoots are also eaten as a vegetable or potherb; C. olitorius 
has been cultivated for this purpose from ancient times, 
especially in Egypt. The seeds, however, are poisonous and 
contain glycosides of the type found in the genus Digitalis 
(family Scrophulariaceae, order Scrophulariales).

NATURAL HISTORY
Pollination. Although little is known about the major­

ity of the genera and several of the families in the order 
Malvales, it appears that the flowers, with their bright 
colours and nectaries, are generally adapted to pollination 
by insects or birds. A number are pollinated by bats, 
especially in the family Bombacaceae. Wind pollination 
is rare and perhaps of only secondary importance. Flow­
ers are commonly protandrous; that is, the male stamens 
develop and mature before the styles (female structures 
that receive the pollen) of the same flower, an adaptation 
that favours cross-pollination. In some weedy species in 
the family Malvaceae, however, the styles eventually bend 
over to touch the withered stamens, still bearing some 
pollen, and effect self-pollination, thus ensuring fertiliza­
tion in case pollen from some other source has failed to 
reach the styles.

In the African genus Sparmannia, the showy flowers 
contain numerous fertile and sterile stamens that are sen­
sitive to touch; they bend outward from the centre when 
stimulated, presumably to aid pollination.

Elaborate adaptations to insect pollination are found in Insect 
many members of the family Sterculiaceae. The flowers pollination 
of the genus Abroma are a good example of “lantem- 
flowers,” which have small “windows” in the petals that 
permit light to shine through, thus attracting insects. In 
many genera, especially Sterculia itself, dark-purple or 
chocolate-coloured flowers with a fetid odour attract flies.
Theobroma cacao, the source of cacao and of chocolate, 
is pollinated by diverse types of small insects; thrips, ants, 
midges, and aphids have been recorded.

Pollination by hummingbirds, sunbirds, and others is 
widespread in many tropical species. The red flowers of 
Malvaviscus, which have a relatively narrow tube formed 
by the overlapping petals and have protruding stamens 
and styles, are an excellent example of adaptation to pol­
lination by hummingbirds.

Hibiscadelphus, a rare native Hawaiian genus, two of 
four species of which are already extinct, is adapted to 
bird pollination. Here the natural pollinating bird may be 
extinct or nearing extinction too, and hand-pollination by 
man of the few remaining trees is necessary to ensure a 
good seed set.

Pollination by bats is widespread in the family Bomba­
caceae. In the genus Adansonia, for example, the drab- 
coloured flowers with their numerous stamens hang down 
below the foliage where bats can easily reach them. This 
association of characters is typical of flowers adapted 
to pollination by bats. Bat pollination has also been 
recorded for Ochroma, Ceiba, and Durio (of the family 
Bombacaceae).

Seed dispersal. Methods of seed dispersal are not par­
ticularly remarkable in the order Malvales. Fruits usually 
take the form of dry capsules or schizocarps (fruits that 
separate into pieces at maturity), which are sometimes
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hooked for dispersal by attachment to animals’ coats. 
Drupes (stone-seeded fruits) and berries also occur; the 
latter are large and leathery, as in the genus Theobroma, 
or juicy, as in Malvaviscus.

FORM AND FUNCTION
Distinguishing characteristics. The family Bomba­

caceae is distinguished by a combination of characters 
of which the most diagnostic is perhaps the unilocu­
lar (single-chambered) anther containing smooth pollen, 
which distinguishes it from the very closely related fam­
ily Malvaceae.

The diagnostic characters of the family Elaeocarpaceae 
include flowers without an epicalyx (a series of bracts close 
to, and resembling, the sepals), petals that are often char- 
acteristically fringed or divided at their ends, and anthers 
that usually open by two apical pores (small openings in 
the end of the pollen sac).

The family Malvaceae is identified by the characteristic 
combination of a united column of stamens with unilocu­
lar anthers containing spiny pollen grains, especially when 
combined with the possession of an epicalyx and petals 
convoluted in the bud.
The Huaceae is a small and little-known family in which 

the petals are stalked and more or less persistent. There is 
a single basal ovule in the genus Hua and six in Afrostyrax; 
the seeds in both genera smell strongly of onions.

The family Rhopalocarpaceae (Sphaerosepalaceae) has 
flowers with imbricate (overlapping) petals densely streaked 
with short resinous lines, and the numerous stamens are 
dotted as well.

The family Sarcolaenaceae (Chlaenaeeae) has flowers 
with large petals that are convolute in the bud, similar to 
those of many other members of the order Malvales. The 
stamens are usually numerous and are bome inside a disk 
or a cupular ring of staminodes (sterile stamens). The fmit 
is often surrounded by lignified (woody) bracts.

The family Tiliaceae has flowers of a somewhat gener- 
alized type for the order, with five valvate (i.e., touching 
edge to edge in the bud; not overlapped) sepals, five con­
volute, imbricate, or valvate petals, usually numerous sta­
mens that are free or united into groups, a superior ovary 
of united carpels, and seeds with endosperm (a starchy 
nutriënt tissue for the developing embryo).
The family Scytopetalaceae has leaves that lack stipules 

(basal appendages) and that are often asymmetrical at the 
base. In the flower the valvate petals are either reflexed 
at anthesis (flower opening) or do not separate but fall 
as an entire cap when the flower opens. The seeds are 
sometimes covered with agglutinated mucilaginous hairs.
The family Sterculiaceae has leaves that are often digi- 

tately divided. The flowers are sometimes unisexual and 
may be without petals, the stamens are free or united into 
a column, and the pollen is nonspiny.
Anatomical characters indicate a very close affinity be­

tween the families Malvaceae, Bombacaceae, Sterculiaceae, 
and Tiliaceae, and, to a slightly lesser degree, the family 
Elaeocarpaceae. Mucilage cells are found in the tissues of 
all five of these families, and mucilage cavities and canals 
are found in the tissues of most of them. Pericyclic fibre 
bundles are characteristic of most families in the order. 
Many of these fibres are of great economic importance— 
e.g., jute and various hemps.
The presence of stellate hairs (hairs branched in a starlike 

pattem) on leaves and young sterns is often characteristic, 
especially of the families Malvaceae, Bombacaceae, Ster­
culiaceae, and Tiliaceae.

Pollen. Pollen grains in the order Malvales are gener­
ally three-pored (tricolpate), often with the pores sunken 
or sometimes with several apertures. In shape, the pollen 
grains are generally more or less flattened spheres. The 
surface is generally ridged, but in the family Malvaceae 
the grains are characteristically spiny. In fact, one of 
the factors that helps to place the genera around Hibis- 
cus and Gossypium in the Malvaceae rather than in the 
Bombacaceae (in which, on fmit characters, they have 
been classified by some authorities) is their possession of 
spiny pollen.

Nonspiny pollen of a basically similar kind is common

to members of the families Tiliaceae, Bombacaceae, Ster­
culiaceae, and Scytopetalaceae. The pollen of the Elaeo­
carpaceae is somewhat like that of the Tiliaceae but much 
smaller; however, grains that are very similar indeed are 
found in the family Flacourtiaceae of the order Violales, 
the group suggested by some as being the nearest family 
outside the order Malvales.

The pollen of the family Sarcolaenaceae is somewhat re­
markable and has been investigated in detail. In all of the 
genera of that family the grains are united in firm tetrads 
(groups of four), sometimes with individual grains more or 
less degenerate and therefore smaller than the others. At 
first sight they appear quite dissimilar from any others in 
the order Malvales, yet the fine reticulations of the surface 
pattem show some affinity with the family Tiliaceae.

EVOLUTION
The earliest fossil remains, the petrified wood Hibiscoxylon 
niloticum, recognizable as belonging to the order Malvales 
date from Cretaceous deposits (about 100,000,000 years 
ago) in Egypt. Elsewhere, leaf impressions resembling the 
present-day genus Sterculia have been recorded from the 
Upper Cretaceous.

From the Eocene (about 50,000,000 years ago) numerous 
leaves and some fmits have been recognized as belonging 
to families in the order Malvales. A species of Echinocar- 
pus (Elaeocarpaceae), for example, has been described 
from fmits in southem England, but other remains, not 
attributable to present-day genera, have been given fos­
sil names—e.g., Sphinxia (Sterculiaceae), and Cantitilia 
(Tiliaceae). From later Tertiary beds (about 20,000,000 
years old, or less) numerous Malvalean fossils have been 
reported from many different parts of the world, including 
Europe, North and South America, Central and eastem 
Asia, and Australia. Leaf remains have been attributed 
to several modem genera—e.g., Elaeocarpus, Vallea, and 
Sloanea (Elaeocarpaceae); Bombax and Hampea (Bom­
bacaceae); Sterculia, Byttneria, Pterospermum, Melochia, 
and Theobroma (Sterculiaceae). From the Pliocene (about
5,000,000 years ago) even more numerous and recogniz­
able leaf and fmit remains are recorded.

Fossil pollen attributed to the genus Tilia has been 
recorded from as far back as the Upper Cretaceous Pe­
riod (about 65,000,000 years ago), and Bombacaceae-like 
pollen from Upper Cretaceous or Early Tertiary deposits 
in Brazil.

CLASSIFICATION AND TAXONOMIC STATUS
All recent classifications agree on the close relationship 
between the families Bombacaceae, Malvaceae, Sterculi­
aceae, and Tiliaceae, although a few authorities maintain 
two related orders, the Tiliales and Malvales, the latter 
containing only the family Malvaceae. Careful revisionary 
work on the order is highly desirable, and it should con- 
sider recent evidence from cytology, pollen studies, etc., 
and may perhaps lead to some rearrangements of a few 
genera among these families. The family Elaeocarpaceae, 
which is retained by some workers within the Tiliaceae, is 
separable from this close group on a number of characters 
and appears to be the most primitive family in the or­
der, with a more generalized flower stmeture and a more 
primitive wood anatomy. A relationship with the family 
Flacourtiaceae (order Violales) is postulated by most au­
thorities and supported by evidence from both floral and 
pollen-grain morphology.

The families included in this article in the order Malvales 
foliow a recent Classification system. Knowledge of the 
four smaller families is still inadequate. They are all con­
fined to Africa, and two of them, the Rhopalocarpaceae 
and Sarcolaenaceae, are restricted to Madagascär. Some 
authorities classify them in an order called the Ochnales. 
All four are little represented in collections, and, for most 
of them, knowledge of their comparative anatomy, pollen 
morphology, and comparative biochemistry is meagre or 
nonexistent. Clearly, they are less closely related to the 
larger families of the order, and the inclusion of the fam­
ily Huaceae is somewhat speculative. Some evidence of 
affinity exists, but more work is required to support it or 
to point to tme affinities. (P.S.G.)
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Euphorbiales

The Euphorbiales order is a large assemblage of dicotyle- 
donous flowering plants (i.e., it is a member of the dass 
Magnoliopsida) consisting of seven families and about 315 
genera and 8,000 species. Fifteen genera have more than 
100 species each; the largest include Euphorbia (over 1,600 
species), Croton (700), Phyllanthus (500), and Acalypha 
(430). One of the three flowering-plant groups that have 
the interesting cactuslike growth form and that inhabit 
very dry places is a member of this order. Many plants 
of the order are useful to man. The complex inflorescence 
(flower cluster) and the Variation found throughout the 
order in the female flower are botanical features of spe­
cial interest.

GENERAL FEATURES
Size range and diversity of structure. The Euphorbiales 

order includes plants having many diverse growth forms, 
including prostrate and erect herbs, shrubs, and trees. 
Many members are broad-leaved. The shieldlike leaves of 
Macaranga gigantea are among the largest simple leaves 
(up to three feet, or one metre, across) in the plant king- 
dom. Many different tree shapes occur in the order. In 
the genus Elateriospermum, the monopodial (or single, 
centrally stemmed) state is found with a conical crown, 
the trunk reaching the vertex and the leaves spirally set on 
twigs. In the genus Emblica, the twigs appear as doubly 
pinnate leaves (i.e., they are compound, not from a central 
point, like a fan, but from either side of an axis, like a 
feather; in this case the subdivision is repeated twice), and 
the crown is inclined to be flat-topped. Intermediates be­
tween these two conditions are frequent. Some species of 
the genus Euphorbia growing in the desert regions of Africa 

esem- and the Canary Islands closely resemble cactus plants in
ance having fleshy sterns of different shapes armed with spines.
* some A number of Australian species are suffrutescent—that is,
iphorbias woody and living over from year to year in the lower parts
cactus of the stem just above ground level—and they have small,

ants ramified sterns and narrow leaves similar to those of the
Ericaceae family (order Ericales), a growth form known, 
therefore, as the ericoid habit. Several members possess 
flattened sterns or branches known as phylloclades that 
function as leaves (Phyllanthus). A few are lianas. In the 
genus Picrodendron, the bark is peculiar and peels off in 
long strips. Several kinds of hairs are present in different 
members of the order—stinging hairs in the genus Tragia, 
glandular in Acidodendron and Macaranga, nonglandular 
in Mabea and Phyllanthus, and numerous others.

Distribution and abundance. Euphorbiales species are 
found chiefly in tropical regions but are spread over the 
whole Earth with the exception of the Arctic and cold 
alpine zones. Two major centres of distribution are trop­
ical America and Africa. Few species have a very wide 
range, and some genera have very restricted distributions, 
such as Simmondsia (California and neighbourhood), Pic­
rodendron (West Indies), and Panda (west tropical Africa). 
The most widely ranging genus is Euphorbia.

Economic importance. Several species of the order have 
abundant milky juice (latex) and attendant complex se- 
cretory tissue; in certain cases, the juice is economically 
important. The genera Mabea, Manihot, and Sapium are 
the source of caoutchouc (a form of rubber), and the high­
est grade of rubber is obtained from Hevea braziliensis. In 
some cases, the latex is medicinal, but in many species it is 
poisonous, as in the manchineel (Hippomane mancinella) 
of South America. Manihot esculenta—manioc, or cas- 
sava—the source of tapioca, is one of the most important 
tropical food plants, its large tuberous roots being very rich 
in starch. Tung oil and wood oil are important commer­
cial oils obtained from the seeds of Aleurites fordii and A. 
cor data, respectively. The solid oil of Sapium sebiferum is 
used for making candles in China, and it is also considered 
to be a good substitute for lard. Castor oil is extracted 
from the castor bean, Ricinus communis. Croton tiglium 
is the source of croton oil, and resin is obtained from 
species of Euphorbia and Croton. The dried resin-contain- 
ing latex of Euphorbia resinifera of Morocco is a well- 
known commercial drug, gum euphorbium. The fruits of

a few species, such as Cicca, Beccaurea, Antidesma, and Edible 
others, are edible, as are the seeds of the candlenut, Aleu- fruits 
rites. Fruit of Emblica officinalis is very rich in vitamin 
C and is used in several medicines. Excellent jams and 
wines are prepared in the Philippines from the fruits of 
Antidesma bunius. Timber of some species, such as box­
wood (Buxus), is valuable. Candelilla wax is obtained from 
Euphorbia antisyphilitica and jojoba wax from Simmond­
sia chinensis. Species of Tragia, Mercurialis, Euphorbia,
Phyllanthus, and Croton are medicinal. Many are toxic 
to cattle and sheep, notably the leafy spurge (Euphor­
bia esula), sun spurge (E. helioscopia), and eyebane (E. 
maculata). The African plant Dichapetalum toxicarium 
contains poisonous levels of fluorine (as fluoro-oleicacid).
This plant accumulates and concentrates fluorine from the 
soil. Species of Plukenetia are used as potherbs in the East 
Indies, Euphorbia in Africa, and Claoxylon in Malaysia.
Many are ornamental plants: the poinsettia (Euphorbia 
pulcherrima), the crown of thoms (E. milii), the scarlet 
plume (E. fulgens), the copper leaf and red hot cattail 
(Acalypha), crotons (Codiaeum), and others. Trees such 
as Daphniphyllum macropodum are grown for their large 
and handsome foliage.

NATURAL HISTORY
Life cycle. Some species are annuals of the wet sea­

son (Micrococca, Sebastiania, and others). Some, such as 
Macaranga, are rapidly growing, short-lived trees. Most 
members of the order are deciduous, dropping their leaves 
during seasons of unfavourable growth. Evergreen plants 
occur in the genera Daphniphyllum, Buxus, and others.
Some, such as Euphorbia neriifolia, have leaves only dur­
ing the wet season. In many other species of Euphorbia, 
the leaves are dropped early, and the sterns not only 
perform the functions of the leaves but also act as water- 
storage organs. Some species begin flowering early in life, 
but others bloom only after five or six years.

Ecology. When certain species of Euphorbia that have 
a cactus-like growth habit are encountered in dry habitats, 
it is very difficult to determine from the extemal appear­
ance whether the plant is aetually a Euphorbia or a cactus 
unless it is in flower. The presence of latex, however, 
distinguishes the spurge. It is a matter of great interest to 
find how similar conditions of life have brought forth, in 
three different and widely separated families, such a close 
similarity of habit (i.e., the cactoid growth form) as is met 
with in the families Euphorbiaceae (genus Euphorbia), 
Asclepiadaceae (genus Stapelia), and Cactaceae (numer­
ous genera).

Many species prefer open land, but some members form 
an integral part of the tropical and subtropical forests of 
the world. Arborescent (treelike) cactoid species of Eu­
phorbia are common in savannas. Plants such as Bischofia 
javanica, when growing on seashores, possess a peculiar 
oblique, Condensed, one-sided habit (wind forms) and al­
ways show a decreased leaf size owing to the desiccation of 
buds. Excoecaria parviflora and E. agallocha prefer tidal 
marshes and saline flats. Some species are inhabited by Sterns 
ants, as in Endospermum moluccanum, in which the ants inhabited 
bite their way into stem sections, remove and eat or carry by ants 
away the pith, and live inside the cavity thus formed.
Other ant plants of interest are Drypetes, Macaranga, and 
Agrostistachys. Many species of the order are botanical 
nomads (widely distributed moving weeds having several 
methods of dispersal)—e.g., Croton bonplandianum.

FORM AND FUNCTION
Vegetative characteristics. Leaves of the Euphorbiales 

order are mostly altemate but are sometimes opposite; 
they are extremely variable in shape, ranging from sim­
ple, in the genera Euphorbia, Buxus, Daphniphyllum, and 
others, to deeply cut (palmate) in Ricinus and Manihot, 
trifoliate in Picrodendron, and palmately compound in 
Hevea. Stipules (small, leaflike appendages at the base of 
leafstalks) are absent in the families Buxaceae and Daph- 
niphyllaceae but are usually present in most of the other 
families. The stipules may be minute and persistent, as in 
Picrodendron; or deciduous (falling); or they may be rep­
resented by branched, hairlike bodies (Jatropha), glands,
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or spines {Euphorbia). Extrafloral nectaries are present in 
several members of the Euphorbiaceae family.
Floral characteristics. Flowers in the order are mostly 

unisexual, except in the family Dichapetalaceae, in which 
they are predominantly bisexual. Bisexual flowers are also 
found in the family Buxaceae. When unisexual, male and 
female flowers may be bome on the same plant (bisex­
ual plants, the monoecious condition), as in Hevea, or 
on different plants (unisexual plants, the dioecious condi­
tion), as in Daphniphyllum and Panda. The arrangement 
of the flowers (the inflorescence) shows great Variation, 
and almost all types occur—heads, spikes, racemes, clus­
ters, catkins, panicles, and others. In mixed types, often 
the first branching is racemose {i.e., having a main axis 
with flowers bome on short secondary branches, the lower 
flowers maturing and blooming first) and all subsequent 
ones cymose {i.e., similar to racemose, but with the termi­
nal flowers blooming first). In bisexual plants seven types 
of flower arrangement can be seen: (1) male and female 
flowers in the same cluster without any order {Cicca, 
Bridelia); (2) one female flower to each cluster of males 
{Euphorbia)', (3) male flower clusters toward the base of 
the leafy twigs, female toward the ends {Breynia, Emblica)', 
(4) male flowers at the base of the inflorescence with fe­
male in the upper parts {Ricinus)', (5) female flowers at the 
base of the inflorescence, male in the upper parts {Croton, 
Sapium)', (6) female flowers singly at the ends of the main 
branches of the inflorescence, surrounded by the males 
on the smaller side branches {Aleurites, Hevea, Jatropha); 
and (7) female flowers on one raceme, male on another, 
the female raceme usually paired with a male {Codiaeum). 
The partial inflorescences of Dalechampia Sind Euphorbia 
are so Condensed as to give the appearance of single flow­
ers. In Dalechampia the inflorescence is very complex. In 
the centre is a cushion of 9 to 14 male flowers subtended 
by four small bracts. Anterior to this is a cyme of three 
female flowers in the axil (angle) of a larger bract. All these 
are enclosed in two large pink or white outer bracts. In 
Euphorbia, Ahe partial inflorescence is a cyathium, which 
is a flowering group containing a central terminal female 
flower consisting of only the gynoecium (i.e., the female 
parts or pistil, consisting of ovary, style, and stigma; there 
are no petals or other flower parts) and four or five bracts 
below that unite to form a cup-shaped involucre (whorl) 
resembling a calyx. Each bract subtends a small cyme of 
male flowers, the oldest of which is arranged near the 
centre. Each such cyme has a distinctive joint halfway up 
the stalk. Between the segments of the involucre are large 
oval or crescent-shaped glands, often brightly coloured, 
forming petallike structures. The cymose umbels (flower 
clusters radiating from a common point reminiscent of 
an umbrella and maturing from the centre outward) in 
some species of the Dichapetalaceae family are fused to 
the leaves (epiphyllous).

The form of the flowers also shows Variation, and the 
shape and size of flowers of different sex may differ widely, 
as in Hevea. Regular (radially symmetrical) hypogynous 
{i.e., with a superior ovary—the other flower parts attach 
at the base of the ovary) flowers occur in almost all the 
species, except in some of the members of the family 
Dichapetalaceae, in which the ovary may be inferior. The 
perianth (the collection of petals and sepals) is mostly in 
fives or fours, sometimes distinguished into sepals and 
petals; more often there is only one whorl of tepals, and 
frequently the flowers are naked, as in several members of 
the Euphorbiaceae family. When a corolla (the collection 
of petals) is present, the stamens are usually as many or 
twice as many as the petals. In naked flowers, the number 
of stamens is reduced to one {e.g., in the family Eu­
phorbiaceae), or several stamens may be loosely clustered, 
forming a globose head, as in the genus Picrodendron. 
In Ricinus the stamens are branched. In Phyllanthus cy- 
clanthera the stamens are united by means of a ringlike 
common anther (synandrium). Both extrorse and introrse 
{i.e., opening away from or toward the flower axis, re- 
spectively) anthers are present in the group. In the male 
flowers of several species, a rudimentary ovary is some­
times present. The ovary of female flowers is generally 
two- to five-chambered, the three-chambered condition

being most frequent. Each chamber of the ovary contains 
one or two pendulous ovules that are usually anatropous 
{i.e., the body of the ovule is bent back along its support­
ing stalk) with a ventral raphe (ridge). Placentation (ovule 
attachment) is mostly axile (along a vertical central axis 
of the ovary). There are two coats (integuments) for each 
ovule, and both or either one of them may take part in 
the formation of the micropyle (a small opening in the 
ovule). Both of them persist in the seeds of many genera.
Pollination. Cross-pollination is the usual pollination 

method in the Euphorbiales order. In Mercurialis and 
other genera with inconspicuous flowers, pollination is 
by wind. Insect pollination takes place in almost all the 
other members. The flowers being small, insects are at­
tracted to them by the large, brightly coloured bracts, as 
in Dalechampia and Euphorbia, or by coloured calyx, as 
in Manihot. Honey glands, present in several members, 
as on the involucre of the cyathium of Euphorbia, are 
frequently an attraction. Many species are sweet-scented 
of honey or citronella or have a fetid-wax smell, as in 
Elateriospermum, by which means they also attract small 
flies, beetles, honeybees, wasps, and plant bugs, which 
pollinate them.

Drawing by M. Moran based on (Euphorbia lathyris, Anthostema senegalense, 
Tapura guanensis) Bailion, Natural History of Plants; Reeve and Co., Ltd.

Vegetative and floral structures from four of the families of the 
order Euphorbiales.

Fruits and seeds. The fruit is a capsule in most mem­
bers of the families Euphorbiaceae and Buxaceae. They 
are sometimes prickly, as in Ricinus. The fruit may be 
a drupe {i.e., a fruit with a single-seeded stony pit) or a 
berry. The Capsular fruit often splits into three parts (cocci) 
from the central column, and at the same time each coc­
cus opens ventrally, letting the seeds escape. Some fruits, 
such as those of the sandbox tree and rubber tree, split 
with explosive violence, hurling the seeds away. The seeds 
of some are distributed by animals, either because they 
have pulpy edible coats or because the fruits themselves
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are berries. The seeds of several members have a caplike 
outgrowth called a caruncle. This spongy structure attracts 
ants, and the seeds carried away by them effect dispersal. 
The seeds, with the exception of those of the families 
Picrodendraceae and Dichapetalaceae, contain abundant 
endosperm (a starchy nutriënt tissue for the developing 
embryo), generally rich in oil. The embryo is usually very 
large in all but the family Daphniphyllaceae. The cotyle­
dons (seed leaves) are generally flat and emerge above the 
surface of the ground at the time of germination (epigeal 
germination) and turn green.

EVOLUTION
The Euphorbiales order appears to be evolutionarily highly 
specialized, as is evidenced by the very reduced flowers 
in many members. It has been presumed that this group 
evolved from some ancient group intermediate between 
the family Flacourtiaceae (of order Violales) and the Mal­
vales order. The nonhomogeneity of the order does not 
support the view that it is monophyletic, however. It is 
thought that the Euphorbiales order is not a natural as­
semblage derived from the same ancestors in the distant 
past but is a synthetic group made up of derivatives from 
several ancestors brought together merely because of a 
superficial resemblance and want of knowledge of the true 
evolution of the groups.

3ssil This order does not seem to have fossil representatives
cord below the Upper Cretaceous Period (about 65,000,000

years ago), and those from that period are few, although 
such names as Euphorbiophyllum, Crotonophyllum, and 
others are occasionally encountered in literature as hav­
ing been obtained from Upper Cretaceous and Eocene 
deposits (about 50,000,000 years ago). Tertiary (2,500,000 
to 65,000,000 years ago) deposits of Euphorbia, Acalypha, 
Mallotus, and others are known from various parts of the 
world.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. It is impossible to give a set 

of characters by which the Euphorbiales order can be 
distinguished absoluteiy from all other dicots, for there 
are many exceptions even among the common members. 
Nevertheless, combinations of certain features are used by 
taxonomists to set limits to the order and to determine re­
lationships within the groups. Such features include habit, 
presence or absence of latex, nature of indumentum (hairs 
on the surface of leaves, sterns, and other organs), nature 
of leaves, presence or absence of stipules, sexuality, nature 
and arrangement of the flowers, nature and position of the 
ovary, presence or absence of endosperm, nature of fruit, 
features of embryo, and others.

Altemate Systems of Classification. There is much dis- 
agreement among taxonomists regarding the systematic 
position of the families included in the Euphorbiales order. 
Some authorities retain only the family Euphorbiaceae in 
the order, the remaining families being variously placed— 
Dichapetalaceae in the order Rosales, Buxaceae (includ­
ing Simmondsiaceae) and Daphniphyllaceae in Hamamel­
idales, Pandaceae in Celastrales, and Picrodendraceae in 
Juglandales. Other authorities treat Euphorbiaceae, Daph­
niphyllaceae, and Dichapetalaceae as families in the Gera­
niales order; Buxaceae in Sapindales; and Pandaceae in an 
independent order, Pandales. Picrodendraceae as a family 
is not recognized in these Systems, and the genus Picro­
dendron is then included in the family Simaroubaceae. 
Similarly, Simmondsia is included in Buxaceae. Three 
genera of the family Euphorbiaceae—Micrantheum, Pseu- 
danthus, and Stachystemon—have been united by some 
workers into a special family, Micrantheaceae, but this 
Separation is not widely recognized. Some taxonomists 
have even elevated many individual genera of the Eu­
phorbiaceae family to the rank of family—e.g., the fam­
ilies Androstachydaceae (from the genus Androstachys), 
Stilaginaceae (Antidesma), Bischofiaceae (Bischofla), Hy- 
menocardiaceae (Hymenocardia), Uapacaceae (Uapaca), 
Peraceae (Pera), and others. All these differences of opin- 
ion among competent taxonomists probably reflect the 
polyphyletic (origin from various unrelated ancestors) na­
ture of the order. (N.C.N.)

Saxifragales

Saxifragales is a large and diverse order of flowering plants 
containing 28 families and over 3,000 species. They may 
be large forest trees, shrubs, stout woody vines, or deli­
cate herbs. Plants belonging to this order are distributed 
throughout the world; they grow on all continents and 
on many islands in the Pacific Ocean. Their distribution 
ranges from cold temperate regions to the tropics and from 
sea level to the high mountains, and they grow in habitats 
as diverse as deserts and tropical rain forests. Some species 
produce medicinal products; a few produce edible fruits; 
and one genus is an altemate host for a serious disease- 
causing organism that attacks pines. Certain groups of 
the order Saxifragales are reputed to capture and utilize 
the bodies of insects as a source of nitrogen. Flowers and 
fmits are borne directly on the leaf blades in one small 
group of trees and shmbs. Exceedingly fleshy, thick, and 
succulent leaves characterize hundreds of species in one 
section of the order.

GENERAL FEATURES
Economic importance. Ornamental plants. Brexias (fam­

ily Brexiaceae) are trees from Madagascar that are some­
times grown as specimen plants in greenhouses or out- 
doors in the subtropics or tropics. Indoors, brexias seldom 
become trees but grow to the size of tail shmbs. Both 
greenhouse specimens and those grown outdoors produce 
characteristic greenish or white, waxy-petalled flowers.

Species of several genera of the family Bmniaceae are 
widely grown as horticultural plants. Among them are 
Berzelia, Brunia, Raspalia, Staavia, and Thamnea. These 
plants are all natives of southem Africa and reflect the 
characteristic bushy, evergreen, heathlike nature of all 
members of the family Bmniaceae. In cooler temperate 
climates they must be grown under glass.

Among the most important and familiar perennial gar­
den plants of temperate, subtropical, and tropical regions 
are members of the family Crassulaceae (stonecrop or or- Orna- 
pine family). Many are grown as pot plants, especially in mental 
cooler climates, and a few are favoured for rock gardens stonecrops 
and open border plantings in climatically suitable regions.
The family Crassulaceae is native in many parts of the 
world, but the plants are often characteristic of arid and 
semi-arid regions and rocky places, particularly in South­
ern Africa. They are typically fleshy-leaved plants, often 
with handsome, prevailingly red or yellow flowers. The 
genera Rochea, Crassula, Cotyledon, Bryophyllum, Kalan- 
choë, Pachyphytum, Urbinia, and Echeveria are frequently 
grown under glass or in the home in temperate or cold cli­
mates. Sedum (stonecrop), however, is used as an outdoor 
plant for rock gardens in temperate lands. Generally, flow­
ers of plants in the family Crassulaceae are small, but the 
clusters are particularly showy, especially in Sempervivum 
(houseleek), Gormania, Graptopetalum, and Oliveranthus 
elegans. Other garden genera are Monanthes, from Mo- 
rocco and the Canary Islands, and Byrnesia weinbergii, 
which is Mexican.

The Crassulaceae, although easily propagated from seeds, 
also root readily from stem and leaf cuttings. Some species 
regularly produce offsets from the bases of parent rosettes.
In Kalanchoë and Bryophyllum young plants appear in 
notches around the margins of leaves still attached to the 
parent plant; these plantlets either drop off naturally and 
become established below the main plant, or they can be 
removed from the parent leaf and planted.

The tree Geissois racemosa (of the family Cunoniaceae) 
of New Caledonia has leathery leaves and showy, crimson 
flowers borne in elongated clusters. Strictly tropical, it is 
grown only in greenhouses in temperate climates. Cunonia 
capensis of southem Africa is a small tree or large shrub 
with leathery leaves and dense clusters of small, white 
flowers. It is occasionally grown as a greenhouse plant.
Davidsonia pruriens (of the family Davidsoniaceae), the 

Queensland itch tree, is sometimes grown in greenhouses 
for its 2-foot- (60-centimetre-) long leaves, which are cov­
ered with bright-red, pungent hairs when young, and for 
its long-stalked clusters of flowers. It is native in north­
eastem Australia.
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Representative plants from five of the largest families in the order Saxifragales.
From (Saxifragaceae and Hydrangeaceae) A. Cronquist, An Integrated System of Classification of Flowering Plants, copyright © 
1981 The New York Botanical Garden; (Cunoniaceae) J. Hutchinson, The Families of Flowering Plants, Vol. I, © Oxford University 
Press 1959; (Grossulariaceae) G.H.M. Lawrence, Taxonomy of Vascular Plants, copyright, The Macmillan Publishing Company, 1951

Although several genera of the family Escalloniaceae 
have been introduced into ornamental horticulture—e.g., 
Abrophyllum ornans of New South Wales, Australia; 
Anopterus glandulosus of Tasmania; Carpodetus serratus, 
the putaputawheta of New Zealand; Corokia cotoneaster 
of New Zealand; the New Zealand species Quintinia acu- 
tifolia and Q. serrata, tawhewheo; and Valdivia gayana of 
Chile—none has achieved the importance or interest of 
the various species and cultivated varieties of Escallonia. 
Escallonias are mainly shiny-leaved, evergreen shrubs or 
small trees native only to South America, where they are 
found mostly in the Andes mountains and eastern Brazil. 
White, pink, or red flowers are frequently present in large 
clusters; sometimes they are pleasantly aromatic. In the 
United States these handsome shrubs are very populär in 
California, where their late-autumn or winter bloom is 
most welcome.
Eucryphia (of the family Eucryphiaceae) is a small genus 

of glossy-leaved, evergreen trees and shrubs native in the 
Southern Hemisphere. Eucryphia pinnatifolia, a small tree 
of Chile, is grown outdoors in parts of England and Scot­
land—e.g., the Royal Botanie Garden, Edinburgh. The 
flowers, which are produced in late summer and early fall, 
are large and white-petalled, with a central cluster of con- 
spieuous yellow stamens giving the whole the appearance 
of camellia flowers.
Francoa (of the family Francoaceae) is a genus, native 

in Chile, of several perennial herbs with horizontal un­
derground sterns (rhizomes). The plants bear deeply cut, 
hairy leaves and long-stalked clusters of pure-white, pink, 
or deep-rose-coloured flowers.
Although the gooseberries and currants (genus Ribes, of

the family Grossulariaceae) are known chiefly for the edi- 
ble fruits produced by some species, a number of strikingly 
handsome, sometimes thorny shrubs are available for the 
ornamental garden. Species of Ribes abound, particularly 
in western North America and in temperate Eurasia and 
South America. Among those most attractive as flowering 
plants are R. odoratum and R. aureum, both of which have 
fragrant, yellow flowers; R. sanguineum with white or red- 
dish flowers; R. viscossissimum with sticky, greenish-white 
or pinkish, aromatic flowers; and R. lobbii with velvety, 
purple-red flowers. Often the fruits are attractive, some 
species having translucent scarlet or deep-red fruits and 
others bearing powder-blue fruits. Ribes roezlii, of cen­
tral and Southern California, has both handsome flowers, 
which are purple and white, and attractive reddish-purple 
fruits, which are clothed with reddish, bristly spines.

Probably the most important family of woody orna­
mental plants in the Saxifragales is Hydrangeaceae. The 
family is widely distributed in nature, and representatives 
occur in all parts of the world except Africa, Australia, 
New Zealand, and the coldest parts of both the North­
ern and Southern Hemispheres. Species of the family 
Hydrangeaceae are trees, shrubs, or woody vines, and at 
least one genus is composed of rhizomatous herbs (i.e., 
nonwoody plants with underground sterns, or rhizomes). 
Among the plants that have been introduced into orna­
mental horticulture in greenhouses, gardens, and homes, 
are the following: Cardiandra from China and Japan; Car- 
penteria californica, a native shrub from California; De- 
cumaria, a woody climber with two species, one of which 
occurs in southeastern United States and the other in 
central China; Deutzia, a genus of mostly Asiatic shrubs;

Goose­
berries and 
currants
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Dichroa febrifuga of the Himalayas, Malaysia, and China; 
Fendlera, a genus of western American shrubs; Hydrangea, 
a genus of trees, shrubs, and woody vines of North and 
South America, the Himalayas, and central and eastern 
Asia; Jamesia americana (waxflower, wild mock orange), 
a shrub of semi-arid and mountainous parts of west cen­
tral United States; Kir enges horna palmata, a perennial 
herb of Japan; Philadelphus, a genus of shrubs of northern 
Asia and Japan, western America, the Southern Atlantic 
Coast of the United States, and Mexico; Pileostegia, a 
genus of climbing or prostrate evergreen shrubs of the 
Himalayas and eastern Asia; Platycrater arguta, a pros­
trate shrub of Japan; Schizophragma, a genus of climbing 
shrubs of Japan and China; and Whipplea, a genus of 
low, barely shrubby plants endemic (native) in Oregon, 
California, Utah, and Colorado. Of the horticulturally im­
portant members of the family Hydrangeaceae, the most 
widely planted and best known to gardeners are species of 
Philadelphus, Hydrangea, and Deutzia.

Philadelphus (mock orange, sweet syringa) species are 
shrubs with solid, white pith and often flaky bark. The 
flowers are showy and usually white-petalled, with clumps 
of bright-yellow stamens. These shrubs and their many 
cultivated varieties, which are widely planted in shrubbery 
borders, bloom late in spring.

lydrangea Hydrangeas are known to most gardeners as shrubs,
owers although some are woody vines—e.g., Hydrangea peti- 

olaris, climbing hydrangea—and others are small trees, 
such as H. arborescens (mountain hydrangea, sevenbark). 
Hydrangea macrophylla (hortensia), which is the common 
hydrangea of Aorists, is sold as a pot plant for household 
adomment in many northem cities in the early spring. 
Hydrangea paniculata and its varieties, particularly gran­
diß ora, comprise the most commonly grown group. Vari- 
ety grandiflora, a treelike shrub, is probably the best all- 
around hardy (cold-resistant) hydrangea now in cultiva- 
tion. Many garden hydrangeas are not entirely hardy in 
the north, and the aerial sterns may die partially or com- 
pletely to the ground each winter, new flowering sterns 
being produced at the beginning of the next growing sea- 
son. Hydrangea flowers, white, blue, or pink in colour, 
are produced in large, showy clusters. Flower clusters of 
H. paniculata often remain on plants for long periods of 
time, providing colour during midsummer in temperate 
regions when other garden plants are not flowering. In 
some species of Hydrangea, flower colour seems to be 
related to soil acidity. The pink-flowered hortensias, for 
example, show a tendency to tum blue when iron filings 
or alum are added to the soil to increase acidity. Flowers 
of H. paniculata are white when young, later changing to 
pink and purple.

Deutzias are shrubs that bear white flowers mostly in 
terminal clusters. Blooms in some horticultural forms are 
“double flowered”; that is, they have more than the usual 
single whorl of petals. Like the mock oranges, deutzias 
often have shreddy bark, but the stem is hollow and does 
not have the white pith of the mock oranges. Deutzias 
are very easy to cultivate and provide a fine floral display, 
mostly in the spring, even on small shrubs 12 inches (30 
centimetres) tall. The best known, Deutzia gracilis, is a 
rather bushy shrub that produces numerous white flowers 
in loose clusters.

Virginian willow (Itea virginica) is one of several species 
of the genus Itea. Most species occur in tropical and 
subtropical Asia. I. virginica, the only American species, 
occurs southward from Pennsylvania and New Jersey to 
Florida and Louisiana. It is a slender-leaved, deciduous 
(i.e., the leaves fall in winter), low shrub, 2 to 3 feet (60 
to 90 centimetres) tall. The white, fragrant flowers, which 
are individually tiny and not particularly showy, occur in 
terminal clusters. In autumn, the foliage becomes brilliant 
red. Itea yunnanensis is a large, stout shrub, 9 or 10 feet 
(about 3 metres) tall.

The family Pamassiaceae contains two genera, only one 
of which, Parnassia (grass-of-Pamassus), has any horticul­
tural interest. The low-growing plants are moisture-loving, 
hardy, perennial herbs of tufted growth habit. The flowers, 
usually white, greenish white, or yellow, appear between 
June and September. Species of Parnassia occur through-

out the Northern Hemisphere, but P. palustris is the only 
one common in Europe.
Penthorum sedoides, the Virginian stonecrop (Pentho- 

raceae), is one member of a small family of plants native 
in North America and eastern Asia. The leaves of the Vir­
ginian stonecrop, which is a branched perennial herb that 
attains heights of 2 feet (60 centimetres), are pale green, 
becoming bright orange with age. These hardy plants, 
which are used for waterside or shallow-water planting, 
have flowers that are pale greenish yellow.

Species of several genera of the family Pittosporaceae 
have achieved horticultural importance, namely, Bil­
iardiera, Marianthus, Sollya, and Pittosporum. The first 
three genera consist of low subshrubs (shrubby forms that 
are woody only at the base or also very small shrubs) with 
rather slender, twining or climbing branches. Pittosporum 
is a genus of stout evergreen shrubs and small trees. All 
species of the Pittosporaceae are natives of the Old World:
Biliardiera and Sollya occur in Australia; Marianthus in 
Australia and Tasmania; and Pittosporum chiefly in Aus­
tralia but also in tropical and subtropical Africa, Asia,
New Zealand, and the Pacific Ocean islands. A num- 
ber of endemic species occur on the Hawaiian Islands.
Greatest horticultural interest is centred in Pittosporum, 
certain species of which are hardy or half-hardy plants fre- 
quently grown outdoors in California and Florida. Several 
species, including P. tobira (tobira) of China and Japan, 
are excellent hedge plants. Tobira is also used to decorate 
the lobbies of hotels and office buildings. Most species 
of Pittosporum have fragrant flowers that may be white, 
red, yellow, purple, or greenish. Pittosporum crassifolium 
(karo) of New Zealand is a tall shrub or small tree some­
times reaching heights of 30 feet (10 metres). Planted in 
rows, it is suitable as ä windbreak or shelter near the sea 
because it is resistant to strong winds and salt spray.

Among the herbaceous families of the Saxifragales, Sax- The 
ifragaceae, perhaps with the exception of Crassulaceae, saxifrage 
is the most important horticulturally. The genus Sax- family 
ifraga (saxifrage, or rockfoil) has the largest number of 
species in cultivation. They occur in temperate (princi- 
pally alpine) and boreal regions. They are rare in Asia, 
few in South America, and totally absent from Southern 
Africa and the islands of the Pacific Ocean. Other genera 
or species of more or less horticultural importance include 
Astilbe, Bergenia, Bolandra, Boykinia, Heuchera (alum- 
root), Leptarrhena, Lithophragma, Mitella (bishop’s-cap, 
mitrewort), Oresitrophe rupifraga, Peltiphyllum peltatum 
(umbrella plant), Rodgersia, Suksdorfla violacea, Sullivan- 
tia, Tanakaea radicans, Tellima, Tiarella (false mitrewort),
Tolmiea menziesii (pickaback plant), and Zahlbruckne- 
ria paradoxa.
Practically all Saxifragaceae species are perennial except 

for a few species in the genus Saxifraga. Saxifragaceous 
plants of ornamental value have a variety of uses in the 
garden. Heuchera, Astilbe, and Rodgersia, for example, 
are best suited to the open garden. Wild garden genera in­
clude Boykinia, Heuchera, Mitella, Tellima, and Tiarella.
Saxifraga, Tolmiea, and Lithophragma do well in rock 
gardens. Species of Bergenia are often utilized in garden 
borders because of their ornamental foliage and very early 
blooming pink or .white flowers.

Flowers in the Saxifragaceae range from greenish to white 
and yellow and from pink and red to purple. Leaves are 
often thick, almost leathery, shining, and evergreen.
Medicinal and folk uses. A number of saxifragalean 

plants are used in native medicine and ceremony in dif­
ferent parts of the world. Although several remedies have 
been ascribed to these plants, it is doubtful that more than 
a few are of therapeutic value.
Kalanchoë laciniata is used as an extemal medicine in 

India. K. paniculata is said to have occult uses in Africa.
K. laciniata is used by Malaysians to attract good spirits; 
twigs of the plant are placed in houses to encourage the 
return of good spirits after a death. The same process is 
used to drive away evil spirits and to ward them off during 
serious illnesses such as cholera and smallpox. Children 
are bathed in water containing leaves of the plant. Leaves 
are also used to make a poultice for application to the 
ehest of persons with coughs or colds. A compound lo-
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tion made of the leaves of K. laciniata, Costus speciosus, 
Stachyphrynium species, Drymoglossum heterophyllum, 
and Psophocarpus tetragonolobus is used to treat smallpox. 
Pulped leaves of K. laciniata are used in the Philippines 
to treat chronic ulcers, sores, and headaches.

Bryophyllum pinnatum is widely used in Malaya; life- 
giving properties are attributed to it because of the pro- 
duction of plantlets by the leaves. It is used medicinally 
by the natives of India, Malaysia, and the Pacific islands. 
Poultices are prepared from the crushed leaves to relieve 
headache, coughs, and ehest pains. Poultices are used to 
treat sore eyes in Java, and in Singapore the leaves are 
sometimes pounded in water, the resulting infusion being 
drunk to reduce fevers. As a ceremonial plant B. pin­
natum is employed in connection with fishing—its twigs 
make up the besom (a brush made of bundled twigs) 
that is used to sprinkle yellow gruel during incantations 
designed to improve fishing. Leaves of this species are 
also used in Malaysia during the ceremonial washing of 
newbom infants.
It has been reported in South Africa that the fresh juice 

of Cotyledon orbiculata is occasionally used beneficially to 
treat epilepsy even though the plant is considered toxic. 
Various species of Sedum  are also employed medicinally:
S. acre is sometimes used as a laxative; the juice of S. 
dendroideum is employed in Mexico as an astringent to 
harden the gums and to relieve hemorrhoidal discomfort. 
Leaves of Sempervivum tectorum are chewed in parts of 
Europe as a home remedy for toothache and to relieve 
the pain of bee stings. A decoction (extract produced by 
boiling) of the leaves is employed to eure intestinal worms.

The bark of Weinmannia pinnata is considered astrin­
gent; the same plant secretes a gum that is used in some 
parts of Cuba as an adulterant of quinine. Similarly, the 
bark of W. selloi is a strong astringent and is used in parts 
of Brazil to treat wounds. The bitter bark of Belangera 
tomentosa is used as a tonic in some parts of Brazil.
Wood of the Javanese Polyosma longipes is said to be 

useful in treating epidermal scaling (scurf), and the steam 
produced by boiling the leaves of this species is employed 
to relieve sore eyes. An extract from the leaves of Corokia 
buddleioides is used in some parts of New Zealand to treat 
stomachache.
A decoction of the shoots and bark of Dichroa febrifuga is 

taken in the Himalayas as an antipyretic (fever-controlling 
agent). In Indochina, a decoction of the leaves is used for 
the same purpose. In Java, the leaves are pounded finely 
and taken without cooking, together with certain other 
substances, for fever. In one prescription, the powdered 
leaves are taken with wormwood {Artemisia absinthium 
and other species of Artemisia) as an anthelminthic (in- 
testinal-worm treatment). In another prescription, the 
powdered leaves are used extemally, apparently for intesti­
nal difficulties following childbirth. Fresh leaf and root 
juices cause vomiting; after the leaves and roots have been 
soaked in wine and boiled, however, the juice no longer 
causes vomiting but becomes a gentle purgative.

The dried rhizomes (horizontal underground sterns) and 
roots of Hydrangea arborescens of northeastem United 
States are used medicinally as a diaphoretic (a substance 
that promotes perspiring) and diuretic. The active prin- 
ciple, hydrangin, is an organic compound known as a 
cyanogenic glucoside; apparently hydrangin is present in 
all species of Hydrangea. Hydrangin occurs in rhizomes, 
roots, leaves, and buds. Accidental ingestion of any plant 
part, under certain conditions, may cause nausea, vomit­
ing, and diarrhea. Treatment consists of washing out the 
stomach or inducing vomiting.
Penthorum sedoides is employed medicinally in a variety 

of ways, some of which are quite contradictory—e.g., as 
a demulcent (a medicine used to soothe irritated mucous 
membranes) and astringent (a substance that contracts tis­
sues); as a laxative and to treat diarrhea. It reportedly has 
been used to treat hemorrhoids and gastric ailments.
Phyllonoma laticuspis is known as hierba de la viruela 

(smallpox weed) in parts of Oaxaca, Mexico. It is adminis- 
tered with sugar as a syrup prepared from the green leaves.

An aromatic decoction brewed from the leaves of Pit­
tosporum pentandrum in the Philippines is used by women

in their baths following childbirth. The powdered bark is 
employed in small doses to reduce fever. If taken in larger 
dosages, it is considered a general antidote. It is also effec- 
tive in relieving bronchitis. The Malaysians use poultices 
of both leaves and roots of P. ferrugineum to treat malaria. 
The leaves and fruit are used as a fish poison in Malaysia; 
the toxic action is probably related to the presence of such 
complex compounds as saponins, tannins, and alkaloids.

Leaves of Astilbe philippinensis are used in northem Lu- 
zon, Philippines, for smoking. Sometimes a little tobacco 
is mixed with the leaves. The rhizome of Bergenia pur- 
purascens is used in Chinese medicine to stop bleeding 
and as a tonic. Tiarella cordifolia of North America is 
considered useful as a diuretic and tonic; in particular, it 
is said to be beneficial in relieving cases of urinary-bladder 
stones and other urinary complaints. Saxifraga sarmen- 
tosa, a native of China and Japan, is used in Java to treat 
earache. In Vietnam and in various parts of China it is 
also used for complaints of the ear. It is also employed 
in China for attacks of cholera and to treat hemorrhoids. 
To treat the former, administration is intemal; to treat the 
latter, application is by steaming.

Timber and other forest products. Timber from trees of 
Brunellia is only of limited importance in tropical Amer­
ica. The light wood is rather soft, finely textured, easy to 
work, and perishable when in contact with the ground. 
The hard, durable wood of Crypteronia paniculata trees is 
used extensively for house building in Malaysia and the 
Philippines. It is also used for fuel. The sapwood is white, 
the heartwood reddish brown.

Several trees of the family Cunoniaceae produce timber 
and other forest products. The bark of Belangera of South­
ern Brazil, Paraguay, and Argentina is used in tanning. 
The light-pinkish-brown wood is easily worked. The Prin­
cipal use of Caldcluvia paniculata, a small tree of Southern 
Chile, is as fuel.

Trees of several species of Weinmannia occur in both 
Old and New World tropics. The bark is rich in tannins, 
and the timber is suitable for fumiture and for interior 
construction. Timber of W. blumei from Malaysia is fairly 
hard but easy to work; red and lustrous, it is moderately 
resistant to decay. W. benthami, the brush mahogany of 
Australia, produces a timber that is useful in construction 
and is occasionally used for cabinet work, handles of small 
Utensils, brush backs, and veneer and plywood. W. lach- 
nocarpa (rose marara of Australia) is noted for its straight- 
grained, hard timber, which is employed for tumery, 
machinery bearings, chisel handles, mallets, and printer’s 
blocks. Timber of W. racemosa finds limited use in New 
Zealand for cabinet work, interior trim, fencing, and mine 
timbers. Wood of W. descendens (encinillo) is imported 
into the United States from northem South America. The 
timber, light brown to pinkish and reddish brown, is of 
medium lustre, moderately heavy, and fine textured; it 
is employed for general construction, fumiture, cabinets, 
joinery, tumery (such as brushes, broom handles, dowels, 
shoe heels, bobbins), and sporting goods.
Tanning substances are extracted from the bark of W. 

racemosa of New Zealand, W. luzoniensis of the Philip- 
pines, and W. tinctoria of Mauritius. Bark of the last 
named imparts to animal skins a red hue, hence tinctoria, 
which means “used in dyeing.”

Ceratopetalum apetalum, the coachwood, or rose ma­
hogany, of Australia, is sometimes imported into the 
United States, where it is used for the same purposes as 
Weinmannia descendens. Red els, or red alder, Cunonia 
capensis of Southern Africa, produces a light, soft timber 
that is durable underwater. It is suitable for fumiture, 
wagon building, and for construction. Species of Pancheria 
of New Caledonia produce wood that is locally important 
for cabinetwork and tumery. The wood of Spiraeanthe- 
mum samoense has been used by natives of the Samoa 
Islands for canoe construction and war clubs.
The timber of Escallonia apparently has no commercial 

possibilities, owing mostly to the small size of the trees. 
Locally, however, where trees of sufficiënt size occur, the 
wood is utilized for building purposes. The moderately 
hard and heavy wood is easy to cut and tough to split 
and appears to be fairly resistant to decay. Fresh wood of
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Escallonia floribunda has a peculiar odour, and, in certain 
localities in the Venezuelan Andes, it is called cochinito or 
puerquito, both of which mean “little pig.”

Eucryphia lucida, Tasmanian leatherwood, produces a 
fine-textured, tough, durable, brownish wood that is not in 
general use but is suitable for tooi handles, fumiture, and 
heavy constmction. E. moor ei of Australia is sometimes 
called coachwood because it has been used for frames and 
bodies of wooden vehicles. Ulmo trees, Eucryphia cordi- 
folia of Chile, produce fine-textured timber with good 
working qualities but not very resistant to decay. The 
lustrous heartwood is brown and variable. In Chile, ulmo 
wood makes excellent flooring, and, in the nitrate-mining 
areas, it is used for railway crossties and for poles that 
support power lines. Other uses of ulmo are for fumiture 
manufacture, vehicle parts, oars, and pilings. An extract 
of the bark, which contains about 15 percent tannins, is 
used in commercial tanning.

The fine-textured, whitish wood of Deutzia scabra is 
used in Japan for marquetry (delicate inlaywork) and for 

roods wooden nails. Hydrangea paniculata produces a hard, fine- 
' the textured wood prized in Japan for walking sticks, umbrella
/drangea handles, tobacco pipes, and wooden nails; the bark is used
mily to manufacture paper. The wood of Itea nut ans is attrac­

tive and is used in Malaysia for small articles of turnery.
Pittosporum crassifoiium of New Zealand furnishes a 

very tough, whitish wood favoured for marquetry. In 
the Philippines, fruits of P. resiniferum are known as 
“petroleum nuts” because of the fancied resemblance of 
the odour of the oil to that of petroleum and because even 
the green, fresh fruits bum brilliantly. The oil contains 
two organic compounds, a dihydroterpene and consider- 
able quantities of heptane. The white, fine-textured wood 
of P. resiniferum is not durable; it is sometimes used in 
Malaysia for house rafters and for firewood.
Fruits, seasonings, and other edible products. Sedum 

album is sometimes used as an herb in salads; leaves of
S. reflexum are occasionally consumed in salads or soups; 
and the leaves of S. roseum are eaten fresh, soured, or in 
oil by Eskimos in Alaska. Young shoots of Crypteronia 
paniculata are eaten as iiavouring with rice m indonesia. 
Flowers of Eucryphia cordifolia of Chile are rich in nectar 
and are prized as a source of honey.

Many species of Ribes bear edible fruits of consider- 
able commercial importance. Among the important fruit- 
producing species is the European gooseberry (R. grossu- 
laria), which is used in desserts, in pies, and in jams and 
wines. The European black currant (R. nigrum) is eaten 
fresh or in jams or puddings. R. rubrum produces both 
red and white currants that are used for desserts, pastries, 
and wine. R. vulgare, an American currant, is eaten fresh 
or in desserts and pies. Other species of less importance 
for their edible fruits include the buffalo, or Missouri, 
currant (R. odoratum) and some American gooseberries, 
such as R. hirtellum, R. cynosbati, R. oxyacanthoides, R. 
setosum, and R. inerme. The most important fruit-bear- 
ing species of Ribes are available in many improved and 
selected varieties.
Young leaves of Hydrangea thunbergii from Japan are 

gathered, steamed, rolled between the hands, dried, and 
used as a substitute for tea; the preparation is called 
amacha, or ama-tsja (tea-of-heaven). 

dible Plants of Saxifraga erosa, mountain lettuce, or deer-
Lxifrages tongue, are used in salads by mountain people in Southern

Pennsylvania. The thick, fleshy leafstalks of S. peltata (In­
dian rhubarb) were peeled and eaten raw or boiled by In­
dians of the west coast of North America. Succulent leaves 
of S. punctata (dotted saxifrage) are consumed by Eski­
mos either raw or after being kept in oil. Chrysosplenium 
alternifolium (golden saxifrage), a perennial herb of Eura- 
sia and North America, is occasionally used in salad and 
as an emergency food in the Vosges mountains (France). 
The leaves of Bergenia crassifolia (badan) are used by the 
Mongols as a substitute for tea called tschager tea.

Role in white-pine blister rust disease. Among the most 
serious and widespread diseases of forest trees is the white- 
pine blister rust. This disease is caused by a parasitic 
fungus, Cronartium ribicola, which spends part of its life 
cycle as a parasite of a susceptible five-needled pine and

the other part on certain species of Ribes (currants and 
gooseberries of the family Grossulariaceae). Ribes nigrum 
is the most susceptible species.

The fungus overwinters as a mycelium (filamentous veg­
etative body) in the sterns of Ribes; spores (reproductive 
bodies) are produced by the first week in April, depending 
upon climatic conditions. The wind-borne spores may be 
carried several miles. They germinate on moist leaves of 
Ribes plants, and the fungal germination tube enters the 
leaves through stomates (pores) on the lower surface. Fol­
lowing growth of the fungus in the tissues of the leaves, 
pustules form on the leaves; from them, other wind-bome 
spores are released that carry the disease to the pines. The 
spores germinate on the pine needles, entering through 
stomates. Eventually, the rapidly growing fungus enters 
the water- and food-conducting system of the pine and 
then moves into the bark, on which extemally visible 
cankers form. After about two years, pustules appear on 
the surfaces of these cankers. Wind-bome spores from the 
pustules can infect only species of Ribes, not pines. Thus, 
both Ribes and pines must be present together within a 
favourable environment in order to perpetuate the fungus.
When control measures proved insufficiënt to halt the 
spread of the disease after its introduction from Europe in 
the early 1900s, programs for the systematic eradication 
of Ribes plants, including wild, nursery, and erop plants, 
were begun in regions in which white pines are of com­
mercial and economie importance. Thus today, in many 
places in the United States where Ribes was once native, 
wild plants are very difficult to find in nature.

NATURAL HISTORY
Insect-trapping plants. The families Cephalotaceae, 

Byblidaceae, and Roridulaceae have been reported to be 
insectivorous. Insectivorous implies the ability of plants to 
“eat” insects, which, of course, they do not; rather, by a 
series of mechanisms, insectivorous plants trap insects and 
extemally digest parts of them. Although insectivorous 
plants doubtless receive some nutrition from the bodies of 
insects, most can exist quite well without an insect diet. 
Insectivorous plants usually grow in soils that are deficiënt 
in nitrogen salts, which are used by plants in the manufac­
ture of amino acids and proteins. Therefore they require 
a supplementary source of nitrogen, which they obtain by 
digesting the proteins in captured insect bodies.

Of the three families of Saxifragales noted above, only 
Cephalotaceae and Byblidaceae are truly insectivorous in 
the sense that they both capture and digest insects. Plants 
of the Roridulaceae, a family restricted to southwestem 
Africa, are found with insects caught in the resinous se- 
cretions of their leaves, but there is no evidence that any 
form of digestion takes place or that the plants benefit 
from these accidentally ensnared insects.
Roridula dentata, for example, is known not to digest the 

insects, which, by incidentally coming into contact with 
the leaves, become stuck on the plants. Even though these 
insects apparently do not benefit the plant, they are used 
as food by a spider of the genus Synaema. This Spider, Spider 
which has become adapted to life on Roridula plants, is immune 
immune to the sticky secretions and is thus able to move to insect- 
without difficulty. The Spiders generally hide among the trapping 
dried leaves or in nests that they build there, awaiting secretions 
the Vibration of a twig, indicating the presence of an en­
snared insect, which the spider kills. There thus appears 
to be a symbiotic relationship between the spider and the 
plant; clearly the spider benefits from the relationship, but 
whether the plant is benefitted or not is unknown.

The insectivorous nature of plants of Byblidaceae and 
Cephalotaceae is more firmly established; apparently, a 
tme capture-and-digest system exists. Byblidaceae consists 
of one genus, Byblis, and two species in western Australia.
Plants of B. gigantea are shrublets, attaining heights of 
20 inches (50 centimetres) and consisting of a woody 
rhizome bearing in any one season the dying parts of 
the previous growing season and the growing parts of 
the present season. These parts consist usually of a main 
stem, which is sparsely branched near the base. The long, 
linear, yellow-green leaves of the sterns are covered with 
numerous mucilage glands, which give the leaf a glistening
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surface. Plants of B. linifolia are more delicate than those 
of B. gigantea, and the annual stem and its branches arise 
from a slender rhizome. These parts are also clothed with 
mucilage-secreting glands.

The glands are of two kinds, stalked and unstalked. Ex­
periments have shown that minute cubes of coagulated 
egg albumen—a proteinaceous material such as might be 
found in insect bodies—placed in contact with the un­
stalked glands completely disappear after a period of from 
two to eight days. When this material is placed in contact 
with the stalked glands, there is no evidence of digestion.

In other observations, when trapped insects came in con­
tact with unstalked glands, the latter produced a secretion 
that was much less viscous than that of the stalked glands. 
The actual mode of digestion of insects by these plants is 
still not completely known.
Plants of Byblis are sometimes infested with a small 

wingless capsid (members of a family of the insect order 
Heteroptera). Although other small insects are ensnared 
in the mucilage, capsids appear to be able to move unhin- 
dered over the surface of Byblis leaves.

The family Cephalotaceae consists of one species, 
Cephalotus follicularis, the west Australian pitcher plant, 
which occurs only in the southwestern corner of Australia. 
The plant has an underground rootstock from which two 
kinds of leaves are produced, foliage leaves and pitcher 
leaves. Foliage leaves and pitcher leaves are produced in a 
seasonal rhythm: the foliage leaves develop in the autumn, 
reaching füll size and abundance in spring; pitchers grow 
in winter and spring and are fully formed and functional in 
summer when the insects they capture are most plentiful. 

Pitcher- Foliage leaves attain a maximum length of about 5 inches 
shaped, (13 centimetres); the blade is ovate and pointed at the
insect- apex and is equally as long as the petiole (leafstalk). The
trapping thick, leathery, and smooth foliage leaves are studded with
leaves nectar glands. Pitcher leaves are about 2 inches (5 cen­

timetres) or more long when fully mature. They measure 
about 1 inch (2.5 centimetres) across and are somewhat 
compressed front to back. There is an oval opening, wider 
crosswise than from back to front. The petiole, or leaf­
stalk, is approximately at right angles to the axis of the 
pitcher; it is attached dorsally below the “hinge” of the lid 
at about the level of the opening. The mouth of the pitcher 
is surrounded by a thickened corrugated rim, each ridge 
of which forms a clawlike tooth that extends into and is 
directed downward toward the base of the pitcher. Each 
pitcher has a lid that overhangs the opening and is more 
or less open, depending upon the age of the leaf. The lid 
is traversed radially by narrow patches of green tissue be­
tween which are clear patches devoid of Chlorophyll. The 
clear patches have the appearance of windowlike areas 
framed in green. To entrapped insects, the clear patches 
probably appear to be open spaces, and they attempt to 
escape through them until, eventually exhausted, they fall 
into the depths of the pitcher.
The interior of the pitcher has two zones. The upper 

zone forms a ridge around the mouth of the pitcher and 
arches over the internal cavity. The epidermis (surface) 
of the upper zone is studded with downward-pointing 
hairs, as is the inside of the lid. A smooth, glassy surface 
characterizes the interior zone of the pitcher, which has 
a glandular surface. The flask-shaped glands have been 
reported to be digestive in function. Within the pitcher a 
shelflike bolster projects in ward but is not apparent exter- 
nally; it contains glands, among which are many “water 
pores,” or hydathode-like (water-secreting) structures. The 
water pores resemble stomates, but the orifice between the 
guard cells is continuously open. Presumably, the fluid 
that fills the pitcher is produced from these pores. This 
action, however, has not yet been proven conclusively.
Some botanists have demonstrated that fluid taken from 

virgin, or unopened, pitchers can digest animal substances. 
Others, however, have not been able to find any fluid in 
unopened pitchers and have reported the presence of fluid 
only in opened pitchers. In any event, it has repeatedly 
been observed that pitchers do capture insects, notably 
ants. Small pitchers catch small insects. That the soft parts 
of these insects undergo dissolution of some sort is evi­
dent. There is some question, however, as to whether this

dissolution is the result of digestive enzymes secreted by 
the pitcher glands, by extraneous microorganisms, or both.

Although pitcher fluid, sterilized to kill any microorgan­
isms, will digest proteinaceous material in the laboratory, 
it still cannot be concluded that this digestive process ac- 
tually takes place in pitchers under normal circumstances.
It is presumed, nevertheless, that digestion by pitcher fluid 
may take place very slowly in the pitchers; available evi­
dence indicates that both the secretions of the pitchers and 
the actions of microorganisms contribute to the digestion 
of insect proteins. Plants grown under laboratory condi- 
tions without the presence of insects thrive and flower.
The question, therefore, remains conceming the usefulness 
or necessity of insect protein to insectivorous plants.

Reproductive biology. Epiphyllous flowers. Flowers that Flowers 
are bome on or produced from leaves are termed epi- growing 
phyllous flowers. Flowers and fruits of plants in the genus from leaf 
Phyllonoma are bome directly on the upper surface of leaf surfaces 
blades. In P. ruscifolia, all stages of flower and fruit devel­
opment may be found on one plant at any time. The clus­
ter of flowers is produced from the midvein well toward 
the tip of the mature leaf. From the point of attachment 
of the cluster of flowers, the leaf narrows rapidly toward 
the pointed apex. Not all leaves bear flower clusters. There 
has been some question about the morphological nature 
of the flower-bearing green leaves. Some botanists have 
thought them to be expanded sterns (cladodes) modified 
for both photosynthesis and reproduction; others have 
proposed that the leafstalk and flower stalk represent fused 
structures. Studies of the minute structure of the leaf indi- 
cate, however, that they are true leaves and that a separate 
flower stalk is not fused to midvein of the leaf.
Pollination processes. Before fertilization can take place 

in flowering plants, it is necessary for viable pollen to be 
transferred from stamens (male reproductive organs) and 
deposited on receptive pistils (female structures). If this 
transfer takes place within the same flower, it is called 
self-pollination. Self-pollination, however, is not always 
accompanied by fertilization and the setting, or producing, 
of seed, because some plants are not self-compatible; that 
is, some plants do not have the genetic capacity to produce 
seed even when the style (the narrow upper portion of the 
pistil) is dusted with pollen from the same flower. When 
seed is produced as a result of fertilization by pollen from 
the same flower, the term self-compatible is used. Cross- 
pollination refers to the transfer of pollen from flowers 
of one plant to the pistils in flowers of another plant of 
the same species in order to effect pollination and subse- 
quently fertilization and the setting of seed.

Species of the family Saxifragaceae apparently have 
mechanisms that prevent self-pollination. Dichogamy, for 
example, is a condition that involves the separate ma- 
turing, in terms of time, of stamens and pistils in the 
same flower. It results when the anthers do not release 
their pollen at the same time the stigmas (pollen-receptive 
surfaces of the pistil) are receptive. There are two vari- 
ations of this arrangement, protandry and protogyny. In 
protandry, the anthers are ready to liberate their pollen 
before the stigma of the same flower is structurally and 
physiologically receptive; in protogyny, the stigma ma- 
tures before the anthers of the same flower are ready to 
shed pollen. In the Saxifragaceae that have been studied, 
protandry is predominant. This condition has also been 
reported for Parnassia, of the family Pamassiaceae. As 
with many groups of plants, biological phenomena of this 
kind have not been studied in detail in most families of 
the order Saxifragales.

Heterostyly is another reproductive phenomenon that has 
been observed in members of the Saxifragaceae. Heterosty- 
lous plants have bisexual flowers of two or three different 
kinds. They are distinguished from each other by the size 
and behaviour of the reproductive structures; for example,
Jepsonia heterandra, a very locally distributed native plant 
of California, has distylous flowers. Some plants produce 
long-styled (called pin) flowers, and others produce short- 
styled (thrum) flowers. Pin flowers also have large stigmas 
and short stamens that produce many small pollen grains.
Thrum flowers have small stigmas and long stamens that 
produce fewer but larger pollen grains.
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Heterostyly is one of the most extraordinary reproductive 
devices by which cross-fertilization is ensured in higher 
plants. Even though a heterostylous flower contains com­
plete and functional structures of both sexes, the plants, 
because they contain a genetic factor that inhibits self- 
fertilization, must be cross-pollinated. Although the flow­
ers are bisexual, functionally they are either male or fe- 
male, and cross-pollination is as obligatory as in species 
with separate male and female flowers.

Pollination agents. Pollination in saxifragalean families 
is usually by insects. The following account of pollinators 
in Jepsonia heterandra is typical of other species with sim- 
ilar breeding Systems. Soon after the opening of anthers 
in the moming, flowers of J. heterandra are visited by 
flies, especially by several genera of syrphids, as well as by 
small bees, especially the species Dialictus ornduffi. The 
male insects visit flowers to obtain nectar (but not pollen) 
and to mate with females. In the course of these activities, 
pollen occasionally adheres to the bodies of the bees and 
is consequently available for transfer to other flowers. The 
females, which visit flowers to gather both pollen and 
nectar, collect abundant quantities of Jepsonia pollen on 
the posterior pair of legs.

Syrphid flies drink nectar from Jepsonia flowers but do 
not crawl into the flowers as do female Dialictus ornduffi; 
rather, the flies remain at the entrance to the floral axis 
and on the styles. From this position the proboscis (elon- 
gated mouthparts) is extended down to the nectaries at 
the base of the petals. When this happens, pollen from the 
anthers is transferred to the underside of the fly’s head, 
and the proboscis also becomes coated with pollen. During 
grooming activities, pollen from the head and proboscis 
is transferred to the forelegs. Flies visiting other flowers 
transfer the pollen to them, effecting cross-pollination.

Other pollinators of saxifragalean plants have been 
recorded, and flies have been observed transferring pollen 
of certain species of the family Crassulaceae and Parnas­
sia. Most flowers of Parnassia have conspicuous nectar- 
secreting staminodia (sterile, or aborted, stamens), which 
act as glands and secrete glistening droplets of nectar; flies 
feeding on this nectar may become dusted with pollen. 
Pollination in Roridula appears to be carried out by small 
Heteroptera. When the sensitive anthers in Roridula are 
touched by a suitable visitor, they suddenly spring upright, 
scattering pollen over the insect. The brightly coloured 
tubular flowers of some Crassulaceae—e.g., Bryophyl- 
lum—are pollinated by birds. Pollination of Escallonia has 
not been observed in the wild, but the abundant nectar 
makes insect pollination very likely. Flowers of E. rubra 
growing in England have been observed to be visited both 
by honeybees and bumblebees, the latter even biting their 
way into closed flowers to secure the nectar (see repro- 
d u c t io n  a n d  r epr o d u c tiv e  System s: Pollination for 
additional Information about the mechanisms involved in 
the process).

Ecology. Plants belonging to the order Saxifragales in- 
habit almost the complete range of environmental condi- 
tions on Earth. They are to be found growing in deserts 
and semideserts, under mesic (moist) conditions, and in 
water; they occur at sea level and in the mountains above 
the tree line; they grow in humid and dry tropical atmo- 
spheres, in the cold of the Arctic and Antarctic, and in 
the snowy reaches of the European Alps, the Andes, and 
the Flimalayas.

Escallonia, the largest in numbers (60 species) of the 7 
genera of the family Escalloniaceae, is confined to South 
America except for one species that reaches Costa Rica. 
The genus is found predominantly in mountainous re­
gions, but in the southemmost portion of its range in 
South America, it grows in a temperate climate near 
the sea. In the cordilleras of Bolivia, Peru, Ecuador, and 
Colombia, plants of Escallonia grow as low shrubs at an 
elevation in excess of 13,000 feet (4,000 metres), extend- 
ing above the tree line. The Valdivian rain forests of Chile 
contain several species of Escallonia. In the dry scrub 
Vegetation of central Chile, Escallonia grows in Company 
with Araucaria (monkey-puzzle tree), Alnus (alder), and 
sclerophyllous shrubs—typically leathery-leaved plants of 
dry habitats. In such dry areas of Chile, and from Ar-

gentina to Venezuela, Escallonia species occur at the bases 
of valleys near sources of underground water. In south- 
east Brazil, Uruguay, and portions of adjacent Argentina, 
Escallonia occurs in the forest. In other regions of Chile 
and Brazil, some species of Escallonia grow in flooded 
areas and swamps, but they are rarely found in the shrub- 
covered campos (level, grassy plains areas with scattered 
trees or shrubs). In the high cordilleras from northwestem 
Argentina to Peru, Escallonia plants are not scarce on the 
upper cloud forest border, and farther north in Colombia 
they penetrate the paramos (high, treeless plains). The 
highest cloud forest sites that support the growth of Escal­
lonia occur in parts of the southeastem Brazilian Coastal 
ranges and in Costa Rica, where species live in subalpine 
meadows together with numerous members of the family 
Ericaceae (heaths).

Brunelliaceae, consisting of the single genus Brunellia, is 
another strictly tropical American group of plants. It is 
distributed along the western side of America from about 
23° North latitude in Mexico and the Greater Antilles 
south to 18° in Bolivia. Like Escallonia, most species 
of Brunellia grow in mountain forests, from elevations 
of about 2,000 feet (600 metres) to 12,500 feet (3,800 
metres). One group of Brunellia species occurs at low el­
evations, from 2,000 to 6,500 feet (600 to 2,000 metres). 
Another group inhabits cola regions and is usually found 
between 9,200 and 10,500 feet (2,800 and 3,200 metres) 
elevation. In contrast, B. hygrothermica is part of the sea- 
level Vegetation, where temperatures range between 86° 
and 102° F (30° and 39° C) and the rainfall amounts to 
320 inches (8,000 millimetres).
The family Crassulaceae is of cosmopolitan distribution, 

but species are particularly concentrated in the dry re­
gions of Southern Africa, the Macronesian islands (Azores, 
Canary Islands), and in western North America. Most 
plants of the Crassulaceae are characterized by their mod­
erate to extreme succulence—thick, fleshy stem and leaf 
growth—and most members of the family are remarkable 
for their dry-habitat-adapted structure, particularly mu- 
cilaginous water-storage tissues in the leaf and stem. Some 
species are beiieved capabie of absorbing water directly 
from the air through special hairs, surface cells, or aerial 
roots. Bladder hairs of Crassula falcata, for example, can 
take up moisture from the atmosphere. Many plants of 
the family are of the rosette growth habit. Their crowded, 
basally disposed leaves are able to retain moisture in the 
form of dew; absorption of this moisture may take place 
directly through the leaves or through special hairs. The 
viviparous habit (i.e., the production of plantlets directly 
from leaves of the parent plant) of Bryophyllum species 
may be an adaptation to arid conditions; the plantlets are 
ready to grow in the presence of the slightest moisture.

The family Saxifragaceae illustrates the entire range of 
adaptation to differing moisture conditions found in the 
order. Saxifraga nutans is a true aquatic plant, S. penn- 
sylvanicum is a bog plant, and S. micranthidifolia grows 
in cold mountain streams and on wet rocks. Other species 
are more or less adapted to dry conditions (i.e., they are 
xerophilous), among them S. tridactyloides, which stores 
moisture in small bulblike bodies on the stem (bulbils). 
Similarly, S. trifurcata has a strongly cuticularized (wax- 
coated) epidermis, S. globulifera produces membranous 
bud scales and hairy stipules, and S. aspera stores moisture 
in its fleshy, heavily cuticularized, long-persistent leaves; 
all are examples of adaptations to dry habitats. In some 
saxifrages, leaf rosettes are produced. The bases of the 
lower leaves in the rosettes are only weakly cuticularized, 
so that dew accumulating there may be absorbed by the 
leaves in sufficiënt quantity to enable the flowering shoot 
to develop.

Species of the genus Saxifraga are known for their tena- 
cious ability to grow and thrive on exposed rocky crags 
and in fissures of rocks. The name Saxifraga literally 
means “rock breaker.” Thus saxifrages grow high in the 
Alpine regions of the mountains of Europe, in places that 
are covered with snow and ice for long periods of the year. 
The plants have tough, wiry root Systems and deeply pen- 
etrating taproots. In the same harsh environments, some 
saxifrages (e.g., S. hirculus) develop as cushion plants.

Saxifrages 
growing on 
rocks
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This involves a considerable reduction in leaf surface (that 
is, a diminution of the evaporating surface) and a fore- 
shortened shoot. These low cushion plants are also often 
adaptable to bog conditions.

Most Saxifragaceae species, however, grow in moist, 
shaded woodlands. Among these are species of Sax­
ifraga, Astilbe, Rodgersia, Astilboides, Peltiphyllum, and 
Boykinia.

FORM AND FUNCTION
The several families that make up the order Saxifragales 
are held together by a pattem of overlapping similarities, 
rather than by characteristics held in common by all fam­
ilies. Perhaps the order is best described by its intemal 
heterogeneity instead of by its homogeneity. Practically all 
growth forms of plants are found, including trees, shrubs, 
and woody climbers among the woody types; and annual 
and perennial herbs among the herbaceous types. Leaves 
are altemate or opposite, with or without stipules (basal 
appendages). Sometimes the flowers contain elements of 
both sexes—that is, stamens (male) and pistils (female)— 
but in some groups the flowers may be either entirely 
male or female. The flowers are almost always radially 
symmetrical. Generally the petals are free—that is, sep­
arate and not fused to each other. Stamens vary from 
few in each flower to many and indefinite in number. 
The ovule-bearing segments of the pistil (carpels) may be 
separate, but more often they are fused to each other. All 
conditions of ovary insertion are present, ranging from 
ovaries positioned above the other flower parts (superior 
ovaries) to those wholly enclosed by the fused bases of the 
sepals, petals, and stamens (inferior ovaries) as well as var­
ious intermediate conditions. Seeds usually have abundant 
nutriënt tissues for the developing embryos (endosperm). 
More homogeneity exists among the anatomical features. 
The pollen grains, for example, are usually tricolpate, 
which means they have three germinal grooves. Among 
the woody families, vessel elements (water-conducting 
cells) have end openings predominantly with ladderlike 
crossbars (scalariform perforations), whereas among the 
herbaceous families, the vessel elements usually have sim­
ple perforations.

Several of the families are very distinctive in certain 
features. The family Phyllonomaceae is characterized by 
flowers bome directly on the leaves. The family Crassu­
laceae is well known for its extreme succulence and the 
presence of crassulacean acid metabolism. Byblidaceae is 
insectivorous, and Cephalotaceae is distinguished by its 
remarkable um-shaped leaves and its insectivorous nutri- 
tion. The family Francoaceae is distinctive in having a 
diacytic stomatal apparatus (i.e., stomates, pores in leaf 
surfaces, with two epidermal cells enclosing the pore so 
that their common wall is at right angles to the long axis of 
the stomate). The family Davidsoniaceae is characterized 
by its irritant hairs. In addition to normal phloem extemal 
to the water-conducting xylem, the family Crypteroniaceae 
also has intemal phloem— i.e., food-conducting tissues lo- 
cated within the stem interior, between the pith and the 
inner surface of the xylem. The families Roridulaceae and 
Byblidaceae are characterized by the circinate vemation 
of their leaves; the leaves are rolled lengthwise in the bud, 
like those of fems. Pittosporaceae has secretory canals in 
the axis.

EVOLUTION
Fossil record. Although many species of fossils have 

been described and assigned saxifragalean names and rela- 
tionships, it is impossible in many cases to establish with 
any degree of certainty the accuracy of these assignments 
as far as the real relationships of the fossil plant material is 
concemed; thus the following examples should be viewed 
with an understanding of this qualification.

The family Saxifragaceae is represented in the fossil 
record by Saxifraga, found in many European localities 
in deposits as old as the Tertiary Period (65,000,000 
to 2,500,000 years ago), but most have come from the 
Pleistocene Epoch (which began about 2,500,000 years 
ago) and more recent deposits. Various fruits and leaves 
from England, Czechoslovakia, and Germany in Eocene

(54,000,000 to 38,000,000 years ago) and more recent de­
posits, and Chrysosplenium from the middle Pliocene of 
England, are also known from the Saxifragaceae. The fam­
ily Hydrangeaceae is represented by Philadelphus, known 
from Canada in deposits as old as the Upper Creta- 
ceous; and by Deutzia, Schizophragma, Decumaria, and 
Hydrangea from many European, central Soviet Union, 
Japanese, Alaskan, and North American localities of Ter­
tiary age. Ixerba of the family Brexiaceae has been found 
in the Pliocene of New Zealand. Itea of the family Iteaceae 
occurs in Tertiary deposits of Italy. The family Escalloni- 
aceae is known from the Pliocene of New Zealand and 
Bolivia (Quintinia and Escallonia, respectively) and is also 
known from the Pleistocene of New Zealand (Carpodetus).

The family Grossulariaceae is known in fossil form by 
Ribes, found in European and North American Tertiary 
deposits, and by Riboidoxylon (wood) from the Upper 
Cretaceous in California. The family Cunoniaceae is rep­
resented by the fossil genus Cunonioxylon (wood) from 
Upper Oligocene deposits in the eastern Alps of Europe. 
Leaf and stem fossils of the family Crassulaceae are known 
from France and The Netherlands in Tertiary deposits. 
A flower of Billardierites of the family Pittosporaceae 
has been found in amber of Miocene age (26,000,000 to
7.000. 000 years ago) from the Smäland Peninsula of the 
Baltic coast.

Several conclusions can be drawn from the above data. 
Members of the Saxifragales have been present at least 
since the beginning of the Tertiary Period—that is, from 
the Paleocene Epoch (which began about 65,000,000 years 
ago)—and probably even earlier. There are several reports 
of saxifragalean plants from earlier strata (e.g., Philadel­
phus and Ribes from Upper Cretaceous sediments). The 
occurrence of the wood of Ribes, represented by the form 
genus Riboidoxylon, is well dated and based on modem 
methods. It can probably be accepted as the earliest docu- 
mented discovery of a saxifragalean plant. The Late Upper 
Cretaceous deposits of the Panoche Formation, in which 
Riboidoxylon occurs, are dated at between 70,000,000 and
80.000. 000 years ago.
A comparison of the geographic distribution of fossil 

forms with modem representatives of the same genera 
is instructive. Modem species of Philadelphus grow in 
southem Europe, Asia, and North and Central America. 
The fossil occurrence of Philadelphus in what is today 
northem Germany is thought to indicate a recent contrac- 
tion of an originally broader range for the genus. Today, 
species of Hydrangea occur from India to Japan, in the 
Malay Archipelago, in North and Central America, and in 
western South America. The fossil range of Hydrangea in 
northem, central, and southem Europe provides evidence 
that the genus was more widely distributed in geologically 
earlier times than it is now.

More difficult to explain are the occurrences of other fos­
sil saxifragalean plants in northem latitudes, for example, 
the Cunonia-like wood in the eastern European Alps and 
the Biliardiera-like flower in the Baltic region of present- 
day Germany. The family Cunoniaceae is mostly south­
em in distribution today and the Pittosporaceae, to which 
family Billardiera belongs, is fundamentally Australian, 
eight of its nine genera being found on that continent.

These outstanding disjunctive distributions must be 
viewed with considerable prudence pending other forms 
of corroborative evidence such as a reexamination of the 
identifications and a search for other southem plant forms 
in the beds containing these reputed saxifragalean ances- 
tors. Overall, however, the conclusion that is drawn from 
presently available data and observations is that present- 
day distributions of saxifragalean plants are remarkably 
similar to those that existed as long ago as the Upper 
Cretaceous Period.

Phylogeny. The fossil record of the order Saxifragales 
is too fragmentary to enable any conclusions to be drawn 
conceming its early origins and relationships. All that 
can be stated with any assurance is that saxifragalean 
plants appeared in Late Upper Cretaceous times contem- 
poraneously with representatives of many other families 
of flowering plants. Doubtless, the actual progenitors of 
plants with saxifragalean relationships were in the process
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of evolving long before Saxifragales are recorded in fossil- 
bearing strata. Nothing is known about the real relation­
ships of these ancient plants of saxifragalean alliance nor 
from which plants they may have evolved.

Information from comparative studies of present-day 
Saxifragales species seems to point to an origin from an- 
cestors of the order Dilleniales. The order Saxifragales is 
closely related to the order Rosales, and perhaps its near- 
est affinities are with members of this group. Although 
the anatomy of the wood of several families in the Sax- 
ifragales is more primitive than that of the most primitive 
representatives of the Rosales, floral structure in some 
saxifragalean families reaches a higher level of specializa- 
tion than that found in any rosalean families. It appears, 
then, that both the Rosales and Saxifragales owe their 
origins to forebears of the Dilleniales, perhaps to ancient 
plants of magnolialean (i.e., the order Magnoliales and its 
relatives) alliance.

CLASSIFICATION AND TAXONOMIC STATUS
D istinguishing features. In flowering plants, floral char- 

acteristics pro vide the major bases for family delineations. 
To a lesser extent, vegetative features are used— i.e., the 
morphology of leaves and twigs, growth habit of the 
plant, texture of the bark, and sometimes microscopie 
structure and Chemical constituents. Some plant families 
have unique or almost unique properties, such as insectiv- 
orousness or epiphyllous flowers, which enable the plant 
taxonomist to characterize the family. Usually, however, 
this is not the case, and families are established on a 
combination of characteristics; it is this combination of 
characteristics that sets the family apart from other closely 
related families.

The generalizations above hold true for the families 
that comprise the order Saxifragales. Some families have 
evolved very specialized structural innovations, but most 
owe their distinctiveness to a combination of characters 
rather than to any single character. Because the elements 
that make up the order Saxifragales can be interpreted 
in various ways, plant taxonomists over the years have 
assembled different schemes of arrangement; usually the 
schemes are influenced by their creators’ ideas of the fea­
tures that are the most reliable indicators of relationship 
and whether larger or smaller groups of plants are more 
reflective of natural conditions. Nevertheless, the several 
schemes of arrangement are more or less based on the 
same data and raw materials. The manner in which these 
are employed and weighted gives rise to some of the differ- 
ences in Systems of arrangement of saxifragalean families.

Among the useful characters employed to subdivide the 
order Saxifragales into families is the predominant habit 
(growth form) and duration of the plants—that is, whether 
the plants are woody or herbaceous, and, if herbaceous, 
if they are annual or perennial. Using these criteria, the 
order is divided into two main groups of families, those 
with mostly woody, perennial plants and those made up 
mostly of herbaceous species. Herbaceous Saxifragales are 
usually perennials, but annual plants predominate in a few 
families. Useful characteristics of the leaves concern phyl- 
lotaxy—that is, whether the leaves are altemate, opposite, 
or whorled on the stem. All three dispositions occur in 
different parts of the order. The presence or absence of 
stipules (basal appendages on leafstalks) and of simple or 
compound leaves have been useful in separating families. 
Fusion of sepals and petals, and of the carpels (the ovule- 
bearing segments of the ovary), are pertinent criteria in 
distinguishing among the families. The number of sta­
mens, whether they are definite or indefinite in number, 
is also a meaningful character for delineating saxifragalean 
families. Position of other floral parts in relation to the 
pistil (female organ)—that is, whether sepals, petals, and 
stamens are attached below, at, or above the attachment 
to the floral axis of the ovary—is an important means 
of segregating families in this order. The kind of fruit 
produced is indicative of familial cohesiveness, as is the 
number of coats on the seeds.

B asis o f  the Classification system . The Classification of 
the order Saxifragales into families as presented in this ar- 
ticle incorporates both traditional Information from floral

structure and vegetative morphology and ancillary data 
on the microscopie anatomy of plant parts. This Classifica­
tion, in its broader aspects, conforms to others published 
in recent years. Unlike some Systems, however, which 
separate the families Philadelphaceae and Hydrangeaceae, 
these two are united here, and the combined group is 
considered under the name Hydrangeaceae. Because of 
the many overlapping characters between the two groups, 
relationships are better preserved and expressed by joining 
rather than by separating them.
The family Paracryphiaceae (with Paracryphia as the 

only genus) is included provisionally within the order, 
but the relationship is not wholly certain. Lepuropetalon, 
considered as the basis of a separate family (Lepuropeta- 
laceae) by some plant taxonomists, is tentatively included 
within the family Pamassiaceae (which has two genera, 
Parnassia and Lepuropetalon). Unlike the Situation with 
Paracryphia, Lepuropetalon has long been included in the 
family Saxifragaceae, and it seems to be related to this 
general alliance of plants. Its inclusion as a second genus 
of Pamassiaceae, however, is a departure from traditional 
treatments.

A number of the taxa here considered as families are 
assigned merely to generic status by some taxonomists. 
In treatments by other taxonomists, all or some of the 
families included here in the order Saxifragales are put 
into different orders along with another variety of families. 
Such dispositions reflect valuation and weighting by dif­
ferent taxonomists and are not to be considered “wrong” 
on this basis alone; rather, they are legitimate expressions 
of personal predilections.

Alternate System s o f  Classification. In older taxonomie 
Systems, the family Saxifragaceae is placed in the order 
Rosales along with other families traditionally placed there, 
such as Hamamelidaceae, Rosaceae, Platanaceae, Crassu­
laceae, Cunoniaceae, and others. More recent authorities 
have placed the plant groups included in the traditional 
Saxifragaceae in different categories and have given differ­
ent taxonomie importance to the categories themselves.

In one recent system of Classification the older Saxifra­
gaceae (ireated as a family in the order Rosales) is placed 
in two different orders: Saxifragales, consisting of the fam­
ilies Crassulaceae, Cephalotaceae, Saxifragaceae, Eremosy- 
naceae, Vahliaceae, Francoaceae, Donatiaceae, Pamassi­
aceae, and Adoxaceae; and Cunoniales, containing the 
families Pterostemonaceae, Cunoniaceae, Philadelphaceae, 
Hydrangeaceae, Grossulariaceae, Oliniaceae, Greyiaceae, 
Escalloniaceae, Baueraceae, and Crypteroniaceae. In an­
other recently proposed system, the saxifragaceous groups 
of traditional Classification Systems are all included in the 
order Rosales under four families: Hydrangeaceae, Grossu­
lariaceae, Cunoniaceae,and Saxifragaceae. Woody taxa are 
concentrated in the first three families, the majority falling 
into Grossulariaceae. The order Rosales in that system 
contains 17 families and nearly 20,000 species.

Thus, am ong the several recently proposed Systems o f  
Classification, there is considerable diversity o f  op in ion  
as to  the taxonom ie values and the com position  o f  the  
groups com prising the Saxifragales.

All of the recombinations, re-evaluations, and reinterpre- 
tations appear to be based on little more than a reworking 
and re-sorting of presently available evidence. Such ac­
tivities are not productive; a better approach would be 
taxonomies based on new evidence, thus reducing or even 
eliminating conjectural aspects. New data can come from 
intensive studies in plant anatomy, from comparative plant 
chemistry and cytotaxonomic studies, intensified paleo- 
botanical investigations, and other nontraditional means.

(W.L.St.)

Rosales (rose order)

In comparison with other orders of flowering plants, the 
rose order (Rosales) is not particularly large in terms of 
either the number of families it includes (three) or in the 
number of its species (about 3,200). It is, however, one of 
the most frequently encountered flowering plant groups in 
the temperate zones of the world, especially in cultivation. 
Some of the most important food plants occur in the or-
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der, and numerous ornamentals are of this alliance, among 
them roses (Rosa), flowering cherries (Prunus), moun­
tain ash (Sorbus), spirea (Spiraea), firethom (Pyracantha), 
hawthom (Crataegus), and various species of cinquefoil 
(Potentilla). Members of the order are most characteristic 
of the upper latitudes or higher altitudes, being common 
in the temperate zones of both the New and Old World, 
but there are also important tropical species.

GENERAL FEATURES
Structural diversity, distribution, and abundance. The

order is extremely diverse, ranging from small herbs 
(strawberry and cinquefoil) to shrubs and woody climbers 
(roses and spirea) to Small trees (mountain ash) and giaiit 
tropical trees (Parinari, Licania). There are many more 
woody or partly woody species than there are herbaceous 
kinds. Tropical lowland representatives in the New World 
are mostly woody shrubs to quite large trees, some more 
than 100 feet (30 metres) tall, with extremely hard, often 
useful wood. These woody kinds are especially character­
istic of the family Chrysobalanaceae.

Members of the rose order have a natural distribution 
over much of the world, but the group is especially abun- 
dantly represented in eastern Asia (Japan and China), 
North America (north temperate areas), and Europe. The 
largest genera are Rubus (blackberries and raspberries), 
with several hundred species; Crataegus (hawthoms), with 
a like number of species; Potentilla (cinquefoils), with 300 
species; and Rosa itself, with about 150 natural kinds. The 
precise size of these genera is very diflicult to state, es­
pecially in the blackberry and hawthom groups. In these, 
there have been widespread hybridization and recombina- 
tion of species formerly isolated from each other ecolog- 
ically. With the destruction of forests and other barriers 
to interbreeding, two or more species have often come 
together, bred with one another, and the hybrids have 
backcrossed with the parents. The consequence is that es- 
timates, for example, of blackberry-raspberry species range 
from 25 to 1,000 or more different kinds, depending upon 
the taxonomie recognition given to the many forms. If 
each variant is considered a species or a subspecific unit of 
some rank, the number of kinds becomes almost infinite, 
and such a Classification system serves no useful purpose.

Economie importance. Numerous economically impor­
tant food plants belong to the rose order, including apples 
(Malus), pears (Pyrus), peaches, apricots, and plums (all 
three, Prunus). That is, most of the more important fruits 
produced in the temperate areas belong to this one order 
and to one of the families, the rose family (Rosaceae). 
Apple culture, based on crosses and selection from the 
common crab apples, is the economie base for several parts 
of the United States, including the northwestem States and 
New York, Michigan, and Virginia. In the southem U.S., 
strawberries (Fragarid) and peaches replace apples as the 
major fruit crops of the rose order.

Besides the many food plants of the order, there are also 
large numbers of ornamentals in temperate gardens. Of 
these, none is more widespread, appreciated, or diverse 
in form than the cultivated roses. There are numerous 
wild species, but, except when planted for livestock enclo- 
sures, they are seldom used. The hundreds of cultivated 
varieties, however—climbers and bushes, dwarfs and Stan­
dards, singles and doublés, and those with petals of every 
hue—grace the gardens of cottage and castle, ghetto and 
suburb. The damask rose is widely grown in Bulgaria for 
the valued perfume, called attar of rose, and rose water, 
which are distilled from the fresh flowers. An uncommon 
but historically interesting economie use was recognized 
and began to be exploited during World War II, when the 
fruits of wild rose species were gathered for their very high 
vitamin C content. The practice has continued among 
present-day advocates of herbs and health foods.

Many members of the Rosales order have less well known 
values. Ninebark (Physocarpus) is a shmb that in dense 
stands helps to prevent soil erosion and provides shelter 
for birds. Mountain ash trees (Sorbus) produce orange 
fruits that feed many birds and can even be used for 
jelly making. Shadbush (Amelanchier) bears fmits used by 
birds, and its leaves, bark, and young twigs feed deer and

rabbits. Hawthoms (Crataegus) pro vide excellent cover for 
wild animals, and the fruits make up a substantial part 
of the diet of some birds. The wood of the black cherry 
(Prunus) is important in cabinetmaking. The heavy, hard, 
close-grained wood of the hawthom makes excellent tooi 
handles, canes, and charcoal.

Contributions of the order for medicinal purposes are 
numerous, especially among the herbaceous species. Ag- 
rimony (Agrimonia), for example, was looked upon in 
past ages as a general cure-all for any sort of wound, for 
snakebites, and even for removing warts. It has also been 
used commonly as a substitute for or as an additive to tea, 
and the entire plant yields a pale- to intense-yellow dye, 
depending on the season it is collected. It is still believed 
to be useful in the treatment of diarrhea and liver ailments 
and as a gargle. The active principle is a tannin.

The petals of certain rose species are strongly odorous 
by virtue of a volatile oil they produce. This property 
gives rose petals value as flavouring for cough symps and 
candies. Dried rose petals are often kept in potpourri jars 
or among clothing items, where their fragrance is slowly 
released. Fresh rose petals impressed in the surface of 
butter contained in a tightly covered container ovemight 
in a cool place impart a delicate rose odour and taste 
to the butter. This, spread on small thin shapes of bread 
and gamished with a fresh rose petal, makes rose-petal 
sandwiches, often served with tea.
The leaves of hawthom have been used as an adulterant 

of tea. Its flowers and fruits have astringent properties, 
which form the basis of their medicinal use as a cardiac 
tonic and as a diuretic for some kidney ailments. The 
fruits added to brandy produce a highly regarded liqueur.

In addition to the temperate-zone fruits of the rose fam­
ily, there are also a few now widely cultivated species from 
the tropics and subtropics. The loquat (Eriobotrya) origi- 
nally came from China, but it grows easily in warm places 
from southem Florida south. The coco plum (Chrysobal- 
anus), a native fruit in the tropics and subtropics, grows 
along sandy shores from Florida through the West Indies, 
south to Brazil. The sweet, dry, but rather tasteless fruits 
are bome on small shmbs or low trees of the strand and 
riverbanks. In Mexico, the bark, leaves, and roots are used 
medicinally as an astringent; the leaves and fruits are the 
source of a black dye; and the oily pits are used for food, 
or they are strung on sticks to serve as candies. Oiticica 
oil is a product expressed from fmits of one of the species 
of the family Chrysobalanaceae that grows in northeastem 
Brazil, where it has long been used medicinally and for 
illumination. Large quantities of the oil are imported by 
the United States for use in place of tung oil in paints, in 
making printing inks, and in making linoleum.

NATURAL HISTORY
Life cycle—reproductive features. The evolutionary 

success of the rose order rests on a variety of adaptive 
advances over its progenitors. The embryo, for example, 
uniformly fills the seed and is not dependent on an en- 
veloping endosperm (nutriënt tissues in the seed), as are 
the embryos of some less advanced families.

The wide range of fruit types in the order also is thought 
to have had a high selective advantage in its evolution, 
because a variety of different forms would increase the 
chances of successful dispersal and establishment. In addi­
tion to the familiar edible types of fruits (e.g., apples and 
pears, cherries and plums, and strawberries), many species 
groups produce fruits with hooks and barbs that ensure 
their transport on animal’s hair or on man’s clothing from 
place to place.

More important than the foregoing, however, is the 
frequency of a form of asexual reproduction known as 
apomixis, a term often used loosely to include all forms 
of nonsexual reproduction. Some species in the order may 
reproduce exclusively by such nonsexual methods as run­
ners (strawberries) or horizontal leafless stem structures 
called rhizomes (raspberries) and still retain their capacity, 
entirely or in part, to reproduce sexually by seed. Other 
species have lost all capacity for sexual reproduction. Ob- 
viously, apomictic reproduction confers considerable evo­
lutionary advantage, for a species may achieve extensive
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distribution even in the absence of its principal pollinators 
or under conditions unfavourable to seed development 
and germination.

On the other hand, apomixis often produces such a 
multitude of forms that Classification is more a matter 
of arbitrariness than a scientific attempt to express evolu- 
tionary relationships. In the rose and the apple subfami­
lies (Rosoideae and Maloideae), much of the taxonomie 
confusion, such as that concerning the genera Rubus and 
Crataegus, is the result of hybridization, polyploidy (hav- 
ing multiples of the basic number of chromosomes), and 
apomixis. Two sexual species, each of which may have a 
multiple set of the normal chromosome complement, can 
hybridize but produce largely sterile offspring. The lat- 
ter, however, can become well established in nature, with 
well-developed geographic distributions, by either total or 
partial apomixis. At the same time, a doubling of the chro­
mosome complement (polyploidy) may reestablish partial 
or full fertility. All these routes to survival of new forms 
appear to have operated during the evolutionary history 
of the rose order. Grafting and budding are man-made 
asexual means employed for the perpetuation of desirable 
varieties of apples, pears, peaches, and other related fruits.

Although knowledge of the cytology (the study of cells, 
especially of chromosomes) of the order is incomplete, 
much has been recorded about chromosome numbers in 
the family Rosaceae. The spirea subfamily (Spiraeoideae) 
has a basic chromosome number of 8 or 9, and it may be 
interpreted as more stable evolutionarily than some of the 
other subfamilies. The rose subfamily (Rosoideae), which 
includes the highly variable raspberry genus (Rubus), has 
at least three basic chromosome numbers, 7, 8, or 9. The 
apple subfamily (Maloideae), including the taxonomically 
confusing hawthoms (Crataegus), has a basic number of 
17, and the plum group (subfamily Prunoideae) has 8 as 
its base number of chromosomes. The 17 chromosome 
pairs that are the basic number in the apple group have 
been explained by some researchers as being the result 
of hybridization and subsequent polyploidy between an- 
cestral species of the spirea group (with its nine pairs of 
chromosomes) and the plum group (with its eight pairs).

Ecology. The ecological preferences of the Rosales or­
der are diverse and wide-ranging. Altitudinally, species of 
herbs, shrubs, or small trees extend from sea level to Alpine 
meadows beyond the tree line. Many species are weedy,

occurring in association with man’s activities, and some 
are clear indicators of soil sterility. Fruit-eating birds drop 
seeds or other propagula (e.g., whole fruits or plant pieces 
that can grow to establish new plants) along fencerows or 
in hedgerows, so blackberries, hawthoms, and wild cher­
ries are commonly found in such places. Members of the 
order are found in deserts, in the tropical rain forest, and 
in every intermediate Situation.

Not infrequently the distribution of a species is deter- 
mined by the Chemical nature of the soil, for many species 
are able to succeed only on soils derived from limestone. 
The cultivated fmits of the order, for the most part, prefer 
well-drained situations, and, for that reason, much of the 
commercial production is in hilly or rolling countryside. 
Soil type is less important, for these fruit trees thrive on 
even heavy clay soils, but they must be well aerated and 
freely draining.

FORM AND FUNCTION
Vegetative characteristics. In habit the species of Ro­

sales are about as diversified as possible, with every life 
form from small creeping herbs to giant hardwood trees. 
Many of the included groups have thoms and prickles, 
but this is scarcely a universal or even distinguishing char- 
acteristic. Much more typical is the altemating position of 
the leaves on the sterns; only rarely do they occur opposite 
each other. The leaves are often compound (i.e., with sev­
eral leaflets to a common leafstalk), as in roses, strawber­
ries, and cinquefoils, but the pome-fruited members such 
as apples and peaches have simple leaves. Stipules, small 
leaflike appendages at the base of the petiole (leafstalk), 
also are characteristic of the order. They sometimes fall 
very soon after expansion, or they are not obvious because 
they are often joined with the petiole, as in the roses.

Hairlets on various parts of the plants are usually one- 
celled and either glandular or, more commonly, not. The 
leaves sometimes bear nectaries (nectar-producing glands) 
on the petiole, on the blade surface, or on each tooth 
along the leaf margin. Crystals of calcium oxalate are 
found in the leaves of many species, either solitary or in 
clusters. The wood in species of the Northern Hemisphere 
has small, numerous vessels (water-conducting cells) that 
often have spirally thickened walls, simple perforations 
(i.e., open-end walls joining the cells into tubes), and 
wood fibres that have many bordered pits (tiny openings

Drawing by M. Moran based on (A, left, right) reprinted with permission of Macmillan Publishing Co., Ine. from T a x o n o m y  o f  V a s c u la r  P la n t s  by G.H.M. Lawrence. Copyright 
1951 by The Macmillan Company, and (A, middle, B) A. Engler, S y l la b u s  d e r  P f la n z e n fa m il ie n , and (C) A. Engler and K. Prantl, D ie  N a tü r l ic h e n  P f la n z e n fa m i l ie n
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along the sides of the cells; the “borders” are structural 
complexities that distinguish this type of pit from “simple 
pits” found in many other plant groups).

On the basis of anatomy, only the plumlike species can 
be separated from the other groups of the rose family. 
The family Chrysobalanaceae, however, is quite distinct 
anatomically in numerous respects. The stomates (small 
pores in leaf surfaces) are of a type distinct from the rest of 
the order, and the leaf hairs are arachnoid (cobwebby) or 
even stellate (with radiating branches, starlike) or peltate 
(with a shield-shaped structure at the apex). Glands are 
often present at the base of the leaf in many species, 
and silica bodies (deposits of the glassy mineral silica) are 
found in leaf or young stem cells of many species. Wood 
vessels are large and occur as solitary elements lacking the 
spiral thickenings of the vessels in the rose family. 

Reproduc- Flower and fruit characteristics. Flowers of the rose 
tive order are almost always bisexual—that is, with stamens
structures (male reproductive structures) and pistil (the female repro­

ductive structure) in each flower. When this is not true, 
the male flowers occur on one plant and the female ones 
on another individual of that species (the dioecious con­
dition). The flowers are regulär (i.e., radially symmetrical) 
in most genera, but several of the Chrysobalanaceae have 
irregulär (bilaterally symmetrical) flower structure, either 
in the perianth (the collection of both sepals and petals) 
or in the reproductive parts. The flowers are bome singly 
or in a wide variety of inflorescence (flower-cluster) types, 
which are either determinate or indeterminate. Determi- 
nate inflorescences mature from the top downward; that 
is, the central or terminal flower blooms first, and, since 
this is located at the growing tip of the inflorescence, no 
further buds are produced. Indeterminate inflorescences 
mature from the bottom upward, and new buds are con- 
tinually produced at the growing tip of the inflorescence.

Sepals and petals usually are present, but, in some 
species, one or both series are lacking. The perianth parts 
are usually joined with each other, in part, to form a 
cupular to elongate tubular structure called a floral cup or 
hypanthium, the wall of which may also involve the bases 
of adnate (fused, joined) stamen filaments. At the bottom 
of the cup there is often a ring of secretory or glandular 
tissue that produces nectar.

The stamens are commonly numerous, occurring in one 
to several whorls of five stamens each and arising from 
the inner surface or rim of the hypanthium. The fila­
ments are free from each other except in several genera 
of the family Chrysobalanaceae, in which they are joined 
basally to varying degrees. In one genus the filaments are 
joined completely in a ribbonlike structure on one side 
of the flower.

The gynoecium (female structural complex—the pistil or 
collection of pistils) in this order is usually superior; that is, 
the sepals, petals, and stamens are attached below the base 
of the ovary. The large group of stone- or pome-fmited 
genera (apples, plums, pears), however, have a distinctly 
inferior ovary with the perianth and stamens arising above 
the compound, 2- to 5-parted gynoecium. The remainder 
of the genera have 2 to 10 carpels (structures comprising 
the ovary) in each superior gynoecium. The style, or styles 
when multiple, is terminal on the ovary or arises from 
its base. The erect or pendulous ovules (seed precursors) 
number 1 or more per carpel.
Fruits of the rose order are small and dry achenes (dry 

one-seeded structures that do not split open along definite 
lines) as in the strawberry and cinquefoil, follicles (dry 
structures that split open along one definite suture) as in 
spirea, pomes (fleshy fruits with cores) as in the apple and 
quince, drupes (fruits with stony pits) as in the plum and 
peach, or an aggregation of drupelets as in the blackberry 
and raspberry. The seeds have small embryos, and en- 
dosperm is usually lacking.

Biochemical features. Although concerted biochemical 
studies of the Rosales have not been undertaken, there 
are numerous data, some of which have special interest 
for taxonomists. A few examples may be instructive, but 
generalities at the level of the order are virtually impossi- 
ble at present.

Certain amino acids occur with such widespread fre-

quency in stem tips as to be of little systematic (i.e., 
relating to the Classification of species) value. On the other 
hand, one of these (arginine) is the amino acid commonly 
present in the family Rosaceae. Elsewhere it makes only 
sporadic appearance. Similarly, certain fatty acids such as 
licanic acid are characteristic of some members of the 
family Chrysobalanaceae.

While relatively few sugar alcohols are found naturally, 
some are distinctive of major flowering-plant groups.
Thus, sorbitol is infrequent generally but common among 
members of the rose family as a precursor of starch. It 
has been reported that leaves of certain Rosaceae, kept 
in the dark for a period to eliminate stored starch, will 
manufacture starch in the leaves when they are floated on 
a sorbitol solution.

Members of another dass of compounds yield cyanide Cyanide 
plus a simple sugar when they are broken down by en- formation 
zyme action. These cyanogenetic materials are probably 
of systematic importance by virtue of their distribution, 
but the supporting data are incomplete. It is interesting 
to note, however, that these compounds are apparently 
almost totally restricted to the advanced vascular plants.
Of those with cyanide-generating capabilities, the family 
Rosaceae has more species (150) than any other family.
There may also be plant populations that produce cyanide 
within species that are otherwise not cyanogenetic. Still 
more significant is the distribution of this characteristic 
within the rose family: cyanogenesis is common among 
the pome-fruited species and the plum subfamily but is 
much less frequent in the rose and spirea subfamilies.
Numerous groups of species of the rose family are dan- 

gerous because of the cyanide compounds contained in 
various parts of the plant. Mountain mahogany (species of 
Cercocarpus), evergreen, small-leaved shrubs of arid areas 
in the western United States, is browsed by animals, of­
ten with impunity, but at some sites the concentration of 
cyanide is high enough to be fatal to livestock. Similarly, 
but much more dangerous to livestock and to humans, 
several kinds of wild cherry, peach pits, and bitter almonds 
are poisonous. Ordinarily, grazing animals avoid such poi- 
sonous foliage as that of chokecherry (Prunus virginiana) 
and wild black cherry (Prunus serotina), but, either by 
accident or by elimination of other more desirable browse, 
animals are sometimes lost to cyanide poisoning from 
these plants. The cyanide is higher in wilted leaves and 
branch tips than it is in mature or dried leaves.

Some phenolic compounds also are distinctive of the fam­
ily Rosaceae or of some of its subgroups. Isoflavones, for 
example, have been found only in the families Rosaceae 
and Leguminosae (also called Fabaceae, order Fabales), 
which is not surprising to phylogeneticists who consider 
the two families to be closely related.

EVOLUTION
Fossil record. As with most flowering-plant groups, fos­

sil remains become increasingly common in the Tertiary 
Period (beginning about 65,000,000 years ago). Fossils 
are frequent in both European and North American for- 
mations of Eocene to Pleistocene age (i.e., from about
54,000,000 to within the last 2,000,000 years). It is sig­
nificant to note that fossilized parts have been found of 
plants readily assignable to all the subfamilies of the rose 
family and of the largely tropical family Chrysobalanaceae 
as well.

The genus Spiraea is known from fossils of its fruits, and 
there are leaf remains probably assignable to this group 
also. Ninebark (Physocarpus), a genus of modem-day 
shrubs, is represented in fossils of the mid-Tertiary. In the 
pome-fruited subfamily (Maloideae), seed remnants have 
been recognized of the hawthom (Crataegus) and pear 
(Pyrus) genera. Leaf fossils are described for the quince 
(Cydonia), serviceberry (Amelanchier), and hawthom. In 
the rose subfamily (Rosoideae), fmits of cinquefoil (Poten­
tilla) and raspberry (Rubus) are known from the Pliocene 
Epoch (2,500,000 to 7,000,000 years ago) and Oligocene 
Epoch (26,000,000 to 38,000,000 years ago) of western 
Europe. The stone-fruited subfamily (Prunoideae) is rep­
resented by fossil fruits of both plum and peach (Prunus) 
in the Pliocene of Germany and France. The family
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Chrysobalanaceae is represented by leaf fossils in the late 
Eocene flora of west central Oregon. This group, now 
largely tropical, was a part of a flowering-plant assemblage 
that unquestionably flourished in a tropical environment 
there, about 50,000,000 years ago.

Phylogeny. The fossil record characteristically is not 
very helpful either for relating the family to other families 
or the order to other orders. The speculations that follow 
are based more on comparative morphology and anatomy 
than they are on fossil evidence.

The order Rosales is considered to be one of the more 
primitive orders, derived from the Magnoliales through the 
modifications of one intermediate order, the Dilleniales. 
The genus Spiraea has sufficiënt similarities to the latter 
order and to the Saxifragales to indicate common ancestry. 
Likewise, the family Chrysobalanaceae is seen by many as 
the connecting link between the Rosales and the Fabales.

Within the order, the most primitive family is often con­
sidered to be the Chrysobalanaceae, with its superior ovary 
composed of a single carpel and the style arising from the 
ovary base. The family Rosaceae is probably even more 
basic, ranging as it does from having quite simple floral 
structures to very complex, from woody to herbaceous life 
forms, and with so many fruit types that give the family as 
a whole great selective advantage potentially over groups 
with less adaptive flexibility. The rose family consists of 
at least four subfamilies, which differ principally in the 
characters of their fruits. The family Neuradaceae proba­
bly is most nearly related to the rose family through the 
rose subfamily, but it is quite distinct in the wall struc­
ture of its pollen grains, as well as in the structure of its 
flower and fruit.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The features that distinguish 

the Rosales from related orders are several. Vegetatively, 
many species have compound or divided leaves that com­
monly are stipulate. The flower parts are usually in fives, 
arranged in concentric circles. Although the relationship 
among the floral organs varies from hypogyny (superior 
ovary) to epigyny (inferior ovary), the most characteris­
tic condition is perigyny (half-inferior ovary), the sepals, 
petals, and stamens arising from the rim of a cupular to 
tubular hypanthium. The stamens are usually in many 
whorls, and the gynoecium consists of free to united pistils.

Alternate System s o f  Classification. The Classification 
presented in this article is a recent one that is relatively 
conservative in approach. Only 3 families are included, 
in contrast to as many as 17 families in older treatments. 
Likewise, the family Rosaceae has been divided by some 
authors into 6 separate families, which are treated in the 
Classification above as 4 subfamilies. Although it repre- 
sents perhaps the narrowest view taxonomically of what 
the order includes, it is thought to be more natural evolu- 
tionarily than more inclusive treatments.

The difficulty in extending the ordinal concept beyond 
these 3 families is that distinctiveness of the order is lost 
as family after family is added. This treatment is based 
on what appears to be a logical point of Separation from 
related families. Some recent plant taxonomists include 
up to 19 families, some of which are subdivided by other 
workers into still other families. Solution of this Situation 
may not be possible in a manner satisfactory to even the 
majority of botanists. Much of the present lack of agree- 
ment is based on the interpretation of abundant data of 
many kinds. Biochemical, paleobotanical, and anatomical 
researches perhaps hold greatest promise for further re- 
finement of the order. (R.S.C.)

Fabales

Fabales is one of the three largest orders of flowering plants 
and is second only to the grass order (Poales) in economie 
importance. It includes a number of such familiär food 
products as beans, peanuts, and peas, as well as important 
sources of grazing food for animals, of which alfalfa and 
dover are the best known. In addition, most of the species 
are important elements of the natural ecosystem, in that 
they have the capacity, in conjunction with appropriate

MIMOSACEAE

R e p re s e n ta tiv e  fru its  o f  th e  o rd e r  F a b a le s .
The characteristic fruit type, known as a legume, is the single 
character by which the order is best known and is the basis 
of the classical name of the order (Leguminales), still used by 
many authorities.
Drawing by M. Pahl based on (all except Entada spicata, Millettia dielsiana, Erythrina 
rubrinervia) J. Hutchinson, Evolution and Phylogeny of Flowering Plants

microorganisms, to convert biologically inert atmospheric 
nitrogen into nitrates, in which form it is readily metab- 
olized by plants. While a few other plant orders possess 
species with this capacity, the Fabales order is responsible 
for the great mass of such biological recycling. Because 
of this factor, together with the high nutritive value of 
its grazing plants, the species are commonly employed in 
erop rotation practices.

Estimates suggest that the order is composed of ap- 
proximately 20,000 species distributed among 800 or so 
genera. Except for the family Krameriaceae, which has 
been removed from the order by most recent workers, the 
group is exceedingly natural—i.e., all of its families are 
closely related. Thus, nearly all treatments have recognized 
the order Fabales as being divisible into three families 
(or sometimes subfamilies), Caesalpiniaceae, Mimosaceae, 
and Fabaceae, and none has suggested that these families 
might be related to other groups more closely than they 
are to each other.

GENERAL FEATURES
The order, while worldwide in distribution, shows the 
greatest diversity of morphological types in the tropical and 
subtropical regions of the world. This is particularly true 
for the predominantly woody families, Caesalpiniaceae 
and Mimosaceae. The former comprise the dominant tree
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members of the savanna lands of tropical Africa, South 
America, and Asia; the latter family is especially abundant 
as small trees and shrubs in the drier subtropical regions 
of Africa, America, and Australia.

Economie importance. In the more temperate regions of 
the world, the order is predominantly herbaceous, and most 
of the species belong to the large family Fabaceae. This 
family also contains the more important crop plants such 
as peanuts or groundnuts (Arachis hypogaea), chick-pea 
(Cicer arietinum), soybean (Glycine max), common lentil 
(Lens esculenta), alfalfa or lucerne (Medicago sativa), sweet 
dover (Melilotus species), mung bean (Phaseolus aureus), 
kidney beans (Phaseolus vulgaris), peas (Pisum sativum), 
clovers (Trifolium species), vetches (Vicia species), and 
cowpeas (Vigna species).

The families Caesalpiniaceae and Mimosaceae do not 
contain many food crops and are perhaps best known for 
their shade and ornamental species, such as the Judas tree 
or redbud (Cercis species), orchid tree (Bauhinia divari- 
cata), and huisache (Acacia farnesiana), although some of 
the more rapid growing weedy species, for example, the 
white popinac (Leucaena glauca) and Albizia species, are 
widely used as green manure and fodder crops. Acacia 
species are widely used in the production of gum exudates 
and wood, especially in South Africa and Australia, where 
the species are known as wattle trees.

Diversity of structure. The order Fabales is a predom­
inantly woody group, and most authorities believe that 
the more advanced herbaceous plant groups, characteris­
tic of the temperate regions, evolved from such tropical, 
woody ancestors. Species of the order are abundant on all 
continents (except Antarctica), occurring as trees, shrubs, 
vines, delicate annuals, and sometimes, though rarely, as 
floating aquatics. An example of such an aquatic is Neptu- 
nia oleracea, a member of the family Mimosaceae, which 
is often tied to shallow lake bottoms in India so that it 
might be readily obtained for use as an edible vegetable. 
Bizarre species are especially abundant in the semidesert 
and savanna regions of western Australia; most of them 
belong to the tribe Podalyrieae of the family Fabaceae, 
and such oddities are presumably a reflection of the long 
isolation of that continent’s flora from Asia.

The order Fabales is probably best known by its fruit. 
In fact, it is often referred to as the Leguminales order, 
because its fruit, a legume (often highly modified), is the 
most obvious single character by which the group is rec- 
ognized. Technically speaking, a legume is typically a one- 
celled (chambered), two-valved seed pod with marginal 
placentation (ovule attachment), such as occurs in the 
common pea (Pisum sativum). The legume assumes a va­
riety of forms, however, such as Samaras, which are single- 
seeded, winged, indehiscent (not Splitting open along def­
inite seams) pods and loments (many-seeded, indehiscent 
pods, constricted between the seeds, which at maturity 
break off as separate reproductive units), and others. One 
of the more unusual legumes is that of the peanut (Arachis 
hypogaea), a fruit that matures underground. The peanut 
flower itself is produced above ground but as it ages it 
assumes a position close to the soil surface so the ovary 
can elongate and develop as a subterranean pod.

Seeds bome within the various legume types are also 
extremely variable, ranging from the size of a pinhead 
(in Lotus species) to that of a baseball (in Mora excelsa). 
Legume seeds are sometimes quite colourful; the Abrus 
precatorius and Ormosia species, for example, produce 
striking black and red seeds. These seeds have been used 
as currency by primitive people, and because of their usu­
ally hard seed coats they are commonly used in the pro­
duction of beads and handbags, which are sold as tourist 
merchandise, especially in the more tropical regions. They 
may be quite poisonous if eaten, however, and for this 
reason such merchandise is often refused entry by govern- 
ment inspectors.

NATURAL HISTORY
The worldwide distribution and large size of the order is 
undoubtedly a reflection of its early dispersion throughout 
the tropics and later adaptation to the numerous adjacent, 
more temperate, habitats. Effective dispersal of the seeds

is assured by the large variety of seed pods found in the 
order and by the largely self-pollinated flowers found in 
the more advanced tribes of the family Fabaceae. Seed 
coats are generally quite hard and impermeable to water, 
which permits the seed to endure long storage periods in 
nature. In fact, seeds of this order from the genus Cas- 
sia have been known to germinate after having been in 
dry storage at ordinary room temperatures for 200 years. 
Upon fracture of the seed coats, however, germination 
is readily effected, for dormancy periods, often neces- 
sary for seed germination in other plants, are generally 
not found in legumes. Other reproductive specializations 
include cross-pollination, cleistogamy (self-pollination re- 
sulting from floral modifications that prevent the entry of 
other pollen—such as non-opening flowers), and vegeta­
tive (asexual) reproduction.
An interesting adaptation in a few tropical and subtrop­

ical species belonging to the families Mimosaceae and 
Caesalpiniaceae is that of myrmecophilism, in which veg­
etative specializations have been developed to accommo- 
date ants. Special secretory glands on the leaves that ants 
use for feeding purposes and unusually large thorns on the 
stem in which they live are two such features.

The adaptive significance of such mutualism is debat- 
able, but many authorities believe that in living off the 
excretory products of the plant, the ants readily provide 
protective measures to the plant by warding off potential 
leaf eaters such as grasshoppers, aphids, and perhaps even 
some of the larger browsing animals.
Pollen dispersal in outbreeders is largely provided by 

insects, especially bees, which have relatively heavy ab­
domens and easily cause pollination through landings 
made on the keel of the flower, a special structure found 
in the Fabaceae that encloses most of the reproductive 
organs. Other pollinators exist, however, and in at least 
one genus of the family Mimosaceae (Parkia), tropical 
fruit bats are the principal means assuring pollination.

FORM AND FUNCTION
Vegetative characteristics. The three families that make 

up the order Fabales are readily distinguished by their veg-
Drawing by M. Pahl

Floral and vegetative structures representing plants from the 
three families of the order Fabales.
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etative features. The family Mimosaceae possesses mostly 
twice-compound leaves, which have several leaflets ar- 
ranged along either side of a central axis, the leaflets 
themselves being subdivided into a number of smaller 
units in a similar arrangement. The family Caesalpiniaceae 
has mostly once- or, less often, twice-compound leaves, 
änd the family Fabaceae has once-compound leaves, these 
often reduced to a trifoliolate (three leaflets) condition, as 
in the common dover, or modified with twining tendrils 
as in the sweet pea.

Certain members of the order are especially interesting 
^eaves in that their leaves are sensitive to touch, temperature, 
ensitive and light changes. The tropical “sensitive plant” (Mimosa
o touch pudica) is widely grown in greenhouses for this effect.

Touching the plant results in very rapid movements of the 
entire leaf or its component parts. Similar movements, 
but not so pronounced, occur in many other species of the 
order, particularly in the family Mimosaceae. For exam­
ple, the so-called “mimosa” tree (Albizia julibrissin) folds 
its leaflets together at dusk, decreasing at least by half the 
amount of leaf surface exposed to the atmosphere. The 
adaptive significance of such movements is unknown, but 
the movement itself is caused by water pressure changes 
in specialized structures at the base of both the leafstalks 
(petioles) and leaflets.

Flower and fruit characteristics. The single floral fea­
ture most characteristic of the entire order is the presence 
of an hypanthium, a structure formed by the fusion at 
the base of sepals, petals, and stamens (male reproductive 
structures) to form a cup (often very small) about the base 
of the ovary. With the exception of this characteristic, the 
floral types are quite variable, with flowers ranging from 
regulär (i.e., actinomorphic, radially symmetrical) in the 
family Mimosaceae to highly irregulär (i.e., zygomorphic, 
bilaterally symmetrical) in the family Fabaceae. Flowers 
of the family Caesalpiniaceae are somewhat intermediate 
between these extremes, as regards symmetry.

Especially noteworthy are the floral modifications found 
in the family Fabaceae. The petals, which are uniformly 
five in nearly all of the 15,000 or more species, are 
characteristically modified into a so-called papilionaceous 
(butterfly-like) flower in which the uppermost petal (the 
banner) is usually quite enlarged and colourful, the two lat­
eral petals are winglike structures (and are termed wings), 
and the two basal petals characteristically are united near 
their middle to form a boat-shaped structure called the 
keel.

iirange- The stamens, usually 10 in number, are also highly 
lent of modified in this family. They are joined into a single
tamens tubular structure (the stamens then being termed “mon-

adelphous”), or more often into a set of nine united sta­
mens that reside in the keel, plus a separate stamen that 
stands above the nine and just below the banner itself. 
The latter state is termed “diadelphous.” At least two of 
the more primitive tribes (Sophoreae and Podalyrieae) of 
the family Fabaceae, however, possess free stamens and 
separate keel petals, as do many species belonging to the 
family Caesalpiniaceae.

Pollen grains in the order are quite distinctive and have 
proven of value in defining many of the tribal groupings 
in the several families. The fruiting structures within the 
order, while uniformly derived from a single carpel (or 
simple ovary), are variable in size, shape, and texture, rang­
ing from the herbaceous coiled, hispid (rough or bristly) 
fruits, characteristic of bur dover (Medicago hispida), to 
the 2- to 3-foot- (60- to 90-centimetre-) long, woody pods 
of the genera Cassia and Caesalpinia.
Physiological features. Species belonging to the order 

Fabales are perhaps best known agronomically for their 
capacity to “fix” atmospheric nitrogen—i.e., to convert 
it into a form that plants can utilize, usually the nitrate 
form. This is accomplished by symbiotic fixation, in which 
root nodules (swellings) are formed on the plant in reac- 
tion to infections by soil bacteria belonging to the genus 
Rhizobium. Root nodulation, while occurring in all three 
families, presumably does not occur in all species, the 
phenomenon being more common in the family Fabaceae 
and relatively less so in the families Mimosaceae and 
Caesalpiniaceae.

Biochemical features. The Fabales order is noteworthy 
for the large range and variety of secondary compounds 
found in its members’ leaves and fruiting parts, such 
as flavonoids, alkaloids, terpenoids, non-protein amino 
acids, and others. Some of these, for example the amino 
acid canavanine, may comprise up to 5 percent of the 
dry weight of seeds. The interesting Chemical compound 
rotenone, which is toxic to a number of organisms, is Poisonous 
sufficiently abundant in the roots and sterns of certain plants 
species belonging to the family Fabaceae that primitive 
peoples commonly used these plants to poison fish. More 
recently it has been shown that serious bone and neural 
diseases afflicting both man (e.g., lathyrism) and livestock 
may be caused by the ingestion of unusually large amounts 
of certain free amino acids. In sheep, ingestion of large 
quantities of the amino acid mimosine, found in Leu- 
caena glauca and some other species of the Mimosaceae 
family, apparently causes the cessation of the growth of 
hair or wool, and in certain cases the fleece itself has been 
observed to shed. A wide variety of alkaloids are found in 
the order, most of them restricted to the family Fabaceae, 
however. Some alkaloids are found in sufficiënt concen- 
tration in range plants to be quite poisonous to livestock, 
especially in species belonging to the large genus Astrag- 
alus. Species of Astragalus are commonly referred to as 
“locoweeds” by cattlemen in North America because, fol­
lowing excessive consumption of these plants, cattle seem 
to become unmanageable and “go crazy” or “loco.”

In spite of the toxic nature of many of the species, most 
of the plants are highly palatable and are especially nutri- 
tious because of the high concentration of vitamins and 
proteins in their young growing parts (e.g., in alfalfa) and 
in the storage components in seeds (e.g., beans and peas).
The American Indians very early appreciated this and, 
along with com, adopted the common bean (Phaseolus 
species) as one of their staple foods.
Except for the soybean and peanut, species of the order 

are not noted for the oil content of their seeds; most seeds 
contain only about 10 percent oil content by weight. In­
deed. the fat content of m a n y  of the legumes used for food 
by humans is only between 1 and 2 percent. In general, 
legume seeds are usually highest in nutritive content in 
carbohydrates, followed by protein and fat.
An interesting biochemical component of the legume 

seed is phytohemagglutinin, a large protein molecule that 
is specific in its capacity to agglutinate certain human 
blood types. Approximately 60 percent of the several thou- 
sand seeds belonging to this order tested to date contain 
the compound.

Phytohemagglutinin is particularly abundant in the com­
mon bean and has been extracted in a relatively pure 
state on a commercial scale from species belonging to this 
genus. In addition to its agglutination properties, the com­
pound has been of interest because of its other biological 
effects. It is toxic to rats, it inactivates some human tumor 
cells, and it has beneficial effects on aplastic anemia, the 
shortage of blood cells in man because of destruction of 
blood-forming tissues.

Chromosomal features. Chromosomal data have been Chromo- 
assembled for a wide range of species in the order, in- some 
cluding representatives from all three families and most of size and 
the tribes and subtribes. The chromosomes for any given number 
genus are usually quite uniform, in both number and mor­
phology (form); most of the genera possess a single base 
number. The incidence of polyploidy (multiples of the ba­
sic chromosome number), as contrasted with most plant 
families, is also relatively low. The family Mimosaceae, 
in general, has small chromosomes (1 to 3 microns, or 
about 1/25,000 to 3/25,000 inch in length), and most of 
the species possess haploid (i.e., the base number, one-half 
the normal number of chromosomes in a typical body 
cell) numbers of 13 or 14. The family Caesalpiniaceae 
is quite variable as to chromosome size and structure, 
possessing genera with base numbers of 7 through 12— 
with the exception of 9; species with this haploid number 
are strangely absent. The Fabaceae is the most variable 
family, chromosomally. Woody tropical groups usually 
have relatively small chromosomes with haploid numbers 
of 10 and 11; the more temperate, herbaceous derivatives
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(for example, the genera Vicia, Lathyrus, and Lotus) have 
mostly larger chromosomes at lower haploid levels such 
as 6, 7, or 8. Although this purview is based upon only 
about 20 percent of the species in the family, surveys 
among genera are broad enough to suggest that additional 
sampling will not change the picture much.

EVOLUTION
Fossil record. There are abundant fossils of the Fabales 

order dating back to the Early Tertiary Period (Eocene 
Epoch, beginning about 54,000,000 years ago), most of 
which are similar to present-day woody genera such as 
Gleditsia (Caesalpiniaceae), Prosopis (Mimosaceae), and 
Robinia (Fabaceae). Thus, the order was presumably well 
developed on the several continents even earlier, probably 
in Cretaceous time (beginning 136,000,000 years ago). By 
then, the order’s three families had already developed in 
essentially the same form as those represented today by 
living genera. Fossil materials do not exist that serve to 
link the order to other orders, consequently most phyletic 
treatments of the group are based almost entirely on 
comparative morphological and distributional data among 
living species.

Phylogeny. Most authorities consider the Fabales order 
to be related to the order Rosales. The two groups are 
similar in possessing mostly alternate leaves with stipules, 
perigynous flowers {i.e., flowers with a partly enclosed 
ovary), and fruits derived from one or more separate 
carpels (in the Rosales the latter often fuse at maturity, 
as in the apple). Nearly all authorities also agree that the 
order has its origin in the tropical regions from woody an- 
cestors, the herbaceous species being structurally reduced, 
but more highly evolved types, which arose independently 
in several phyletic lines, presumably in adapting to the 
more vigorous climatic conditions that developed in the 
temperate regions during Tertiary time. Within the order 
most workers reckon the family Caesalpiniaceae to be an 
ancestral group that gave rise to the more tropical and sub- 
tropieal family Mimosaceae, on the one hand, and to the 
more temperate Fabaceae, on the other. The Mimosaceae 
and Fabaceae, while quite distinct, are inextricably linked 
through several genera belonging to the Caesalpiniaceae, 
such as Swartzia, Amphimas, and Mora.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The Fabales order has been 

treated classically as consisting of but a single family 
(traditionally named Leguminosae) of the large order Ro­
sales. As such, the family was subdivided into four sub­
families, Mimosoideae, Caesalpinioideae, Papilionoideae 
(sometimes called Faboideae), and Kramerioideae. More 
recently the trend has been to remove the latter subfam­
ily, consisting of but a single genus {Krameria), to the 
order Polygalales; the three remaining subfamilies are then 
treated at the familial level as members of the order Fa­
bales. So constructed, the order can be distinguished from 
the closely related order Rosales by its (usually) solitary 
carpel, compound leaves, often more numerous, united 
stamens, and above all by its fruit.

Alternate System s o f  Classification. Nearly all plant tax­
onomists recognize the order as an exceedingly natural 
one, and most would relate it to the order Rosales. Other 
orders recognized as being phyletically close to the Fabales 
are the Saxifragales and Cunoniales. Some authorities, 
however, prefer to treat the three families of Fabales as sub­
families belonging to but a single family within the much 
larger order Rosales. In such a treatment the Saxifragales 
and Cunoniales orders are usually accorded familial status. 
There would be little Opposition to the recognition of the 
Mimosaceae and Fabaceae as distinct families if it were 
not for the transitional nature of many genera belonging to 
the Caesalpiniaceae—i.e., they have characteristics similar 
to both families. Because of the transitional genera, how­
ever, some plant taxonomists believe the Caesalpiniaceae 
to be ancestral to these two groups. Most of the transi­
tional genera, however, seem to link the Caesalpiniaceae 
to the Fabaceae, with the Mimosaceae standing somewhat 
more remote. It has been suggested that the Fabaceae, in 
part, has ancestors in more than one evolutionary line

{i.e., the family is polyphyletic) and that at least some of 
the tribes have arisen from different phyletic lines within 
the Caesalpiniaceae.

Clearly there is much need of detailed morphological, 
cytological, and Chemical study of the family Caesalpini­
aceae, for it is poorly known and is represented in muse­
ums by relatively few collections and is generally neglected 
by cytologists and plant chemists. With more intensive 
study, especially in the area of chemosystematics (taxon- 
omy Systems based on Chemical factors), it is likely that 
some of the tribes of the Caesalpiniaceae will be elevated 
to subfamily or family rank. In addition, considerable re- 
sorting of the genera among tribes of the Fabaceae seems 
likely, since at least some of them are believed to be 
classified on one or more technical characters of the fruit, 
which may or may not group together those genera with 
a common phyletic origin. (B.L.T.)

Nepenthales

The flowering plant order Nepenthales consists of two 
families, the Old World pitcher plants, or monkey cups 
(family Nepenthaceae), and the sundews and Venus’s- 
flytrap (family Droseraceae). All of the approximately 180 
species have leaves that are ingeniously adapted as pitfalls 
and traps to capture insects and other tiny animals, digest 
them, and absorb the nutrients.

The family Nepenthaceae contains the single but large 
pitcher-plant genus Nepenthes. lts approximately 80 species 
are found in wet tropical forests from Sri Lanka and 
Madagascar to New Guinea and northem Australia. All 
of the species capture insects by means of pitcher-shaped 
leaves that function as pitfalls. The prey is attracted to the

Drawing by M. Pahl
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large showy leaves by nectar, and it slips from a treacher- 
ous lip into the pitcher-like hollow leaf, which in reality is 
a cistem of digestive liquid from which there is no escape.

The family Droseraceae contains species with leaves mod­
ified as real traps, active mechanisms that clamp shut or 
coil about victims lured by nectar secretions and delicate 
odours. The principal genus is Drosera (the sundew), with 
about 100 species, which together have a distribution in 
virtually all parts of the world. Three other genera each 
contain a single species. Dionaea muscipula, the Venus’s- 
flytrap, is a narrowly distributed Atlantic North Ameri­
can endemic (a native species restricted to one region). 
Drosophyllum lusitanicum is an unusual sundew narrowly 
endemic to the Atlantic European area. Aldrovanda vesicu- 
losa is a wide-ranging aquatic plant in the Old World.

GENERAL FEATURES
Size range and diversity of structure. The species of 

Nepenthes are quite uniform in general appearance and, 
by comparison with other known plants, stand clearly by 
themselves. The sizes and shapes of the pitchers are char­
acteristic for each species, although there may be as many 
as three distinct pitcher forms in a single species. The 
pitchers are colourful and are often mistaken for flowers. 
The plant typically is a coarse vine that grows over Veg­
etation, sometimes climbing to the crowns of 50- to 60- 
foot (15- to 18-metre) trees.

The Venus’s-flytrap has jawlike leaf blades, which dom- 
inate the vegetative aspect of the plant and are capa- 
ble of clamping shut with amazing speed when properly 
stimulated.
The commonest sundews are low, herbaceous (non- 

The woody) plants consisting of a slender rhizome, or rootlike
undew stem, crowned by a rosette of sticky leaves that snare in-
)lants sects. The small, often tiny leaves are densely covered with

slender, sensitive tentacles capped by globular red glands 
that secrete a highly viscid, clear mucilage. The droplets 
of mucilage glisten in sunlight, giving the plant a dewy ap­
pearance. This explains the generic name Drosera, derived 
from the Greek word for “dewy,” and the common name, 
sundew. Because the clear mucilage magnifies the red 
gland, the whole plant may appear bright red. Species of 
Drosera vary in height from a few inches {D. rotundifolia) 
to three or more feet (one metre or more; D. gigantea).

Drosophyllum lusitanicum is a shrubby plant up to 5 feet 
(1.5 metres) tall with linear leaves that remain attached 
to the plant after they die, forming skirtlike layers around 
the base of the stem. The leaves are covered with numer­
ous stalked glands bearing large droplets of clear mucilage 
that give the plant a dewy appearance, thus the common 
name dewy pine. Although the glands cannot move as in 
Drosera, vast numbers of gnats and flies adhere to them, 
and the plant is sometimes called flycatcher.

Although widespread and unusual, the inconspicuous 
Aldrovanda vesiculosa is not well known except among 
the few botanists who specialize in camivorous plants. Al­
drovanda is a small freshwater plant that floats just below 
the surface of quiet waters, and its tiny trap leaves func- 
tion as in the Venus’s-flytrap (Dionaea) except that the 
lobes are not hinged. In the “set” position, these leaf traps 
suggest a widely opened clam or mussel. The whole plant, 
however, is only 4 to 6 inches (10 to 15 centimetres) long 
and barely an inch across, including the spreading leaves.
Distribution and abundance. The geographic range of 

the pitcher plants radiates from Borneo, particularly 
around Mt. Kinabalu in Sabah (East Malaysia), where the 
most striking species occur. Some 20 species have been 
reported from the island. About 12 species occur on the 
adjacent island of Sumatra; 8 to 10 species are found in 
the Philippines and in northem Australia. The extremely 
light seeds seem to be well adapted for wind dispersal, 
which may explain the distribution in radial manner from 
Bomeo as the focal point. Many of the species, such as 
those in Madagascar and Sri Lanka, are relatively local 
endemics. Nepenthes phyllamphora, on the other hand, 
ranges from southeastem China to New Guinea and 
has close relatives in northem Australia. Several other 
species (N. ampullaria, N. gracilis, N. rafflesiana) are less 
widespread but relatively wide-ranging.

The 100 or more species of Drosera are distributed pri- 
marily in the Southern Hemisphere. Half of them are 
found in Australia and New Zealand, the centre of great­
est diversity of the genus. Southem Africa is second as a 
centre of speciation. Only a few species occur in the north 
temperate zone, among them two circumboreal ones (D. 
anglica and D. rotundifolia) and one nearly circumbo­
real species (D. intermedia). Only these three species are 
found in Europe and Soviet Asia, although in temper­
ate North America there are four additional well-marked 
species (D. brevifolia, D. capillaris, and D. filiformis of the 
southeastem States and D. linearis of the northem States 
and Canada).
Dionaea, the Venus’s-flytrap, is endemic to the Atlantic Distribu- 

Coastal Plain from Beaufort County, North Carolina, to tion of the 
the south bank of the South Santee River, Charleston Venus’ s- 
County, South Carolina. Within this highly restricted flytrap 
range, the flytrap tends to occur in widely scattered 
colonies but may be abundant locally. Drosophyllum is 
native only to northem Morocco and southem Spain and 
Portugal. By contrast, Aldrovanda ranges from Atlantic 
Europe to India and Japan and south to Mozambique 
(East Africa) and Australia.
Economie importance. The pitcher plants, sundews, and 

especially the Venus’s-flytrap have always been valued as 
objects of curiosity, but they have never accounted for 
more than an insignificant element of the horticultural 
trade. Otherwise, the order Nepenthales is of little or no 
economie importance except on a local basis.

NATURAL HISTORY
Life cycle. Except for some annual species of Drosera, 

the plants of this order are perennial {i.e., they grow for 
several years). In Nepenthes most species are caulescent 
(stemmed) and shrubby; in the Droseraceae the acaules- 
cent (stemless) herbaceous habit predominates. Apart from 
a new crop of fine fibrous roots produced each year from 
the rhizome, few if any tme roots are present. In some 
species of Drosera, the seedling has a short-lived taproot 
that functions while the earliest leaves are forming but 
never elongates. Aldrovanda is rootless and floating, and 
some species of Nepenthes are epiphytes, plants that grow 
upon the branches of other plants.

The stem is rudimentary or relatively short in most 
species of the Droseraceae, but in Nepenthes it may elon- 
gate considerably into a vine. The young Nepenthes stem 
is densely clothed with leaves, but the intemodes (stem 
sections between leaf attachment points) lengthen with 
increasing age. When lying on the ground the sterns of 
some species {e.g., N  ampullaria) may root abundantly at 
the nodes (points of leaf attachment) and produce dense 
clusters of leaves with reduced blades and richly coloured 
pitchers. Two or three types of pitchers may be formed 
on the same plant at different heights on the stem and 
seem to function like flowers in attracting insects. Some 
species of Drosera have climbing sterns as in Nepenthes, 
and some form tubers (enlarged underground stem struc­
tures) by which they overwinter to produce new shoots the 
following season. The tuber-bearing species have no roots.
In the common sundew {D. rotundifolia) the stem dies 
offbehind as the plant grows, and in winter the rosette is 
reduced to a tight bud that may have no measurable stem 
or root; successively, a series of dead rosettes forms. Al­
drovanda produces new shoots each season from a persis­
tent terminal bud. The temperate perennial species of the 
Droseraceae all go through a period of winter dormancy.
The flowering period of Nepenthes in the wild, though 

extended and inconstant for many species, is mainly from 
March to September. Under cultivation in the Northem 
Hemisphere Nepenthes blooms from August to October.
The inflorescences (flower clusters) attract clouds of insects 
to sip on the nectar secreted abundantly by the flowers, 
which are cross-pollinated by insects. The male flowers 
give off a fetid odour that probably attracts insects. After 
pollination the fmits, containing 100 to 500 seeds per 
capsule, mature in six to eight weeks.
The common sundew, which is representative of north 

temperate species of Drosera, sends up a slender, arching 
flower stalk in early summer or later. The flowers open
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one at a time in sunlight, for one morning each. They 
are bisexual and pollinate themselves after closing if cross- 
pollination has not taken place while they are open. The 
single flower stalk of the Venus’s-flytrap is produced in late 
May, June, or early July. Each flower remains open about 
three days, and the ripe pollen is shed before the stigmas 
(pollen receptive surfaces of the female flower parts) are 
receptive. The seeds are shed as early as mid-July.

The seeds of Nepenthes germinate readily within five 
to six weeks after ripening in loose, moist habitats, such 
as humus or sphagnum moss. Drosera reproduces easily 
by seed, exhibits remarkable powers of vegetative regen- 
eration, and in some species also reproduces prolifically 
by asexual means. Several species, including D. pygmaea, 
reproduce by brood bodies, or gemmae (small clusters of 
vegetative cells that break off and grow into new plants); 
in Australia, reproduction by tubers is common. The un­
derground tubers are important as stored food and water 
reserves for the plant to use during the dormant season 
when the rosette leaves are not present. Some species (e.g., 
D. rotundifolia) have strong axillary buds (buds located 
in the angles between leafstalks and sterns) that form sec­
ondary rosettes below the main one; as the stem decays, 
these are separated and propagate the plant. The forma- 
tion of plantlets by adventitious budding, especially from 
the leaves but also from the roots and inflorescence, rivals 
seed reproduction in this genus.

In Dionaea seeds germinate immediately in the summer, 
and they are viable in nature only for a relatively short 
period of time. High humidity and loose organic matter 
on a sandy surface are required for germination. As in 
Drosera, regeneration from vegetative parts or the imma- 
ture inflorescence is possible.

In Nepenthes hybridization, or cross-fertilization between 
different species, is common in cultivation and also takes 
place in the wild. All of the cultivated species have been 
hybridized, and the hybrids are highly fertile. As a result, 
many interesting artificial hybrids now exist in cultivation.

Carnivorous adaptations. Trapping mechanisms. The 
pitchers of Nepenthes are conspicuously supplied with 
glands that attract prey. Insects, particularly ants, are 
lured to the mouth of the pitcher by numerous nectar 
glands scattered over the sterns and leaves, including the 
tendrils and the inner surface of the lid. An insect that 
successfully negotiates the peristome (corrugated lip of the 
pitcher) loses footing on the crumbly, waxy surface lining 
the upper half of the interior of the pitcher and drops 
into the pitcher. The surface of the digestive region in the 
lower part of the pitcher is crowded with more than 6,000 
digestive glands per square centimetre.

All species of Drosera capture their prey by means of 
flexible tentacles on the upper surface of the leaf. As 
many as 400 tentacles have been counted on a leaf of the 
common sundew, which is about 0.4 inch (1 centimetre) 
in diameter. These tentacles really are stalked glands with 
globular heads that secrete a clear, sticky mucilage. When 
a midge, gnat, or mosquito lands on the leaf, the alluring 
mucilage becomes the first snare, smearing and smoth- 
ering the insect. The struggling insect stimulates further 
secretion. Within minutes the inner tentacles bend over 
and gradually pin down the insect. Soon the outer tenta­
cles, which become successively longer toward the edge of 
the leaf, also begin to curl inward. In a matter of minutes 
or hours, depending on the species and amount of Stimu­
lation, the insect is hopelessly engulfed by a web of sticky 
stalks. Bending and unbending of the tentacles are caused 
by differential rates of rapid growth. When the outer cells 
of the tentacles grow faster than the inner ones, incurving 
results. The tentacles straighten again when the inner cells 
grow faster than the outer ones. As a growth response, 
the action of the tentacles has limits; the bending and 
unbending can be repeated only about three times by any 
one tentacle. The action of the tentacles is slow compared 
to the trapping mechanism of the Venus’s-flytrap, and the 
sundew can catch only small or very weak prey; flies and 
even ants are able to escape. After a few days to a week, 
digestion is completed, the leaf reopens, resetting the trap, 
and the remains of the previous victim fall off or are 
washed or blown away.

The trapping mechanism of Drosophyllum involves glan- 
dular tentacles like those of Drosera, but the tentacles do 
not move. The insect becomes caught among the copious 
sticky glands in much the same way as it might be stuck 
by flypaper.

In the Venus’s-flytrap, Dionaea, the blade of the leaf 
consists of two lobes hinged to each other like the jaws 
of a steel trap and provided with spinelike teeth along the 
margins. On the face of the lobes are numerous nectar and 
digestive glands. The digestive glands, which secrete very 
actively when prey is captured, contain a red sap giving 
the entire surface a bright red and flowerlike appearance. 
In the middle of each lobe are three pressure-sensitive 
hairs that trigger trap closure when properly stimulated. 
Two or more stimuli are required to spring the trap, 
the number depending on the time intervals between the 
stimuli. Two stimuli are sufficiënt if the second comes not 
less than 1.5 seconds nor more than 20 seconds after the 
first. The same trigger hair may be struck twice, or two 
hairs may be struck once each. If the stimuli are spaced 
over a period of five to six hours, as many as 18 to 20 
separate stimuli may be required. When stimulated, the 
trap springs shut with amazing speed, usually in about a 
half second at normal daytime temperatures. The mini­
mum closing time recorded is 80 milliseconds, less than 
one-tenth of a second. If prey is captured, the clamping 
movement continues slowly until the surfaces of the lobes 
press tightly against the body and the marginal teeth en- 
mesh. The more times the hairs are stimulated, the tighter 
the leaf closes; thus, a struggling insect inside the trap 
causes the trap to close more tightly. A fly caught one 
afternoon may still be struggling the next morning; but, in 
the meantime, the trap will have contracted so tightly that 
the fly’s form shows through the trap lobes. If no insect is 
caught, or if the insect is tiny and is able to escape between 
the teeth, the leaf reopens in 5 to 10 hours. Otherwise 
the trap remains closed for 7 to 10 days or even longer. 
After having captured three or four victims, the trap has 
matured completely and dies.

In the aquatic Aldrovanda the trapping mechanism is 
similar to that of the Venus’s-flytrap, although the trap is 
tiny by comparison. The number of stimuli required to 
trigger the trap depends on the age of the leaf. Small in­
sects, larvae, copepods, and other tiny animals that spring 
the trap are locked into an ovate hollow formed when the 
two lobes snap together, a movement requiring only 1/50 
of a second.
Digestive mechanisms. The pitchers of Nepenthes se­

crete a quantity of enzymatic fluid before opening, and 
after opening, secretion is stimulated greatly by the pres­
ence of animal victims. The fluid contains a weak acid 
in addition to proteinase, the main enzyme, which breaks 
down protein. Bacteria live in the mature pitchers and 
help to break down the animal compounds. Under high 
temperatures digestion is accomplished in two to eight 
hours. The nitrogenous end products are then absorbed 
through the walls of the pitcher.

When an insect becomes stuck on the leaf of a sundew 
and struggles to get free, the tentacles are stimulated to 
secrete a digestive enzyme that breaks down the proteins 
in the insect body. In Drosophyllum, enzyme secretion is 
continuous, and the digestive cycle does not have a well- 
marked beginning and end.

Most of the upper surface of the leaf in Dionaea (i.e., 
the inside of the trap) is covered with up to 50 sessile 
(stalkless) glands per square millimetre; the glands secrete 
a digestive fluid containing proteinase and formic acid 
after the trap has closed on an insect or other digestible 
victim. Digestion begins within 36 hours after trap closure 
and continues for about ten days.
Aldrovanda has glands lining the lobes of the trap that 

release digestive juices after the trap springs shut. The 
end products are absorbed by the plant, and the trap 
may reopen several times after feeding if the catches have 
been meagre.

Animals that exploit leaf traps. The pitchered leaf of 
Nepenthes constitutes a special habitat with both wet and 
dry ecological niches, and certain insects and other small 
animals have adapted to these niches. They may exploit
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the pitcher for food, shelter, or as a place to pass part of 
their life cycle. In some instances, the animal takes advan­
tage of the trap by robbing the plant of its own victims; in 
other instances, the plant tissue itself is parasitized.
Adaptation to the pitcher-plant environment has become 

so specific in some cases that the animals have lost their 
ability to complete a life cycle elsewhere. Several species 
of spiders occur only in the pitchers of Nepenthes, in 
which they live in the mouth above the water level and 
prey on insects attracted to the pitchers. More than two 
dozen species of the insect order Diptera (flies) are known 
to occur exclusively in the aquatic environment of the 
pitchers; two-thirds of these species are mosquitoes.

Many animals have been recorded as accidental or oc­
casional inhabitants of Nepenthes pitchers, especially in 
the creeping species (notably N  ampullaria), in which the 
pitchers stand half büried in the forest floor. These include 
protozoans, slime molds, desmids (a group of green algae), 
diatoms, rotatoria, oligochaetes (worms), crustaceans, lar- 
väe of various flies, and even an occasional tadpole. In 
Sabah, Malaysia, the small rodent Tarsius spectrum visits 
the pitchers of various species, perching on the margin to 
scoop out and devour the insects caught there.
A few animals are able to inhabit the sundews (Drosera). 

A moth larva of the family Noctuidae feeds on the gland- 
less portions of the plant, and certain Australian bugs of 
the order Heteroptera (family Capsidae) move about the 
sticky leaves without apparent harm or difficulty, sucking 
the juices of ensnared victims. In Florida, the larva of 
the moth Trichoptilus parvulus (plume moth) has been 
discovered on the leaves of Drosera capillaris. It eats the 
stalked glands with their sticky secretion, the leaf blades, 
and even trapped dead insects.

Ecology. Nepenthes is a vinelike jungle plant (liana) that 
creeps over the ground or climbs on the trees of tropical 
swamp or rain forests. The genus ranges in altitude from 
sea level to 10,000 feet (3,000 metres), and only rarely 
does it grow in other than moist or very moist habitats. 
Around Mt. Kinabalu in Sabah, where the distribution of 
the group is centred, the species show a distinct zonation 
in their altitudinal distribution. Some species (e.g., N  
gracilis) grow at low elevations on the hot humid plains; 
others (e.g., N. ampullaria) grow commonly at 2,000 to 
2,300 feet (600 to 700 metres); still others (e.g., N. rajah) 
reach the 5,000- to 10,000-foot (1,500- to 3,000-metre) 
zone where clouds or rain are always present, and they 
are exposed almost continuously to a cool, dripping wet 
environment. No species of pitcher plants occur between 
the 10,000-foot level and the 13,700-foot (4,200-metre) 
summit of Mt. Kinabalu. At least one species inhabits wet 
savannas (grassland areas with scattered trees), where it 
climbs on shrubs; the genus is even known to occur on 
dry, sandy hillsides.

The species of the family Droseraceae typically inhabit 
damp heaths, bogs, swamps, wet savannas, or sandy shores, 
showing a marked preference for wet habitats with acid 
soil in which nitrogen and other nutrients are deficiënt or 
unavailable. The flycatcher (Drosophyllum) of the western 
Mediterranean region is an exception to the wet-habitat 
rule; this coarse, wiry sundew grows on dry, gravelly 
(quartz) hills, where, nevertheless, the soil is acidic.

In North America, the sundew (Drosera) is one of the 
first plants to invade newly disturbed habitats such as 
roadside ditches and abandoned logging trails. The bright 
red rosettes often cover the ground. Many of the species 
thrive best in habitats where sphagnum is growing. Several 
species of Drosera are often found in the same habitat. 
Drosera anglica and D. rotundifolia occupy swamps but 
always in the parts of the swamp most deficiënt in salts. 
Most Drosera species grow in poor soils. The soil of a 
pine forest, for example, contains some 27 times more 
nitrogen than a Drosera habitat. The sundew is among the 
earliest appearing inhabitants of raw peat surfaces, which 
are a nutrient-poor habitat. Too much calcium in the soil 
may be toxic to Drosera plants. The poor-soil generaliza- 
tion does not apply necessarily to all of the many species 
of Drosera in the Southem Hemisphere; in fact, at least 
one species of Southern Australia (D. whittakeri) grows on 
wooded slopes among general Vegetation.

Venus’s-flytrap thrives in a habitat transitional between 
wet evergreen-shrub bog (pocosin) and dry sandy long- 
leaf-pine savanna on the Atlantic Coastal Plain of the 
United States. The plants tend to grow along the edges of 
wet depressions and pools, often in Company with pitcher 
plants of the genus Sarracenia, sundews, and butterworts 
(Pinguicula). Occasional burning helps to maintain this 
limited pineland in the scrubby, semi-savanna condition. 
Thus fires, far from being the enemy of the flytrap, actu- 
ally may be required for its continued existence.
Aldrovanda grows in shallow quiet water between the 

sterns of such marsh plants as cattails (Typha), reeds 
(Phragmites), and wild rice (Zizania).

Carnivory, the adaptation for digesting animal prey, is 
the most important aspect of the ecology of the species in 
this order; it has enabled the plants to occupy otherwise 
unavailable niches.

FORM AND FUNCTION
The Nepenthes plant consists of a creeping rhizome from 
which arises a coarse, leafy stem that climbs over trees 
and other Vegetation by means of its modified leaves, 
which may attain a length of 3 to 10 feet (1 to 3 metres). 
The expanded, tongue-shaped or round blade of the thick, 
glossy leaf narrows to a long ten dri l that twines around 
other plants and is always coiled except in the short up- 
right or creeping species of the genus. The tendril has 
enormous strength and, in some species (e.g., N. rajfle- 
siana), may support as much as 13 pounds (6 kilograms) 
of weight without breaking. The tendril finally becomes 
transformed at its tip into a pitcher that always is held 
upright and cannot function otherwise. The pitchers vary 
considerably in form even on the same plant; they may 
be tubular, cylindrical, um-shaped, funnel-shaped, ovoid, 
goblet-shaped, or globose. In most species, but noticeably 
in the cylindrical ones, the upper one-third of the pitcher, 
corresponding to the inner waxy zone, is somewhat con- 
stricted. Pitchers range from the size of a thimble to that 
of a pint jar or larger (up to 20 inches, or 50 centimetres), 
but commonly they are 4 to 6 inches (10 to 15 centime­
tres) long. The colour usually varies, even on the same 
plant, from yellow green to dark green with all degrees of 
red marking, depending on age, light exposure, and soil 
conditions; sometimes, however, the pitchers are a uni­
form pale green or deep red. When red occurs on the rim 
(lip), it forms stripes. The rim of the pitcher is fluted, and 
the corrugations strengthen the lip and help to keep the 
mouth from collapsing. This corrugated structure, known 
as the peristome, is a conspicuous feature of nearly all 
species. An immobile lid (operculum), formed by an out- 
growth of the leaf, may overhang the mouth and help to 
keep out rain, or it may be small, narrow, and turned 
back. The undersurface of the lid and the corrugations of 
the lip are supplied copiously with nectar glands except in 
a few species.

The small greenish or claret-coloured flowers of Ne­
penthes are borne in clusters at the tips of sterns opposite 
leaves; as few as 15 to 20 and as many as several hundred 
flowers may be produced in one inflorescence. The flow­
ers are noteworthy chiefly because they are unisexual, and 
the male and female flowers, unlike those of other camiv- 
orous plants, are found on different plants (i.e., Nepenthes 
is dioecious).
Drosera species vary from a few inches to three or more 

feet in height. The smallest often are hidden among the 
mosses in a sphagnum bog. Among the North American 
species, which are herbaceous and stemless, there are three 
main leaf forms: oval or round (.D. rotundifolia); spoon-, 
club-, or strap-shaped (D. intermedia); and threadlike or 
wirelike (D. filiformis). The leaves of the wide-ranging 
common sundew resemble tiny mittens or baseball catch- 
er’s gloves. The well-known sundews of the Northem 
Hemisphere usually produce 1 to 20 erect flowers on a 
single, leafless flower stalk that is 6 to 8 inches (15 to 20 
centimetres) long or occasionally up to a foot (30 centime­
tres) or more long. The flower, measuring an inch (2.5 
centimetres) or less across, is bisexual and regulär (radially 
symmetrical); its five petals are white to pink or even deep 
red, the colour depending on the species. Some species of
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Drosera from the Southem Hemisphere bear their flowers 
on leafy sterns.

The Venus’s-flytrap has a single flowering scape (leafless 
stalk) up to a foot high. The 2 to 15 bisexual white 
flowers measure about 1 inch across and are similar to 
those of Drosera. The leaf is divided into a blade and a 
prominently winged petiole (stalk), narrowing at the base 
of the blade. The blade consists of two identical semi- 
circular lobes united along the middle by a thick midrib 
and standing at an angle of about 50° to each other; the 
lobes constitute the hinged trap. The outer margin of each 
lobe is provided with a comb of long bristles, about 13 in 
number, that interlook like fingers when the trap closes. 
The leaf is from 2 to 6 inches (5 to 15 centimetres) long 
and about 1 or 2 inches across. The plants are bright red 
when growing in strong sunlight, but green if in shade.

EVOLUTION
The fossil record of the order is extremely limited and 
does little to illuminate the evolutionary history. Specula- 
tions on the phylogenetic relationships, which have been 
based on comparative studies of the modem species of the 
order, have resulted in divergent views. Although there is 
no common view on the origin of camivory among the 
flowering plants, authorities now agree that the camivo- 
rous plants represent several more or less unrelated lines 
of evolution.
Phylogenists who accept the concept of the order Ne­

penthales as defined here, comprising the families Droser­
aceae and Nepenthaceae, believe that it probably evolved 
from the order Saxifragales. Most authorities now are con- 
vinced on the basis of floral morphology that the family 
Droseraceae is closely related to the Saxifragaceae, espe­
cially that part of the family sometimes segregated as the 
separate family Pamassiaceae.

Traditionally, the families Droseraceae and Nepenthaceae 
were thought, on the basis of leaf morphology, to form a 
natural group with the Sarraceniaceae (New World pitcher 
plants), because of the obvious vegetative transitions be­
tween the two pitcher-plant families (Sarraceniaceae and 
Nepenthaceae). Some authorities still hold to this view, 
choosing to place more weight on the evidence from leaf 
morphology than from floral morphology. At issue, pri- 
marily, is the evolutionary position of the Nepenthaceae, 
about which there is little agreement. The family Droser­
aceae clearly is more advanced than the Sarraceniaceae, 
and the two should not be placed in the same order (see 
Sarraceniales above). The members of the family Ne­
penthaceae are closely knit and clearly have evolved from 
a common ancestor. One line of phylogenetic reasoning 
places the Nepenthaceae in an order by itself that stands 
between the evolutionary positions of the Droseraceae and 
Sarraceniaceae but somewhat closer to the latter; another 
interpretation has placed Nepenthaceae in the order Aris- 
tolochiales (a group that includes the pitcher-like Dutch- 
man’s pipe). Evidence from pollen and ovule morphology, 
however, now indicates a close affinity between the Ne­
penthaceae and the Droseraceae and at the same time 
casts doubt on the supposed affinities of the Old World 
pitcher plants with the Aristolochiales or Sarraceniales.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The Nepenthales is distin- 

guished from other orders chiefly by the characteristics óf 
the distinctive insect-trapping leaves and, to a lesser extent, 
by features of the inflorescence and flower, particularly 
pollen features. The main characteristics for separating the 
two quite distinct families are the habit and size of plant; 
form and arrangement of leaves; presence of unisexual 
or bisexual flowers; presence or absence of differentiated 
petals; number of carpels (ovule-bearing segments of the 
pistil, or female structure); number, form, and fusion of 
styles (narrow, upper part of pistil); and number and fu­
sion of stamens (male pollen-producing structures).

Alternate System s o f  Classification. The Classification 
presented in this article départs from the traditional one 
and places the Droseraceae and the Nepenthaceae in an 
order by themselves, apart from the Sarraceniales. What- 
ever the degree of their affinity may be, these two families

superficially do not show much morphological similarity. 
To the casual observer their chief similarity is functional— 
the camivory of their leaves.

The many species of the family Nepenthaceae, despite 
their sometimes striking Variation, are, by comparison 
with other plants, so morphologically homogeneous that 
they have always been placed in the single genus Ne­
penthes; the cohesiveness of the family never has been 
challenged seriously. The family Droseraceae, with several 
strikingly different types of traps, is by contrast a hetero- 
geneous family of four vegetatively distinct genera, which, 
however, show a close affinity to each other on the basis 
of floral morphology. Some authorities have treated the 
bizarre Venus’s-flytrap (Dionaea muscipula) as a separate, 
monotypic (single species) family, Dionaeaceae, although 
this view is defensible only if vegetative morphology is 
stressed at the expense of flower structure.
. The question of the closeness of relationship between the 
Old World pitcher plants (family Nepenthaceae) and the 
New World pitcher plants (order Sarraceniales) will re- 
main unresolved until more is known about the evolution 
of the pitchered leaves in Nepenthes, on the one hand, and 
Heliamphora (family Sarraceniaceae), on the other hand. 
New worldwide monographic studies are needed to deter- 
mine the number of species in the large genera Drosera 
and Nepenthes. (S.G.S.)

Myrtales (myrtle order)

The myrtle order (Myrtales) consists of over 400 genera 
and nearly 10,000 species of flowering plants, and its 
representatives grow in a variety of habitats throughout 
the world. Members of the family Melastomataceae are 
particularly abundant in Brazil, where they form a char­
acteristic component of the Vegetation. In many parts of 
Australia, Myrtaceae is the most prominent plant family, 
with the genus Eucalyptus forming large forests. These 
two families are the largest in the order, and together 
they account for approximately three-quarters of the total 
genera and species.

GENERAL FEATURES
Predominance of the woody habit, either as shrubs or 
trees, is a feature of the order, and some members of 
the genus Eucalyptus are among the world’s tallest trees.
E. regnans, the mountain ash of Victoria and Tasmania, 
commonly attains a height of over 300 feet (90 metres), 
and an exceptional specimen was once measured at 370 
feet (113 metres). Some herbaceous (nonwoody) species, 
however, occur in the families Lythraceae, Melastomat­
aceae, and Onagraceae, while the family Trapaceae consists 
entirely of herbaceous annuals (plants entirely completing 
a life cycle in one growing season). In the Lythraceae 
family there is an association between habit and climate; 
in temperate regions the species are annual or perennial 
herbs, whereas in warmer areas they are often woody 
shrubs and, sometimes, trees. In the family Penaeaceae, 
which is confined to rather dry areas of southwestem and 
southem Africa, the plants are small shrubs of heathlike 
habit adapted to dry wasteland habitats. Diversity in size 
and habit is exhibited by members of the family Melasto­
mataceae, which includes, as well as shrubs and trees, root 
climbers, epiphytes (plants that are not rooted in soil but 
live among the branches öf trees), and herbaceous marsh 
and water plants. A similar range of Variation is seen in 
the family Onagraceae which is found in the subtropics 
and temperate zones.

Distribution and abundance. Members of this order are 
to be found chiefly in the tropics and subtropics, but most 
families have some representatives in temperate regions. 
Apart from the families Oliniaceae and Penaeaceae, which 
are restricted to the southem half of Africa, all families 
are widely distributed either as native plants or, as in the 
families Punicaceae and Myrtaceae, as introduced species 
through extensive cultivation. The widest natural distri­
bution is that of the Onagraceae family, which has its 
chief development in the temperate zones of the Ameri­
cas, particularly in the western regions. lts largest genus, 
Epilobium, is composed of some 160 species and is cos-
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mopolitan except in the tropics. The family Lecythidaceae 
is found throughout the tropics, but the family Combre- 
taceae, although mainly tropical, extends into the subtrop­
ics. The Lythraceae family has representatives in a variety 
of climatic zones, but it is most abundant in tropical 
America. The number of its species declines rapidly to­
ward the temperate regions, and it is absent from the cold 
zones. Lythrum salicaria is one of the few plant species 
found in both Old and New Worlds, and its range covers 
Europe, through Asia to Japan, as well as North America 
and southeastem Australia. Melastomataceae, the largest 
family, is also mainly tropical, but its members extend into 
the subtropics and more temperate regions. About 2,000 of 
its species are native to the American continent. Two main 
centres of development of the family Myrtaceae are rec- 
ognized; tropical America, for the berry-fruited members, 
and Australia, where the dry-fruited species predominate. 
The 600 species of Eucalyptus are distributed throughout 
Australia from the semi-arid regions to the Coastal forests. 
The most widely spread genus is Myrtus, which grows in 
the warmer regions of both hemispheres; and the myrtle 
(M. communis) is either long naturalized in Europe or the 
only native Myrtus member in that continent. Mangrove 
species of the Sonneratiaceae and Rhizophoraceae families 
are found along tropical seacoasts, although the latter fam­
ily is mainly Old World. Rhizophora mangle is the only 
native mangrove species in America, and it is restricted to 
peninsular Florida. The related family Anisophylleaceae 
is exclusively tropical, and the family Trapaceae is found 
from central and Southern Europe to eastern Asia and 
from tropical to subtropical Africa.

Importance. Economically, the most important single 
genus is Eucalyptus, many of whose species are a valu- 
able source of hardwoods. Because of their rapid growth 
rate, they are now grown widely throughout the tem­
perate regions of the world as shade trees or in forestry 
plantations. In addition, oils with fever-controlling and 
germicidal properties, gums, and resins are extracted from 
their leaves and wood, while some species are of impor­
tance as a source of nectar and pollen for hive bees. Other 
members of the Myrtaceae family used for timber are 
Metrosideros and Angophora, and the pungent, medicinal 
cajeput oil is extracted from the paperbark tree, Melaleuca 
leucadendron. Two members of the Lythraceae family 
used as a source of good timber are the tulipwood tree 
of Brazil, Physocalymma scaberrima, and Lagerstroemia 
flos-reginae of eastern India, while Terminalia of the fam­
ily Combretaceae and Lecythis and Couroupita of the 
Lecythidaceae family are also valuable timber trees. For 
underwater constructions such as piers and jetties, whole 
trunks of the mangrove Rhizophora are widely used be­
cause their tannin content inhibits attacks from marine 
wood-boring animals.

idible Although the order is not of great importance as a source
ruits and of food, edible fruits are produced by some members of 
)ther most families. The most widely known is probably the
ïseful pomegranate (Punica granatum), which is now cultivated
>roducts in the warmer regions of the world for its fruit and also as 

an ornamental shrub. In the Myrtaceae family the guava 
(Psidium guajava), strawberry guava (P. cattleianum), and 
many species of Eugenia are of local value, such as the 
Brazil cherry (E. michelii), the Surinam cherry (E. uni- 
flora), the Otaheite apple (E. malaccensis), and the rose 
apple (E. jambos). The dried flower buds of Syzygium 
aromaticum are the cloves of spiee commerce, and the 
powdered unripe fruit of Pimenta dioica is allspice. The 
water chestnut (Trapa natans) is eaten in China, and the 
fruits of T. bispinosa are the source of the singhara flour 
of north western India. Other edible fruits are found in 
the genus Maietia of the Melastomataceae family and in 
some species of Fuchsia, while in tropical Africa a butter- 
like substance, chiquito, is obtained from the fruits of 
Combretum butyrosum. The family Lecythidaceae is no­
table for the Brazil nut (Bertholletia excelsa) and sapucaia 
nuts (Lecythis), for the oil extracted from the seeds of 
Barringtonia, and for the anchovy pear (Grias cauliflora), 
cultivated in the West Indies. The family Combretaceae 
supplies the Indian, or country, almond (Terminalia ca- 
tappa) and the myrobalan nuts (T. chebula), but the only

edible products of the family Anisophylleaceae are the 
poga nuts (Poga oleosa).

Other products from members of this order are a red 
cosmetic dye from Lawsonia inermis and Woodfordia 
floribunda of the family Lythraceae, fibre for textiles from 
the soft bark of Couratari (family Lecythidaceae), colour- 
ing matter from some of the members of Melastomataceae 
family, and tannins for tanning hides from the bark and 
foliage of Rhizophora and Terminalia. Many species of 
the Lythraceae family are horticulturally important as 
shade trees or as garden plants, such as crape myrtle 
(Lagerstroemia), mignonette or henna tree (Lawsonia), 
loosestrife (Lythrum), and cigar flower (Cuphea).

Horticulturally important plants in the Myrtaceae fam­
ily are Eucalyptus, myrtle (Myrtus communis), geraldton 
waxflower (Chamaelaucium), bottlebrush (Callistemon), 
and many others, including beautiful horticultural hybrids 
of Leptospermum. The family Melastomataceae provides 
the garden shrubs Medinilla, Heterocentron, and Tibou- 
china and the small vine Schizocentron, which is grown 
in hanging baskets. The herbaceous annuals or perennials 
of the Onagraceae family, such as those found in the 
genera Oenothera, Clarkia, and Godetia, as well as the 
shrubby Fuchsia, are familiar cultivated plants through­
out the world.

NATURAL HISTORY
Life cycle. The flowers of most species have both 

male and female parts in the same flower (perfect, or 
bisexual, flowers), but those of the Sonneratiaceae, Aniso­
phylleaceae, and Combretaceae families may have flowers 
of only one sex; structures of the opposite sex, though 
originally present, fail to mature in these cases. At the 
completion of meiosis (nuclear reduction division lead- 
ing to gamete, or sex-cell, formation) in the anthers, the 
microspores remain joined together for a short time in 
tetrads, or clusters of four, before they separate as pollen 
grains. In the genus Epilobium, however, they remain 
together as permanent tetrads and are liberated as such 
when the anthers split open. In most members of the On­
agraceae family, the pollen grains are connected by viscid 
threads that stick to a visiting insect; thus, hundreds of 
pollen grains are drawn out of the anther together. When 
mature, the pollen is usually two-celled; i.e., it consists 
of a large vegetative or pollen tube cell and a smaller 
generative cell. In the Lecythidaceae and Melastomataceae 
families, however, the generative cell has already divided 
to form the two male gametes, or sperm cells, when the 
anthers ripen and split. The pollen grains in these fami­
lies are therefore three-celled, while in the Combretaceae 
family both two- and three-celled conditions are shown by 
different species.

Within the ovary are one or more future seeds, or ovules, 
each of which is provided with two seed coats, or integu- 
ments. In the centre of each ovule is the embryo sac, or 
female gametophyte, one of whose cells, the egg, develops 
into the embryo after it has been fertilized by a male 
gamete from a pollen grain.

In Eucalyptus, only relatively few of the ovules present in 
each ovary develop into seeds, and the majority are sterile 
because they lack embryo sacs. These are the ovulodes, 
which later shrivel and form the chaff that is shaken out 
of the mature capsule, together with the few viable seeds.
Pollination. Although normally the flowers open when 

mature, the opposite condition, of mature flowers remain- 
ing closed (cleistogamy), occurs in Ammania and Rotala 
of the family Lythraceae and in Jussiaea acuminata. The 
last mentioned plants grow near the Sahara in locales 
where the ground temperatures of 70°-80° C (158 °-176 ° 
F) are too hot for insects, and there the mature flowers re­
main closed. Usually when mature flowers remain closed 
it implies self-pollination, but, in Purpurella cleistoftora 
of the family Melastomataceae, robber bumblebees effect 
cross-pollination when they force an entrance to the flow­
ers in search of pollen. The normal condition, of mature 
flowers unfolding, however, does not necessarily mean 
that cross-pollination takes place, and the British Epilo­
bium species form a series from the small-flowered, largely 
self-pollinated species to those with large, insect-pollinated
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flowers. Pollination by wind occurs in some of the fuch- 
sias and perhaps in Eucalyptus, but usually the transfer of 
pollen is accomplished by insects, chiefly bees or moths 
and butterflies. In certain species of the Lecythidaceae 
and Melastomataceae families, however, hummingbirds 
are the pollinators, and honey eaters are the pollinators in 
the larger flowered members of the Myrtaceae family. Me- 
trosideros excelsa of New Zealand relies for its pollination 
on a forest bird, the tui, which migrates in early summer 
to the coast of the North Island in search of nectar. In 
Brazil, flowers of the genus Feijoa are visited regularly 
by small birds that eat the sweet, fleshy petals. The most 
complex cross-pollination mechanism in the order is that 
of Lythrum salicaria, which produces three forms of flow­
ers on different plants. The stamens, pollen grains, styles, 
and stigmas likewise are of three different shapes, and 
only certain crosses are effective in seed production.
Postfertilization events. Following fertilization, nuclear 

endosperm, a special nourishing tissue for the developing 
plant embryo, is formed in the embryo sac. This tissue 
subsequently becomes cellular, except in the Melastoma­
taceae family, where it is digested by the growing embryo 
while it is still in the free-nuclear condition. In all other 
families it is the cellular endosperm that is digested, and 
the mature seeds are nonendospermic. Extrusion of the 
endosperm through the broad micropyle opening of the 
ovule to form haustoria, special absorbing organs, is a 
feature of the family Rhizophoraceae, and these may play 
a supplementary role in the nutrition of the embryo. The 
genus Trapa is unique in the Myrtales order in that the 
primary endosperm nucleus degenerates, and so no en­
dosperm is formed, but the lack of this source of nourish- 
ment for the embryo is compensated for by its formation 
of a haustorial suspensor, which invades the tissues of the 
ovule outside the embryo sac.

The embryo is dicotyledonous (i.e., it has two cotyledons, 
or “seed leaves”), but in the Penaeaceae family the cotyle­
dons are minute, and in the Anisophylleaceae family they 
are either very small or absent. In the Melastomataceae 
and Trapaceae families, one cotyledon is much smaller 
than the other and is sometimes reduced to a scale. 
Polyembryony, the presence of several embryos in each 
seed, has been reported in several families of the order 
and is very common in Myrtus communis and Eugenia. 
In E. paniculata up to 21 embryos have been found in a 
seed, and it is unusual for there to be fewer than two.

The fruit varies from dry to fleshy, these extremes often 
occurring within the same family. In the genus Lecythis 
(the monkey pot), the tissues giving rise to the stamens in 
the flower persist and enlarge to form a lid, which sepa­
rates when the fruit is ripe, and in Bertholletia excelsa the 
hardened persistent sepals (green, leaflike structures next 
to the petals in a flower) form a plug that is later dislodged 
during seed germination, and the seedlings escape through 
the opening.

Vivipary is a feature of many of the mangroves; that 
is, the seed germinates while the fruit is still retained on 
the tree, and, following growth of the seed leaves, the 
root end of the embryo elongates and passes through the 
micropyle opening in the ovule and then through the 
ovary wall. In some instances it may reach three feet (one 
metre) in length before the seedling drops into the mud, 
where it establishes itself at once. In Couroupita guianensis 
and Grias cauliflora (family Lecythidaceae) and Myrciaria 
(family Myrtaceae) the flowers and, later, the fruits are 
bome directly on the old wood of the trunk. This is known 
as cauliflory, and in Couroupita the large, round, woody 
fruits attached to the trunk are responsible for the name 
cannonball tree.

Unusual responses to the environment. Those species of 
Eucalyptus that grow on poor soil in low-rainfall areas 
show a prominent development of the lignotuber, a woody 
rounded knot or lump surrounding the base of the tree 
trunk and usually partly or entirely underground. Such 
trees have a multistemmed type of growth and remain 
small, both in height and in stem diameter. A similar 
environmental response may be exhibited in medium- to 
high-rainfall localities in individuals growing on very shal- 
low soil on the tops of ridges, while members of the same

species growing on deeper soil nearby show no lignotuber 
development and have normal growth. In the Onagraceae 
family, temporary adaptation to an oxygen-deficient envi­
ronment is seen in the genus Jussiaea. When plants grow 
in water, air spaces develop in the tissues of the roots and 
submerged sterns, and in J. repens some special spongy- 
tissued respiratory roots grow to the surface of the water. 
The same plants under ordinary dryland conditions do 
not exhibit these features.

Ecology. Certain members of the order are adapted to 
special ecological situations. For example, Trapa and some 
species of the Melastomataceae and Onagraceae families 
are aquatic or marsh plants, while the mangroves require 
habitats found only along tropical muddy seashores or 
estuaries. Both epiphytes and root climbers of the Melas­
tomataceae family are confined to tropical forests, but the 
genus Penaea, with its low, shrubby habit, is adapted to 
life in dry parts of southwestem and southem Africa. The 
fireweed Epilobium angustifolium is one of the first plants 
to appear after fire devastation or other disturbances, such 
as bulldozing, and it achieved fame by its rapid coloniza- 
tion of bomb sites in Great Britain during World War II.

FORM AND FUNCTION
No structural characters are common to all families of 
this order. Vegetatively, many of the plants are woody 
perennials and most bear opposite leaves, but Variation 
both between and within the families is considerable, and 
the concept of the order is based on flower structures. Of 
these, the most important is the form of the receptacle, 
which forms a floral tube of varying length and degree 
of attachment to the wall of the ovary (female seed-bear- 
ing structure).

Representative plants from two families of the myrtle order.

Growth peculiarities are apparent in some members of 
the order. For example, the alternate adult leaves of Eu­
calyptus assume a vertical position by twisting of the 
petiole (leafstalk) during development, but this feature is 
not exhibited by those species that bear permanently ju ­
venile foliage, in which the leaves are opposite instead of 
alternate. In the family Combretaceae, two types of leaf 
arrangement occur in one genus, Quisqualis. Alternate 
leaves are borne on the stem, but in the flowering shoots 
the leaves are opposite, and, in some climbing species, 
the petiole bases persist as hooks after the leaves have 
dropped. Probably the most unusual growth form is that 
exhibited by the mangroves of the Sonneratiaceae and 
Rhizophoraceae families, in which portions of some roots

The
mangrove 
habit of 
growth
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grow upward through the mud until they project some 
inches above low-tide level. These “breathing roots” bear 
small openings in their bark and act as aerating organs. 
Aerial prop roots are also a feature of most mangroves, 
and these persist, forming a tangled jungle, even after the 
main roots and stem bases of the trees have decayed. 
The genus Terminalia also possesses breathing roots, and 
loose intemal cell tissue containing air spaces occurs in 
the submerged portions of the sterns and roots of marsh- 
inhabiting species of the family Melastomataceae. Trapa, 
a floating annual, is supported by the inflated petioles of 
its floating leaves, while its submerged leaves are finely 
divided and resemble roots. An interesting association 
with ants is exhibited by some members of the Melas­
tomataceae family, such as Maietia and Tococa. In these, 
saclike outgrowths are formed on the upper surfaces of 
the leaves and sometimes on the petioles, and they serve 
as shelters (dormatia) for ants, which enter them from the 
lower surface. The ants protect the flowers from all but the 
legitimate flower pollinators by swarming out of hiding at 
any unusual disturbance of the branch.

EVOLUTION
The fossil record has not contributed to an understanding 
of the origin of the Myrtales order, but its families, as 
now known, were probably all defined by Tertiary times 
{i.e., by about 65,000,000 years ago). Theories advanced 
as to their evolution rest largely on deductions from 
comparative structural studies of living species and are, 
therefore, subjective. Most such schemes are based on de­
tails of floral structure. Accordingly, the perigyny-epigyny 
{i.e., position of the flower petals and other flower parts 
relative to the ovary, being either “around” or “above” it) 
shown by the typical flower of the Myrtales order is seen 
as the expression of an evolutionary tendency initiated in 
the Saxifragales order. Because of its perigynous-epigynous 
flowers, the Saxifragaceae family of that order has been 
favoured by many as an ancestral family. It is considered 
by some authorities, on the other hand, that vegetative 
features are a more reliable guide to ancestry than those 
associated with reproduction {i.e., the flower). On this ba­
sis, they recognize in flowering plants two independent but 
parallel lines of descent: the fundamentally woody fami­
lies and the fundamentally herbaceous families. According 
to this concept, the families Lythraceae, Onagraceae, and 
Trapaceae in the Myrtales order may then be grouped into 
an order, the Lythrales, that can be thought to have arisen 
through the order Caryophyllales from the most primitive 
herbaceous flowering plants, and the remaining families 
can be traced ultimately from the most primitive woody 
flowering plants of the order Magnoliales.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The chief botanical feature of 

importance in Classification in the Myrtales order is the 
nature of the floral tube (receptacle, or hypanthium), 
whose form ranges from the free tubulär condition of vary- 
ing lengths to partial or complete fusion with the ovary 
wall. This is the most important taxonomie character, and 
many taxonomists consider that its Variation in expression 
between—and sometimes within—the component fami­
lies represents an evolutionary sequence that reaches its 
final expression in epigynous flowers {i.e., inferior-ovary 
flowers, those with flower parts appearing to arise at the 
top of the ovary rather than at its base). The number of 
component families in the Myrtales order varies in differ­
ent classifications according to the authority. The form of 
the flower, the shape of the floral tube or receptacle, and 
the degree of its fusion with the ovary wall are characters 
of primary importance, but the number, arrangement, 
and points of origin of the stamens, as well as details of 
the female flower parts, are also taken into account. Veg­
etative features such as the form and arrangement of the 
leaves, the presence or absence of stipules (small, leaflike 
appendages at the bases of leaves), and the occurrence of 
internal phloem (an additional layer of special conducting 
cells inside the stem, in contrast with the usual presence 
of only one layer just beneath the bark) are of secondary 
taxonomie value.

Taxonomie problems. Earlier treatments of this order 
recognize 23 families in 4 suborders. The more recent view 
presented in this article, however, defines the order to in- 
clude only 12 of the former families, and it recognizes the 
family Anisophylleaceae as a 13th independent, though 
closely related, family near the family Rhizophoraceae. 
The number of genera and species of each family also 
varies among authorities. (G.L.D.)

Rutales

The large flowering plant order Rutales consists of 12 
families, about 324 genera, and about 4,000 species. Meli- 
aceae is the largest family in the group with about 50 
genera and 1,400 species. Some families, such as Aitoni- 
aceae and Coriariaceae, among others, consist of only a 
single genus. The largest genera in the order are Trichilia 
(300 species, distributed in tropical America and Africa), 
Aglaia (about 300 species in China, Indo-Malaysia, and 
tropical Australia), Fagara (250 species in the tropics gen­
erally), Dysoxylum (200 species in Indo-Malaysia), and 
Commiphora (185 species in North Africa). Some genera, 
such as Blepharocarya (family Anacardiaceae), Nymania 
(Aitoniaceae), Toddalia (Rutaceae), Limonia (Rutaceae), 
and others, are monotypic; i.e., they consist of only a 
single species each.

The order is possibly of greater importance as a source 
of hardwood timber than any other in the plant kingdom. 
It also includes some of the best known tropical and sub­
tropical fruits—the cashew nut {Anacardium occidentale), 
one of the first West Indian fruit trees to be distributed 
throughout the tropical world by early Spanish and Por- 
tuguese adventurers, and the Indian mango (Mangifera 
indica), often called the queen of all tropical fruits; it
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has delightfully aromatic flesh. The mango has long been 
cultivated in the Indo-Malaysian regions and has recently 
been introduced into other parts of the world. The myrrh 
(B alsam oden dron ) and frankincense (Bosw ellia  carteri) of 
biblical fame also belong to this order.

GENERAL FEATURES
Size range and diversity of structure. The order Ru­

tales consists predominantly of woody shrubs and trees. 
Herbs are, as a rule, absent, although some are present 
in the families Rutaceae and Podoaceae. A few, such as 
the genera N a reg a m ia  and D ictam nus, are undershrubs. 
Rhizomatous (creeping) tuberous-rooted perennials are 
found in the family Podoaceae. The order has only a 
few climbers, but poison ivy (R hus toxicodendron  and
R. radicans) is one well-known example. A great many 

Trees of beautiful forest trees, some of which are reckoned among
the order the most elegant on Earth because of their feathery foliage

and magnificent fruits, belong to this order. Several trees, 
such as C am pn osperm a  auriculata, M angifera lagenifera, 
B uchanania lucida, and others, attain a height of 110 feet 
(33 metres). Trees like Irving ia  m alayana  may even reach 
a magnificent height of 220 feet (67 metres). Many have 
buttresses, which may be thin and steep as in Irvingia, 
spreading as in P en taspadon, or thick and prominent as 
in Gluta, P arish ia , C anarium , and others. Several growth 
forms occur among the trees of the order. Many, such as 
M angifera  lagenifera, have a dense and almost hemispher- 
ical crown with a tall columnar trunk. D racantom elon  
m angiferum  has a conical crown when young, becoming 
dense and rounded at maturity. C am pnosperm a auriculata  
has a flat-topped crown. There are several thomy trees 
in the family Rutaceae, among them the genera Aegle, 
Citrus, L im on ia , and others. C anarium  has aerial roots, 
especially on the side to which it leans. These roots may 
arise from a height above the ground of 13 feet (4 metres) 
or even more.

Distribution and abundance. The order Rutales is dom- 
inantly pantropical in distribution, with a few genera 
extending to temperate regions of both hemispheres. The 
chief centres of distribution are tropical America, South 
Africa, the Indo-Malaysia region, and northem Australia. 
Some genera show restricted distribution—e.g., K irk ia  in 
tropical and southem Africa, N ym an ia  in southem Africa, 
N aregam ia  on the west coast of India and in eastern 
Africa, C neorum  in the Mediterranean region and the Ca- 
nary Islands, M e lo sm a  in California, and Stylobasiu m  in 
Southwest Australia.

Economie importance. The group is important in sev­
eral respects. It includes many fruit trees, such as the 
Indian mango and cashew nut. The axis under the nut in 
the latter swells into a pearlike body that is also edible 
and is used for distilling wine. This false fruit, known as 
cashew apple, is fragrant. In many varieties of cashew ap­
ple the juice causes a slight irritation in the throat. Other 
varieties are known chiefly from tropical America, where 

Skin the pulpy portion is extensively consumed. The shell of the
poisons cashew nut contains an irritant skin poison that produces 

blisters and dermatitis. The shell liquid is salvaged and 
used as a lubricant in electrical insulations in airplanes. 
The cashew kemel is generally removed and eaten after 
roasting the nut.

Mango is one of the earliest fruit trees known to 
mankind. The representation of this tree in the Buddhist 
stüpas bears testimony to its antiquity in India. The tree 
is inextricably connected with Indian life and religious 
ceremonies. Sanskrit literature is replete with delineations 
of its qualities. Every part of the tree, from root to the top, 
is used by man in one form or another. The fruit itself, in 
all stages of development, is used in India and neighbour- 
ing countries. Raw fruits are used as sources of tannin 
and other astringent products, for chutneys and in pickles, 
and for cool drinks. Beverages, symps, marmalades, jams, 
jellies, and candies are made from the ripe fruits. The 
kemel, rich in carbohydrates, calcium, and fat, is used as 
a stock feed for pigs. When dried and ground into flour, it 
is used as food by people in some parts of Southeast Asia.
Pistachio nuts are obtained from P istacia  vera of the 

Mediterranean countries and west Asia. Lemons (Citrus

lim ori), oranges (C. auran tium ), limes (C. aurantiifo lia), 
and other citrus fruits are well known. Originally, C itru s  
was a fruit of the Orient, where it has been in cultivation 
for thousands of years. The oldest Oriental literature in­
cludes stories about Citrus. The United States is now a 
Principal grower of the fruit. Citrus fruits are among the 
best sources of vitamin C.

Kumquat (F ortunella), hog plum (S p o n d ia s), and bael 
{Aegle) are some of the other common fruits of the Ru­
tales order. L a n siu m  do m esticu m  is cultivated for its fruit, 
known as langsat or lansa, in the Malayan region. The 
fruits of C anarium  a lbu m  are eaten like olives. The brown 
pulp of wood apple (F eronia lim on ia ) mixed with sugar is 
eaten after straining through a sieve to remove the seeds.
Santol (San doricu m  koetjapé) is a favourite fruit in the 
Philippines.

Timber from trees of the Rutales order is often excel­
lent. Some of the well-known timber trees are mahogany 
(<Sw ieten ia  m ah ogan i) of tropical America and the West 
Indies, Guiana crab tree (C arapa  gu ia n en sis), African 
cedar (K h a ya  senegalensis) of West Africa, Indian red- 
wood (S o ym id a  febrifuga), Chittagong wood (C h ikrassia  
tabularis) of the Indo-Burma region, toon (T oona c ilia ta )  
of India, satinwood (C hloroxylon  sw ie ten ia ) of the Indo- 
Malayan region, yellow wood (F lin dersia  ox leyana) of east 
Australia, and sneeze-wood, or cape mahogany (P taeroxy- 
Ion utile). The important gaboon mahogany, or okoume of 
commerce (A ucoum ea kla ineana), is used for veneers and 
plywood. Sapele mahogany (E n tan droph ragm a), Colorado 
wood (Q uebrach ia  loren tziï), Spanish cedar (C edrela), and 
African walnut (L ovoa), though less important, are known Timber 
the world over. The best known timbers are typically red- character- 
dish in colour, lustrous, easy to work, and unusually free istics 
of tendencies to warp under changing conditions of mois­
ture and other atmospheric factors. Such characteristics 
make these woods eminently suited for cabinetmaking.

Tannin-yielding plants are known in the group—e.g.,
C arapa  species (Indo-Malaysia), Sch in opsis species (South 
America), C oriaria  m yrtifo lia  (Mediterranean).

Many barks are medicinal. The bark of G uarea rusbyi, 
known to pharmacologists as cocillana, has properties sim­
ilar to those of ipecacuanha {i.e., C ep h a elis  ipecacuanha, 
the dried roots of which contain alkaloids such as eme- 
tine, cephaeline, and psychotrine). The tropical South 
American casparia bark is obtained from G alipea  offic- 
inalis. The extract of Surinam quassia wood {Q u assia  
am ara) is a tonic. Bitters are prepared from the bitter 
principles present in the barks of several species, such 
as cedron {S im a b a  cedron) of Central America, simaruba 
bark (S im arou ba  a m a ra ) of tropical America, and quassia 
wood {P icrasm a excelsa) of the West Indies. The bitter 
fruits of B rucea a m a riss im a  are used in Malayan and 
Chinese medicines, particularly to treat dysentery. Among 
the medicinal plants are neem, or margosa {A zad irach ta  
indica), and bael, both of India.
The art of lacquering had its origin in China centuries 

before the beginning of the Christian Era and reached its 
climax of development there during the time of the Ming 
rulers, ad  1368-1644. The lacquers used for this were 
obtained from the vamish tree {R h u s vernicifera). The 
exudate of this tree, a milky liquid, darkens and thickens 
rapidly on exposure to air. Lacquer, when applied as a 
vamish, affords remarkable protection, as it is unchanged 
by acids, alkalies, alcohol, or heat up to 160° F (70° C). 
M elanorrhoea u sita ta  is the Burmese lacquer tree.

Members of the family Burseraceae have an abundance 
of fragrant balsams (aromatic substances that exude from 
plants spontaneously or by incision) and resins in their 
bark. Myrrh and frankincense, both in the family Burser­
aceae, contain the fragrant substances. Resins and balsams 
are oxidation products of various essential oils and are 
very complex and varied in their Chemical Constitution.
The resins, secreted in definite passages or cavities, exude 
from the bark and harden into lumps on exposure to 
air. Tapping usually is necessary for commercial exploita- 
tion. Other important resins are the carana gum (from 
P rotiu m  carana) of South America and balm of Gilead 
(from C om m iph ora  opobalsam u m ). B ursera  gu m m ifera  is 
the turpentine tree, which fumishes the resin known as
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American elemi, cachibou, or gomart. From the elephant 
tree (Bursera) of Mexico is obtained a copal (a type of 
resin), which is used as a cement and vamish. Chian 
turpentine is obtained from Pistacia terebinthus. Amyris 
elemifera gives African elemi. Canarium commune fur- 
nishes the resin Manila elemi, and its nuts are edible 
(Java almond). C. strictum of Kerala (India) is the source 
of black dammar. Fmits of Canarium are also valued for 
their kerneis, which are processed to produce a cooking 
oil. Fat from the seeds of Carapa is used for making soap 
and as an illuminant. Rue (Ruta graveolens) is a narcotic 
and stimulant. Its leaves are used as a flavouring herb in 
Mediterranean regions, and oil of me is also distilled from 
it. Leaves of Murraya koenigii are used for flavouring 
curries in Indo-Malayan regions. Dyes from the fmits of 
Coriaria have been used to prepare indelible inks. Khaya, 
Feronia, and other genera give gums that can be used in 
place of gum arabic. Anacardium humile, A. occidentale, 
and A . nanum provide cashew or acajou gum, which is 
not only a reasonably good adhesive but also contains a 
small amount of cashew oil, which acts as an insect repel- 
lent. Pistacia lentiscus of Greece fumishes mastic. Fmits 
of Semecarpus anacardium are known as marking nuts. 
The young fmits yield a black resin insoluble in water, 
and this is used as a marking ink in Southeast Asia.

A few, like the tree of heaven (Ailanthus altissima), 
Persian lilac (Melia azedarach), cork tree (Phellodendron), 
and orange jasmine {Murraya), are grown in parks and 
gardens. Orange flowers are used widely in perfumery in 
France. Because of the pleasantly fragrant aroma, citms 
flowers are used throughout the world as decorations in 
special celebrations. Various kinds of citms oils are ex­
tracted from the rinds (peel) of fmits. These oils develop 
in sacs or vesicles, which are ductless and without com- 
munication with surrounding cells or the exterior.

The fmits of Persian lilac are poisonous to rabbits, poul- 
try, pigs, sheep, and cattle. Dysoxylum angustifolium has 
a preference for riversides, and, during fmiting season, 
the fmits often fall into the water, where they are eaten 
by fishes, The flesh of such fishes becomes poisonous to 
men and animals. The foliage and fmits of Coriaria are 
reported to be very poisonous, and the fmits are used as a 
dog poison in Mexico. The poison ivy of North America is 
either of two species, Rhus toxicodendron and R. radicans.

NATURAL HISTORY
Life cycle. Members of the order are perennials. The 

trees in the group play a dominant role in the formation of 
tropical forests. Many are quick growing and evergreen, as 
in Campnosperma auriculata, Buchanania lucida, Melan- 
orrhoea wallichian, and Mangifera indica, or deciduous, 
as in Lannea, Juliania, Pentaspadon, and Rhus.

Gluta is remarkable in having intensely violet young 
leaves. The young leaves of Mangifera may be brown, 
reddish brown, or violet. The leaves of Campnosperma 
macrophylla wither red. The deciduous trees usually flower 
when leafless. Some trees, such as Samadera indica (Indo- 
Malayan), are reported to flower only once in three years. 
Mangifera lagenifera flowers only at intervals of many 
years, sometimes as long as 20 years.

The flowers are mostly suited for pollination by insects. 
The coloured corolla (petals) and sometimes stamens 
(male reproductive stmctures) render some flowers con- 
spicuous. Fragrance makes others attractive. The disk (a 
fleshy stmcture inside the flower) secretes an abundance 
of easily accessible honey. Cross-pollination appears to be 
favoured by the protandry {i.e., the maturing of the sta­
mens before the female parts of the same flower) in many 
flowers. In me {Ruta) the stamens rise in the centre of the 
flower, shed pollen successively, fall back, and wither. The 
stigma (part of the female reproductive stmcture) ripens 
only after all the stamens have fallen back. Some of the 
stamens, though fallen back, may not wither, and they 
often retain some pollen. If by chance no insect visitor 
comes, the unwithered stamens may rise up again and 
shed the pollen grains on the stigma, effecting self-pollina­
tion. Here is a remarkable instance in which seed setting 
is ensured by self-pollination if necessary, but cross-polli­
nation is sought until the last possible moment. The usual

visitors are small flies and bees. Many species are also 
vegetatively propagated.

Ecology. Members of the family Rutaceae are adapted 
to various conditions. Some are xerophytes (adapted to 
dry habitats), frequently of heathlike habit (low dense 
shrubs)—e.g., the South African Diosma. Some members 
have short shoots whose leaves are reduced to spines. 
Generally, the members of the order do not prefer open 
land. Many have a liking for riverside flood zones, as 
in the Malaysian Aglaia salicifolia and Dysoxylum an­
gustifolium. Some species of Aglaia and Amoora grow in 
swamps. Xylocarpus obovatus and Amoora cucullata are 
found in mangrove forests. Suriana maritima is Coastal 
in distribution. Plants of tidal Stretches include Gluta 
velutina, but species of Balsamodendron, Boswellia, and 
others have a preference for dry hills. Mango does best 
where the climate has strongly marked seasons and rain is 
scarce at fmiting time. A shower at the time of flowering 
is inimical to the development of fmits.

FORM AND FUNCTION
Distinguishing characteristics. Members of the fami­

lies Anacardiaceae, Julianiaceae, and Burseraceae have 
resinous bark. Leaves are generally altemately arranged 
along a stem and are only rarely opposite or whorled, 
The leaves are mostly pinnately compound (leaves with 
small leaflets along both sides of a central axis) and rarely 
simple. An interesting form of leaf is found in Citms, 
in which the simple blade is separated from the wedge- 
shaped petiole (leafstalk) by a joint. Because this type of 
leaf occurs in genera with compound leaves, it is believed 
that this is a reduced form. Reduction goes still further in

Drawing by M. Pahl based on (Podoaceae) J. Hutchinson, Families of 
Flowering Plants, the Clarendon Press, Oxford; (Coriariaceae) G.H.M. 

Lawrence, Taxonomy of Vascular Plants, The Macmillan Company

Representative flowers and fruits of seven families of the 
order Rutales.
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Citrus, in which the first one or two leaves óf an axillary 
bud (a bud located in an axil or upper angle between a 
stem and a branch or leaf) are reduced to spines. Leaves 
of Chisocheton (family Meliaceae) show continued growth 
at their tips. Members of the family Rutaceae have gland- 
dotted aromatic leaves. Stipules, small leaflike appendages 
at the base of petioles, are usually absent, and if present, 
obscure. In Ailanthus (family Simaroubaceae) abscission 
layers (zones of weakness) form at the base of the leaflets 
as well as in the petiole; the leaflets usually drop first.

The flowers may be single in the axils of leaves, as in 
Naregamia, or they may be arranged in racemes (spikelike 
flower clusters), cymose spikes (clusters that bloom from 
the top downward), or panicles (many-branched flower 
clusters). They may be bisexual or unisexual, and indi­
vidual plants may be polygamous (bearing unisexual and 
bisexual flowers on the same plant). In Juliania not only 
are plants dioecious (i.e., the male and female flowers are 
on separate plants), but the male flowers are in racemose 
panicles (panicles that bloom from the bottom upward), 
and females are crowded in an involucre (a cuplike whorl 
of green leaflike bracts). Generally, both calyx (sepals) and 
corolla (petals) are present, but in some the corolla may be 
lacking. In Juliania, which lacks petals, the male flowers 
have a three- to nine-lobed calyx; the females have none. 
The calyx in other members is generally three- to five- 
parted, as in the corolla. A conspicuous disk, which may 
be annular (ring-shaped), cushionlike, cuplike, or tubular, 
is present in most of the members.

Stamens are usually double the number of petals, but in 
some they are equal to the number of petals or sometimes 
indefinitely numerous. Filaments (the stalks of the sta­
mens) are usually free, but in most of the members of the 
family Meliaceae the stamens are united into a tube at the 
tip of which are borne the anthers, on the inside. Some 
species in the family Rutaceae also have filaments united 
at the base. When the flowers are unisexual, staminodes 
(sterile stamens) are usually present in the female flowers, 
and pistillodes (sterile pistils—female structures) in the 
male flowers; such is not the case in Juliania, however. 
Anthers, the saclike, pollen-producing parts of the stamens, 
are two locular (chambered) and open lengthwise. The gy­
noecium (female complex) may be composed of one to 20 
carpels, structures of the ovary wall. It may be unilocular 
(Coriaria), multilocular at the base and unilocular above 
(several members of the family Meliaceae), multilocular 
throughout (some members of the family Rutaceae), or 
the carpels may be separate, as in Ailanthus, Brucea, 
Samadera, and others of the family Simaroubaceae. Styles, 
the upper parts of the pistil, may be three, as in the family 
Julianiaceae, or they may be united, as in some members 
of the families Rutaceae and Meliaceae. Each carpel has 
a single ovule (seed precursor) in some members of the 
families Anacardiaceae, Simaroubaceae, and others; two 
ovules, as in the family Burseraceae and some members 
of the Meliaceae; or several ovules, as in some of the 
Rutaceae. In the family Julianiaceae the funiculus, the 
stalk attaching the ovule to the ovary wall, or placenta, 
is unusual in being cuplike; and the nucellus, the central 
part of the ovule, is generally massive. An outgrowth from 
the base of the funiculus called the obturator is present in 
several genera. These obturators aid in conducting pollen 
tubes to the ovules. The genus Rhus is exceptional in 
that the pollen tube enters the ovule through the chalaza, 
the end of the ovule opposite from where the funiculus 
attachés, in a process known as chalazogamy.

The fruit may be a drupe (stony-seeded—e.g., Mangifera), 
a capsule (Swietenia), winged (Ailanthus), a berry (some 
Burseraceae), a berry with a woody rind (Aegle), or a 
hesperidium, a three-layered berrylike fruit derived from 
a multilocular ovary, as in the genus Citrus. In Coriaria 
the petals enlarge and protect the fruits. Juliania has 
fruits enclosed in enlarged involucres. In some the fruits 
develop from an ovary with only partially united carpels, 
as in Dictamnus, and the carpels become isolated in fruit 
and dehisce (open) along the ventral suture. Citrus has 
a smooth endocarp (inner layer of a fruit) or encloses a 
fleshy part consisting of juicy emergences from the inner 
walls of the many-chambered fruit that fills the cavity.

Cedrela, Swietenia, and others have winged seeds. The 
seeds may be with or without endosperm, the starchy nu­
triënt tissue for the developing embryo. The embryo in the 
family Burseraceae is sometimes rolled (contortuplicate). 
Cotyledons (seed leaves) are usually fleshy. Some genera 
like Zanthoxylum, Citrus, and Mangifera have many em­
bryos in the seed. The embryos may come from different 
parts of the ovule. Apomixis, the development of unfertil- 
ized seed, is known in Citrus.
Physical and biochemical characteristics. It is known 

that the genus Canarium synthesizes a large series of 
turpenes, naturally occurring hydrocarbons of great vari­
ety, an example being turpentine, which is a mixture of 
turpenes. The oil obtained from various Canarium species 
contains paracymol, an aromatic hydrocarbon widely dis­
tributed in the essential oils öf flowering plants. Trees with 
resinous sap are usually irritating and poisonous. Notable 
among these are some species of Mangifera, Holigarna, 
and the rengas trees of Malaya. Because of the irritant sap, 
the wood of several species, though excellent, is seldom 
used because no method is known to remove the annoying 
agent. I t is known that the poison in these is a volatile and 
aromatic substance that gradually disappears from the sap 
after it has been drawn. It is doubtful whether this poison 
has any effect on animals such as monkeys and squirrels, 
which are known to eat the fruits of these trees, and in­
sects, which feed on the sap. The irritant present in cashew 
nut Shells has been studied in detail and has been found 
to contain cardol, anacardol, and anacardic acid. Coriaria 
is one of the very few nonleguminous (leguminous plants 
belong to the family Fabaceae, order Fabales) plants that 
fix atmospheric nitrogen in root nodules.

EVOLUTION
The order Rutales appears to be fairly old, as is evidenced 
by the available fossil records. Anacardites amissus, A. 
antiquus, Rhus membranacea, and others are known from 
Cretaceous Period (beginning about 136,000,000 years 
ago) rocks. Tertiary (beginning about 65,000,000 years 
ago) deposits are abundant in fossils of Rhus, Pistacia, 
Cedrela, Evodia, Ailanthus, and Bursera. Some families, 
such as Simaroubaceae, are not known from deposits older 
than the Tertiary.

Certain lines of specialization can be traced within the 
group. These include changes from spiral arrangement of 
leaves to opposite arrangement; reduction from two whorls 
of perianth (sepals and petals considered together) to one 
whorl and from two whorls of stamens to one whorl; grad- 
ual adnation (fusion) and cohesion of stamens to form a 
staminal tube; changes from bisexuality to unisexuality; 
changes from apocarpy (single, free carpels) to syncarpy 
(fused carpels); reduction in the number of carpels from 
several-carpelled ovaries to single-carpelled ovaries; and 
reduction in the number of ovules from many to one for 
each carpel.

As presented here, the order is derived from the order 
Saxifragales. Affinities with the orders Sapindales and Dil­
leniales cannot, however, be ignored.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. There are several characters, 

combinations of which are used by taxonomists to set the 
limits of the order Rutales, that may be used to assess the 
relationships among the various families included within 
the group and to determine connections with other groups. 
The characters used are, chiefly, woody habit, presence or 
absence of oil glands in the leaves, presence or absence 
of resinous bark, presence of a conspicuous disk within 
the stamens, nature of the staminal whorl, nature of the 
ovary, number and attachment of the ovules in the ovary, 
number of styles, and features of the seed and embryo.

Alternate Systems o f  Classification. There is no una- 
nimity of opinion among taxonomists with regard to 
the systematic positions of the families included in the 
order Rutales. While most of them agree that there is 
close relationship among the families Rutaceae, Meliaceae, 
Simaroubaceae, and Burseraceae, some treat the family 
Meliaceae in a separate order, Meliales. The above four 
families are placed in the order Geraniales in the majority
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of earlier Classification Systems. These families are included 
in the order Rutales by several important authorities who, 
however, also include other families not presented here. 
The families Julianiaceae, Coriariaceae, Cneoraceae, and 
Anacardiaceae have been placed in other orders or have 
been elevated to ordinal status by themselves in several 
different Classification schemes. To this list have been 
added Podoaceae, Stylobasiaceae, Aitoniaceae, and Kirki- 
aceae in the Classification presented here. The affinities of 
Aitpniaceae, Kirkiaceae, and Coriariaceae are, however, 
obscure. On anatomical grounds there is strong evidence 
for considering the families Rutaceae, Simaroubaceae, 
Meliaceae, Sapindaceae, Burseraceae, and Anacardiaceae 
as forming a natural group, with Rutaceae standing some- 
what apart, showing the closest resemblance to the family 
Simaroubaceae. It has been stated that pollen grains in the 
families Anacardiaceae, Burseraceae, Meliaceae, Rutaceae, 
and Simaroubaceae show similarities. Totality of evidence 
indeed suggests that these families are related.

The genus Blepharocarya has been segregated from Ana­
cardiaceae to an independent family Blepharocaryaceae 
by some authorities who feel that the female inflorescence 
(flower cluster) of Blepharocarya is apparently almost ex- 
actly homologous to the cupule {i.e., the structure forming 
the cup in an acorn) of the family Fagaceae (oaks and 
beeches). The genus Rhabdodendron has been removed 
from the family Rutaceae and referred to the family Phy- 
tolaccaceae on anatomical grounds by some authorities. 
Rhabdodendron has also been raised to family status, and 
this view has been endorsed by many. Sometimes the 
genera Suriana, Irvingia, and Picrodendron of the family 
Simaroubaceae are treated as independent families, based 
on anatomical characters. Irvingia is sometimes placed in 
the family Ixonanthaceae (order Geraniales). It has been 
suggested that the tribes Melieae, Cedreleae, and Swi- 
eteneae should be raised to the status of families. This 
is not supported by wood anatomy, palynology (pollen 
morphology), or floral anatomy. The family Podoaceae 
was included under the family Sapindaceae by some early 
workers and with Anacardiaceae by others. It has also 
been suggested that it could be raised to a family in its 
own right; this has been accepted by many authorities 
and is so presented here. Palynology supports such a con- 
tention. The genus Kirkia was formerly included in the 
family Simaroubaceae by early authorities. Sometimes it 
is referred to the family Ptaeroxylaceae, with which it has, 
however, fewer similarities than differences. (N .C .N .)

Sapindales

The plant order Sapindales consists of perhaps 2,300 
species in 168 genera and 9 families. Although not a 
very large group compared to many other natural orders 
of flowering plants, the Sapindales attract much attention 
because most species are trees or shrubs, many of which 
are favoured ornamental, shade, or timber trees of both 
tropical and temperate regions. Several of the tropical 
trees produce fruits with distinctive flavours. Some of the 
widely disjunct distribution patterns possessed by several 
genera are of interest to biogeographers.

GENERAL FEATURES

Growth habit and size range. Gentred around the largest 
family, Sapindaceae, the order is basically a tropical to 
warm-temperate group, relatively nonspecialized in habit 
of growth. Most members of the order are small- to mod- 
erate-sized trees, large shrubs, or woody climbers. There 
are no small annual herbs, desert succulents, or aquatic 
species. Even in the forests none has evolved into an epi- 
phyte (plant that grows upon tree branches), a saprophyte 
(nongreen plant that absorbs nutrients from dead organic 
matter), or a parasite. The most specialized growth forms 
are rather stränge, unbranched, palmlike trees (such as 
Pseudima and Talisia), woody climbers (Paullinia, Ser- 
jania, Urvillea, and Sabia), subshrubs or perennial herbs 
with woody basal parts {Diplopeltis and Melianthus), and 
one annual vine (Cardiospermum halicacabum, balloon 
vine).

The largest trees of the order are in the family Sapin-

Representative plants from the family Sapindaceae, the 
largest family of the order Sapindales.
Drawing by R. Findahl; from (Sapindus flowers) A. Engler, Syllabus der Pflanzenfamilien

daceae; they include Schleichern oleosa (to 200 feet, or 
60 metres, in Myanmar [Burma]), Pometia pinnata (to 
130-160 feet, or 40-50 metres, in the Malayan region),
and Tristiropsis canarioides (to 145 feet, or 45 metres, in 
New Guinea).
Distribution. Although the family Sapindaceae is mostly 

distributed in the tropics and subtropics, it does have some 
temperate representatives. In temperate North America 
these include, among others: Sapindus (soapberries) with 
two species that extend north as far as Georgia, Mis­
souri, Kansas, and Colorado; Ungnadia speciosa (Mexi- 
can buckeye) of Texas, New Mexico, and Mexico; the 
circumtropical Dodonaea viscosa (hopbush) reaching into 
Arizona and temperate Florida; and several members of 
the climbing, tropical genera Cardiospermum, Serjania, 
and Urvillea, all represented in Texas. The herbaceous 
vine Cardiospermum halicacabum (balloon vine), which 
presumably has escaped from cultivation, is occasionally 
found as far north as Missouri, Illinois, and New Jersey.
Other warm temperate areas of the world also have a 

few representatives of the family Sapindaceae. China, for 
example, has, among others, the decorative Koelreuteria 
paniculata (goldenrain tree) and Xanthoceras sorbifolium. 
Chile has several shrubs or small trees, as does the Repub- 
lic of South Africa. Temperate Australia has numerous 
shrubby species of Dodonaea (varnish leaf), subshrubs or 
even prostrate herbs of Diplopeltis, and small trees of such 
genera as Atalaya and Heterodendron.

The order Sapindales presents many examples of the 
widely discontinuous patterns of distribution that are of 
interest to biogeographers. Among the more striking dis- 
junctions are the following: (1) the essentially temperate 
North American-Eurasian (represented by the genera Acer, 
Aesculus, and Staphylea), (2) the largely tropical Asiatic- 
American (Meliosma, Sapindus, and Turpinia), (3) the 
tropical American-African-Madagascan (Paullinia), (4) the 
Mascarene Islands-Fiji-New Caledonia (Cassinia), (5) the 
African-AsiamMalaysian-New Guinea region (Aphania, 
Filicium, and Ganophyllum), and (6) the tropical African- 
Asian-Australian-American (Allophylus, Cardiospermum, 
and Dodonaea). On the other hand, many genera are re­
stricted to single continents or portions thereof, archipela- 
gos, or single islands.

Dis­
continuous
distribu­
tion
patterils
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Economic importance. Because of the large number of 
trees, the principal economie importance of the order is 
for wood products. Undoubtedly the best known timber 
tree is Acer saccharum (sugar, hard, rock, or black maple), 
which has been described as the most väluable hardwood 
tree of North America. The figured wood (curly and bird’s- 
eye maple) is valued for cabinet work; the plain wood 
for construction, flooring, interior finish, and fumiture. 
The species also pro vides choice firewood and abundant 
maple syrup and sugar from the sap. The hard, strong, 
heavy, close-grained wood is often beautifully pattemed. 
The sugar maple, too, is a splendid ornamental, shade, 
and Street tree because of its thick, shapely crown and the 
bright yellows and reds of its autumnal coloration. Other 
American maples are of lesser importance as timber, paper 
pulp, sugar, and ornamental trees.

Next to the maples, the buckeyes probably have the most 
economie significance in temperate areas. The Balkan 
Aesculus hippocastanum (horse chestnut), the American 
A. glabra (Ohio buckeye), and A. octandra (yellow, or 
sweet, buckeye) have light, soft, tough, fine-grained wood; 
although once used for artificial limbs, splints, and various 
kinds of woodenware, the wood is now more important as 
a source of paper pulp, Selected varieties and hybrids of 
these species are frequently cultivated as ornamentals or 
as shade or Street trees.

Economically valuable species of the order in the trop­
ics belong mostly to the family Sapindaceae. Some of 
the larger tree species, such as Pometia pinnata of the 
Malaysian-New Guinea region and Blighia sapida (akee) 
of tropical Africa, are useful for their timber. Pometia 
pinnata has been described as one of the most important 
timber trees in New Guinea, where its wood is useful for 
general construction, fumiture, mouldings, veneer, floors, 
interior finish, and boats. In tropical West Africa, Blighia 
sapida wood is used for fumiture, boxes, oars, punting 
poles, and charcoal. It is light, hard, close-grained, durable, 
and apparently resistant to termites. In tropical America, 
none of the family is of more than local importance for 
timber or fuel because of scarcity or low resistance to de­
cay. Some woods of this order are not durable if exposed 
to weather; they are not resistant to termites or borers, are 
somewhat saponiferous (i.e., they produce a soapy lather), 
are cross-grained and hard to work, require very careful 
seasoning, and have heartwood difficult to impregnate 
with preservatives.

Oma- As with the temperate maples, some species of the family
mental Sapindaceae are much esteemed as ornamentals or shade 
and shade trees. Among the more desirable of these are Koelreuteria
trees paniculata (goldenrain tree), Ungnadia speciosa (Mexi-

can buckeye), Blighia sapida (akee), various species of 
Sapindus (soapberries), and Dodonaea viscosa (hopbush, 
vamish leaf).

The plants of the family Sapindaceae are better known in 
the tropics for their fruit than for their wood. Most pop­
ulär for the fleshy pulp or succulent seed coats are Litchi 
chinensis (litchi), Nephelium lappaceum (rambutan), Eu- 
phoria longana (longan), Blighia sapida (akee), Melicoccus 
bijugus (Spanish lime), and Aphania senegalensis (Senegal 
cherry).

Saponins—Chemical substances that produce soapy lath- 
ers—are present in the fruits, seeds, and other tissues of 
many members of the family Sapindaceae; genera such 
as Sapindus, Aphania, and Paullinia are used in tropical 
countries as soap substitutes. Crushed materials from some 
species of Paullinia, Serjania, and related genera stupefy 
fish when thrown into pools or small streams. The seeds 
of the Brazilian Paullinia cupana (guarana) contain much 
caffeine, and the roasted seeds are used to prepare a stim- 
ulating beverage. The bark of P. yoco (yoco) is similarly 
used as a caffeine source.

NATURAL HISTORY

Pollination agents. Although little is known about pol­
lination in the Sapindales, most species are thought to 
be pollinated by insects. This assumption is based on the 
usual presence of petals, the strong tendency toward bi­
lateral symmetry in the flowers, and the presence in the 
flowers of a glandular nectar-secreting disk. The small size

of the flowers of the families Sapindaceae, Aceraceae, and 
Sabiaceäe indicates small flies or bees as the pollinating 
insects. The larger flowers of A esculus, often supplied with 
coloured honey guides, which are patterns on the flowers 
that indicate the location of nectar glands, are visited ex- 
tensively by bumblebees. The white-flowered A. parviflora 
(bottlebrush buckeye) is probably pollinated by moths. The 
brilliant red flowers of A. pavïa (firecracker plant; red, or 
scarlet, buckeye) and Billia hippocastanum closely match 
the colour and shape of known hummingbird flowers, and 
in the South African Melianthus (honey bush) the sturdy, 
dark purplish flowers with their abundance of nectar prob­
ably attract the nectar-eating sugarbirds and sunbirds.

The maples (Acer) demonstrate marked evolution toward Wind 
wind pollination. Some species, which retain both petals pollination 
and well-developed, ring-shaped, nectar-producing disks, in maples 
are mainly visited by bees. Others, particularly the hard 
maples, retain the disk but have lost the petals. Acer sac- 
charinum (silver maple) has lost both petals and disk, and 
its flowers form headlike yellow or reddish clusters; polli­
nation may occur by both insects and wind. Acer negundo 
(box elder) has lost both petals and disk and is functionally 
and anatomically dioecious—the male and female flowers 
occur on separate plants. The male flowers produce an 
abundance of pollen in large anthers from densely clus- 
tered and pendulous flowers. The female flowers are in 
drooping clusters and have long, narrow stigmas. This is 
a characteristic group of features that points to complete 
reliance on wind pollination and to the highly specialized 
position of the species.

Dispersal. The wide variety of fruit types in the Sapin­
dales indicates adaptations to an equally wide variety of 
dispersing agents. Among the kinds of fruits are cap­
sules (in Aesculus, Cupania, Dodonaea, and Melianthus)', 
drupes, which are fleshy fruits with a single-seeded, stony 
pit (Exothea, Melicoccus, and Meliosma); berries (Allophy- 
lus, Aphania, and Hypelate); and samaroid schizocarps, 
fruits that break up into winged segments (Acer, Diptero- 
nia, and Thouinia). Possibly the most primitive fruit type 
is the simple, readily opening capsule containing seeds 
with fleshy outer seed coats (sarcotesta). During the evo­
lution of the order this became reduced tö the arillode, or 
partial sarcotesta. Later, through transference of function, 
the fleshiness of the seed was replaced by the fleshy pulp 
of the fruit, the fleshy, outer fruit wall (drupe), or the en­
tirely fleshy fruit (berry). All these fruit types are especially 
attractive to birds, and some also attract small mammals.
The fruits of several genera, including Sapindus, Meli- 
cocca, Nephelium, and Xerospermum, are thought to be 
dispersed by fruit-eating bats.

Throughout the order there is a rather marked evolution 
toward bladdery or winged fruits designed for Transporta­
tion by wind. Because of their wide occurrence on oceanic 
islands and tropical shores, the polymorphic Dodonaea 
viscosa (hopbush) and some Sapindus (soapberry) species 
are thought to be transported by ocean currents.

Ecology. Most species in the order are found in trop­
ical or subtropical rain forests, mostly below elevations 
of 6,600 feet (2,000 metres). A few of the larger tree 
species, as Pometia pinnata in the Malaysian-New Guinea 
region, are important constituents of the canopy layer of 
lowland rain forest. Most members of the order, however, 
are smaller trees and thus are common members of the 
lower rain forest strata. In tropical Australia and in New 
Caledonia, they are frequent components of drier, more 
seasonal types of tropical forest and woodland. Dodonaea 
viscosa (hopbush) is a common pioneer species not only 
on beaches and lava flows but also on landslides and other 
disturbed areas inland. Jagera also has rather weedy ten­
denties. Meliosma, Billia, and Turpinia are, in Mexico, 
frequent components of high-elevation oak forests. Acer 
and Aesculus are important components of the temper­
ate deciduous forests, with Acer saccharum and Aesculus 
octandra often among the dominant trees of the richest 
deciduous forests of eastern North America.

FORM A ND  FUNCTION

Distinguishing vegetative characteristics. The order of 
Sapindales is overwhelmingly composed of woody plants,
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R epresentative plants from three of the smaller families of the 
order Sapindales.
Drawing by R. Findahl based on G.H.M. Lawrence, Taxonomy of Vascular Plants (1951); The 
Macmillan Company

mostly trees, large shrubs, or woody climbers. Small sub­
shrubs and herbaceous vines are rare. Most species have 
compound leaves, usually pinnately divided (i.e., with the 
leaflets of each compound leaf arranged along both sides 

Leaves of a central axis). The leaves are alternate on the branches 
and are without stipules, the small leaflike appendages at 
the base of leafstalks. Some genera, however, have simple 
or palmately divided leaves (compound leaves with leaflets 
radiating from one point) that are either alternate or op­
posite in arrangement ön the branches and may have very 
small or large stipules attached to the leafstalks. Stomates, 
microscopie pores in the leaf surfaces, are mostly restricted 
to the lower surfaces of the leaves and are anomocytic 
(surrounded by ordinary epidermal cells). Most leaves 
have mucilage cells or secretory cells or sacs or both. The 
vascularization of the petiole (leafstalk) appears in cross 
section either as a circular strand or as a ring, sometimes 
dorsally flattened, of separate vascular bundles.

Flower and fruit characteristics. Throughout the order 
there is a strong tendency toward obligate crossbreeding 
through progressive decrease in bisexuality, culminating 
in dioecism, a condition in which there are species with 
male and female flowers borne on separate plants. Most 
species in the order appear to be polygamous—having 
bisexual and unisexual flowers on the same plant—thus 
presumably combining the advantages of maximum fertil­
ity through inbreeding with increased variability through 
outcrossing. Some species are polygamomonoecious—i. e., 
with bisexual flowers and both male and female flowers on 
the same plant. Most are apparently polygamodioecious, 
with male and female plants each hearing a few bisexual 
flowers. Many structurally bisexual flowers, however, as 
in many itiaples, are functionally unisexual, for either the 
stamens (male Organs) produce no fertile pollen or the 
stigmas (sticky pollen-receiving areas of the female flower 
parts) are not receptive. Even in species with functionally 
bisexual flowers, cross-pollination is assured through pro­
togyny or protandry; i.e., the female or the male organs, 
respectively, mature before the structures of the other sex 
in the same flower. Some species—e.g., Acer platanoides, 
A. spicatum, and A. saccharinum—are self-sterile. Most 
unisexual flowers in the order have become that way

through abortion, in which either the male or the female 
structures fail to develop, for the flowers often retain rudi- 
mentary structures of the nonfunctional sex. Only a few 
species, such as Acer negundo (box elder), have unisexual 
flowers with usually no vestige at all of the organs of the 
other sex. Thus, though most species of the Sapindales 
have insured outbreeding by one technique or another, 
most have not achieved complete anatomical dioecism.

The anatomically bisexual flower is either radially or 
bilaterally symmetrical and is typically small, except in a 
few genera. The male flowers often have a nonfunctional 
pistil (the female structure consisting of stigma, style, and 
ovary), called a pistillode, and female flowers similarly 
have sterile stamens.
The fruit is basically a capsule that splits open between Fruit 

the partitions but is often modified into many other types, character- 
such as fleshy, berrylike, stony-pitted, or dry and bladdery istics 
or winged. In the seed, endosperm (the starchy nutriënt tis­
sue for the developing embryo) is usually absent or scanty, 
and the embryo is often curved, folded, or contorted.

EVOLUTION

Fossil record. The fossil record, the many present- 
day relict endemics (species of restricted range that are 
remnants of an earlier widespread flora), and the widely 
disjunct distribution patterns, often relict, attest to the an- 
cientness of this group. Because of the easily preserved and 
recognizable leaves, flowers, and fruits, the fossil record 
is rather good for Acer, Dipteronia, Aesculus, Cupania- 
Cupaniopsis, Dodonaea, and Sapindus, among other gen­
era. Fossil evidence indicates that the distributions of these 
genera in former times exceeded their present ranges, es­
pecially in north temperate areas.
The earliest fossils attributed to this order, believed to rep- 

resent early ancestors of the genus Sapindus (soapberries), 
are two species of the fossil genus Sapindopsis from late 
Lower Cretaceous time (the Cretaceous Period extended 
from 136,000,000 to 65,000,000 years ago) of Crook 
County, Wyoming. Sapindophyllum is also from Creta­
ceous deposits. Sapindus oregonianus, one of several early 
Tertiary Period (beginning 65,000,000 years ago) fossils 
of the modern genus, is known from the Miocene Epoch 
(26,000,000 to 7,000,000 years ago) of Idaho, Oregon, 
and Nevada and approaches most closely still-living Asi- 
atic species. Two fossil Cupania species, resembling living 
South American species, are known from the Goshen and 
Chalk Bluff floras of the upper Eocene-lower Oligocene 
boundary (about 38,000,000 years ago) of central Oregon.
Several species of the fossil Cupanites are represented 
by leaves and fruits in European Tertiary deposits and 
by leaves in the Eocene (54,000,000 to 38,000,000 years 
ago) of the southeastem United States. Tertiary leaves 
and fruits have been described from 15 fossil species of 
Dodonaea from western Europe, the southeastem United 
States, Colorado, California, Bolivia, and Brazil. Diptero­
nia, now restricted to China, was represented in western 
North America during the Tertiary by D. insignis.

The genus Acer has the most extensive Tertiary fos­
sil record, consisting of fmits, inflorescences, and leaves, 
throughout the north temperate and boreal zones north to 
Iceland and Spitsbergen. The red maples, now restricted 
to Japan and eastem North America, were once found 
in Eurasia and North America north to Greenland. As 
late as Miocene time they were represented in Oregon by 
A. chaneyi; in northern Italy they were present until the 
Pliocene (7,000,000 to 2,500,000 years ago) and Quater- 
nary Period (beginning 2,500,000 years ago). Other groups 
of maples, now absent from Europe, were present there 
in the Tertiary. Fossil species of Aesculus ranged farther 
north in the Tertiary in Europe, eastem Asia, and North 
America than they do today.

Phylogeny. Most authorities are convinced that the two 
groups of families here called the orders Sapindales and 
Rutales are closely related (see also Rutales above). Within 
the Sapindales, the family Sapindaceae is the large, varied, 
and central group. Very closely related to the Sapindaceae 
are the families Aceraceae, Hippocastanaceae, and the 
monotypic (single-species) relicts Akania and Bretschnei- 
dera. Less closely but still rather obviously related to this
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family complex are the Asiatic-American family Sabiaceae 
(at least the Meliosma group) and the African family 
Melianthaceae.

CLASSIFICATION A N D  TAXONOMIC STATUS

Distinguishing features. Within the order Sapindales, 
the families are usually distinguished from one another 
by combinations of characteristics or by the level or de- 
gree of advance along certain evolutionary trends. The 
Classification of Sapindales used in this artiele includes 
the families Sapindaceae, Akaniaceae, Bretschneideraceae, 
Hippocastanaceae, Aceraceae, Sabiaceae, Melianthaceae, 
Greyiaceae, and Staphyleaceae. Regarded as especially 
critica! in the group’s Classification have been placement 
and division of the leaves; presence, size, and position of 
stipules; kind of inflorescence; symmetry, size, and sex- 
uality of the flowers; number and position of stamens; 
presence, shape, and position of the nectar-producing disk; 
number of locules (chambers) in the ovary; kind of fruit; 
abundance or absence of endosperm; and the alignment 
of the embryo.
Within the larger families, Classification depends largely 

upon such characteristics as the number and position of 
ovules in each locule, habit of growth, presence of a ter­
minal leaflet in compound leaves, shape and position of 
the disk, and number of fertile stamens.

Alternate Systems of Classification. The major problems 
related to the Classification of the Sapindales are how to 
circumscribe the order and whether the order is distinct 
from or better treated as a suborder of the Rutales. The 
families included in the Classification used in this artiele 
are those of a recent Classification system. Other recent at- 
tempts at phylogenetic Classification treat the order differ- 
ently. One treatment, for example, includes 8 of the above 
families along with 10 others, primarily from the Rutales, 
and a few from the Rosales and Geraniales. The family 
Sabiaceae is placed in the order Ranunculales. Another 
recent treatment includes 7 of the above families in the 
suborder Sapindineae, coordinate with the suborders Ruti- 
neae and Juglandineae, in the order Rutales. The families 
Greyiaceae and Staphyleaceae are transferred to the order 
Rosales of that system. Several other Classification Systems 
also exist, and if any consensus can be drawn from recent 
classifications, it might be that 7 of the families are indeed 
closely related, Bretschneidera being perhaps too close to 
the family Sapindaceae for independent recognition as a 
family; that the sapindalean group is too close to the ru- 
talean group to treat the two as separate orders; and that 
the families Greyiaceae and Staphyleaceae do not belong 
with the Sapindales but probably in the vicinity of the 
Saxifragaceae and Cunoniaceae.
General agreement in the treatment of the families de­

scribed here must await more research and accumulation 
of data. Especially profitable areas of research not yet 
sufficiently investigated are paleobotany, leaf and stem 
anatomy, comparative biochemistry, embryology, palyno- 
logical (pollen) fine structure, and the natural history of 
sexuality, pollination, and seed dispersal. Such important 
living relicts as Akania and Bretschneidera need defini­
tive study; Sabia, Greyia, and some of the little-known 
genera of the family Staphyleaceae require monographic 
treatment. Whether the families Aceraceae and Hippocas­
tanaceae are truly distinct on the family level from the 
Sapindaceae also needs careful examination. (R.F.Th.)

Geraniales (geranium order)

The Geraniales, or geranium order, is an order of flow­
ering plants comprising 20 families that include approx­
imately 143 genera and about 4,000 species. Half of the 
families contain 50 species or less, but the two largest 
families (Malpighiaceae and Oxalidaceae) each have about 
900 species. These two large families have predomi- 
nantly tropical distributions, although the Oxalidaceae has 
some temperate-region representatives. The families Gera- 
niaceae and Balsaminaceae each have over 500 species 
with worldwide distributions. The remaining families are 
mostly tropical, and two (Dirachmaceae and Lepidobotry- 
aceae) are monotypic {i.e., they contain only one genus

and one species); the former is confined to the island of 
Socotra, where it appears to be very rare, and the latter to 
tropical Africa.

GENERAL FEATURES

Size range and diversity of habitat. With representatives 
in both the tropics and temperate regions, the order shows 
considerable Variation in life form, from small annual 
herbs—nonwoody plants with short life cycles—to trees 
{e.g., Lepidobotrys) of the tropical rain forest that have 
leathery leaves fumished with the drip tip (a sharp point 
at the end of the leaf) characteristic of this habitat. The 
families Zygophyllaceae, Nitrariaceae, and Peganaceae are 
adapted to dry or saline habitats and contain numerous 
desert or subdesert species. Certain genera of the fam­
ily Zygophyllaceae, such as Zygophyllum and Tetradiclis, 
show adaptations to the environment in their succulent—- 
thick, fleshy, water-storing—vegetative parts; these are 
sometimes coupled with an annual habit and abundant 
seed production. Several Zygophyllum species are char­
acteristic of the desert regions of the Middle East and 
Central Asia, as well as Africa and Australia. Tetradiclis, 
which also grows in the Asian deserts, resembles some 
of the fleshy species of the family Chenopodiaceae (or­
der Caryophyllales) encountered in the same regions and 
can easily be mistaken for them. The genus Sarcocaulon 
(South Africa) is the only species of the family Geraniaceae 
adapted to desert life, although many species of Erodium 
and Monsonia occur in desert regions. The species of 
Nitraria, conversely, are highly saltitolerant, deep-rooted 
perennials. Spines or thoms frequently develop in desert 
plants, presumably as a protection against grazing; two 
genera of the Zygophyllaceae {Fagonia and Plectrocarpa) 
exhibit these features markedly.

A succulent form is sometimes found in plants growing 
in damp ground or, particularly, in shallow water; these 
species commonly have translucent sterns, often much 
branched and either sprawling or supported by the stronger 
waterside Vegetation among which they grow. The families 
Limnanthaceae and Balsaminaceae provide good exam- 
ples of such plants.

Certain plants in disturbed ground exhibit a feature use­
ful in aiding distribution by vegetative means—the pro­
duction of buibils (small buds, or bulbs) on the roots, in 
clusters at the stem base, or in the leaf axils (angles be­
tween the leafstalks and the plant stem). Each, if broken 
off, is capable of growing into a new plant. This feature 
occurs in several species of Oxalis, certain of which {e.g., 
O. corymbosa and O. latifolia), although tropical in origin, 
have now spread widely by this means to become trouble- 
some weeds of cultivated areas even in temperate regions.

Perhaps one of the most striking and obvious anatom­
ical features in the order is that of the very character­
istic single-celled plant hairs (trichomes) of the family 
Malpighiaceae—so widespread in the family that botanists 
frequently refer to these two-armed hairs as malpighian 
hairs when describing their presence in other families. 
They are very diverse in form, sometimes almost without 
a stalk below the branching point, sometimes with a more 
or less elongated stalk, with the branch arms spreading 
or ascending, and from nearly equal to very unequal 
in length. Sunken, cushion-shaped, or sometimes stalked 
glands also occur in this family.

Economie importance. The economie importance of the 
order is not great, with the exception of flax {Linum usi- 
tatissimum), the source of a valuable fibre that has been 
used by man since prehistorie times. It is grown in most 
temperate regions, especially in central and western Eu­
rope, not only for its fibre, from which linen is made, but 
also for its seed, the source of linseed oil.

A few timber trees occur in the order, the most fa- 
mous being guaiacum wood (or lignum vitae), yielded by 
Guaiacum officinale (family Zygophyllaceae). The wood— 
very hard, durable, and heavy in weight—is used in ship- 
building and for mallets. The heartwood of G. sanctum 
produces a resin used for making small objects that re­
quire weight, hardness, and strength. Bulnesia arborea is 
Maracaibo lignum vitae, used just as is Guaiacum. Some 
species of the family Malpighiaceae are locally employed

Desert
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as timber sources, particularly Ctenolophon parvifolium, 
the durable wood of which is employed for house con­
struction in Malaysia. The timber of Klainedoxa gabonen­
sis is tough and hard-wearing. Houmiria balsamifera is 
the source of a good timber, easily polished and used for 
fumiture, house framing, and general carpentry. Sacoglot- 
tis gabonensis, from western Africa, produces an easy-to- 
work white wood.

Three species of Balanites are used locally. B. aegyptiaca 
seeds yield Betu oil, employed in soap manufacture. The 
wood is hard and used in Africa for clubs, plows, sticks, 
tumery, and general carpentry. B. maughamii yields a 
clear oil similar to olive oil, and B. orbicularis is the source 
of hanjigoad, a gum resin. Irvingia gabonensis (family 
Ixonanthaceae) is the wild mango (not to be confused with 
the true mango, Mangifera indica), the fruit of which is 
edible; the fat from the seeds yields dika bread and dika 
butter, staple foods in West Africa. The tough, hard wood 
has been used for Street paving and in houses. The seeds 
of I. oliveri are the source of cay cay fat, used in candle 
manufacture.
Bulnesia sarmienti (family Zygophyllaceae), the source 

of guaiac wood oil, which has a roselike scent, is used 
in soaps and perfumery. Geranium oil for perfumery is 
obtained from Pelargonium radula, P. odoratissimum, P. 
capitatum, and other species of this genus.
A few plants of the order have been used medicinally. 

The root of Hugonia mystax, for example, has been used 
locally in India as a snakebite remedy and to reduce fever. 
Linum catharticum has laxative properties similar to those 
of senna (Cassia). Geranium maculatum is an American 
species known as alumroot from the styptic and astringent 
properties—ability to control bleeding and draw together 
soft tissues—of a liquid extract from the roots. The only 
species of widespread true medical significance, however,

is the coca, Erythroxylum coca. From this species the lo­
cal anesthetic cocaine is prepared. The leaves of E. coca, 
the coca tree, act as a nerve stimulant, and tribal peoples 
of South America chew them so that they can perform 
feats of endurance without fatigue. The components of 
the leaves act on the gastric nerves, eliminating the sense 
of hunger and allowing the user to go for a long period 
without food. As with most stimulants, however, the use 
of coca is followed by depression. Banisteriopsis caapi 
(family Malpighiaceae) contains the hallucinogenic alka- 
loid harmine.
The fruits of some Malpighia species (e.g., M. punici- 

folia, the Barbados, or West Indian, cherry) are edible 
either fresh, as preserves, or as flavouring for jellies. The 
gooseberry-like fmits of Averrhoa carambola (family Ox­
alidaceae) are also edible, and those of Nitraria species are 
sometimes eaten. Klainedoxa gabonensis and Desbordesia 
glaucescens have edible seeds; those of the former are 
eaten fresh or roasted, and those of the latter are used in 
sauces. The outer layers of the fruit are edible in several 
Humiria, Sacoglottis, and Vantanea species; both fruit 
and seeds contain a fatty oil.

The families Geraniaceae and Tropaeolaceae produce 
many well-known decorative plants. The Geraniaceae con­
tains not only handsome species of Geranium itself but 
also the cultivated varieties and hybrids (crosses between 
different species) of the genus Pelargonium, to which the 
well-known pot and bedding geraniums of gardeners be­
long. The garden nasturtium is Tropaeolum majus, and 
some others of this genus also appear in gardens—no- 
tably T. peregrinum, the canary creeper. Species of the 
family Tropaeolaceae contain a hot mustard oil similar 
to that found in certain members of the mustard family 
(Cmciferae), a fact that no doubt explains the name “nas­
turtium” as applied to the garden Tropaeolum majus—

Drawing by M. Moran based on (Ixonanthaceae, Houmiriaceae, Limnanthaceae) J. Hutchinson, Families of Flowering Plants, The Clarendon 
Press, Oxford; (Zygophyllaceae) drawing in H. Baillon, Histoire des Plantes, Hachette; (Erythroxylaceae) reprinted with permission of 
Macmillan Publishing Co., Ine., from Taxonomy of Vascular Plants by G.H.M. Lawrence, Copyright 1951 by The Macmillan Company
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botanically, the genus Nasturtium is the watercress. Some 
herbaceous Oxalis species have been grown as ornamen­
tals, as have one or two trees of the genus Averrhoa, also 
of the Oxalidaceae. The nuisance value of several weedy 
species of Oxalis that spread by means of readily detached 
bulbils is far greater than the aesthetic value of their rela­
tives, however.

The dye Turkey red is prepared from the seeds of Pe- 
ganum harmala (family Peganaceae), a common plant of 
arid regions in southwestem and Central Asia.

NATURAL HISTORY

Seed dispersal. Within the Geraniales, the family Gera­
niaceae is perhaps the most interesting from the point 
of view of seed dispersal; the genus Erodium (storksbill), 
particularly well represented in desert and subdesert areas, 
shows adaptation to this environment. The fruit is fur- 
nished with a long beak formed from the fused tissues 
of the styles, the narrow upper parts of the ovary Seg­
ments, or carpels. The beak segments of all the carpels 
of each flower remain fused until the fruit is ripe. When 
the fruit ripens and dries, these segments spring apart and 
become spirally shaped; each seed-bearing carpel falls to 

Self- the ground. With rain or increase in humidity, the beak
planting segments absorb water and straighten, driving the carpels
fruits into the ground. In some species the inner surface of

the beak segments have feathery hairs that aid in wind 
dispersal. In Geranium and some other genera, such as 
Pelargonium, the beak segments separate from the base 
and curl but remain attached at their tips. This abrupt 
dehiscence—Splitting open—may either catapult the seeds 
away or leave them hanging by slender threads, from 
which they are easily dislodged.

Within the family Zygophyllaceae is the genus Tribulus, 
which derives its name from the Latin name of an instru­
ment of warfare—the caltrop, a four-pronged device that 
served as a horse-crippling spike. The fruit of Tribulus is 
similarly formed; the carpels become hard and are heavily 
covered with sharp spines and bumps. They are picked 
up by grazing animals that disperse them to other parts of 
the arid regions. A further specialized form of distribution 
occurs in the genus Impatiens (family Balsaminaceae); the 
fleshy, five-valved capsule opens explosively. The valves 
remain attached at the base and apex when ripe but split 
along the joints, their elastic nature drawing base and apex 
together so that the seeds are shot, often for a consider­
able distance, through the spaces thus created between the 
valves. When the fruit is ripe, this explosive rupturing may

From (Malpighiaceae) Crown copyright. Reproduced with permission of the 
Controller of Her Majesty’s Stationery Office and of the Director, Royal Botanie 

Gardens, Kew, (malpighian hairs) Engler, Das Pflanzenreich, (Linaceae) J.
Hutchinson, The Families of Flowering Plants; The Clarendon Press, Oxford

Representative plants of two of the larger families of the 
geranium order.

be set off by a very light brush with the fingers—hence 
the name of a well-known European species, Impatiens 
noli-tangere, or touch-me-not. A Himalayan species, I. 
glandulifera, has spread widely along waterways in Europe 
and in North America by this means in a comparatively 
short space of time. Explosive dehiscence—opening of 
seed-bearing fruits—also occurs occasionally in the family 
Oxalidaceae, in this case activated by the elastic Separation 
of the aril, an appendage on the seed, from the seed coat. 
Wind-distributed Samaras, winged one-seeded fruits, as in 
the maples, occur in the family Malpighiaceae. Otherwise, 
dehiscent dry capsules, schizocarps, berries, and drupes 
are prevalent, with distribution by birds in the last two 
cases. Some (e.g., Vantanea in the family Humiriaceae) 
are distributed by flowing water.

Pollination. Pollination is almost universally by in­
sects—generally by bees, wasps, and flies, but also by 
beetles and butterflies. Some North American species of 
Impatiens, however, are pollinated by hummingbirds. In 
the family Linaceae, floral dimorphism, the existence of 
two forms of flowers, has long been known. At least 29 
species of Linum  have been shown to exhibit long- and 
short-styled flowers. (The style is the narrow, upper part of 
the ovary, hearing the pollen-receiving surface, or stigma.)
Fertility is greatest when the long-styled form is fertilized Pollination 
with pollen from the short-styled form and vice versa. The mecha- 
long-styled form is almost self-sterile, but the short-styled nism in 
form is not; when both kinds of pollen are put on one the flax 
kind of stigma, only that from the opposite kind of flower family 
is capable of fertilization. Several species self-fertilize in 
the absence of insects; the filaments bend inward, and the 
style branches spread with age.
In Geranium both self-sterility and self-fertility are 

known; it is well established that the more inconspicuous 
the flower, the more advanced the ability for selfing by 
movement of the styles and filaments, as in Linum. In the 
allied genus Erodium, the flowers may be radially sym­
metrical (regulär or actinomorphic) or strongly bilaterally 
symmetrical (zygomorphic) in forms of the same species.
Apparently, forms with regulär flowers tend to be self- 
fertilizing, and those with zygomorphic flowers to be insect 
fertilized, the enlarged lower petals serving as a landing 
platform for visiting insects.

Flowers of the remaining large genus of the Geraniaceae,
Pelargonium, are odorous at night and are visited by noc- 
tumal insects. Such genera as Tropaeolum and Impatiens 
have bee-pollinated flowers with nectar secreted at the end 
of a spur formed by the sepals. The anthers shed their 
pollen shortly after the flowers open, the stigma of the 
same flower remaining immature. Insect visitors, dusted 
with pollen, transfer it to the mature stigmas of older 
flowers in which the anthers have fallen, thus ensuring 
cross-pollination. Insect-pollinated genera often have nec­
tar guides in the form of dark blotches or streaks at the 
base of the petals. One member of the family Malpighi­
aceae, Bunchosia gaudichaudii, has bee-attracting glands 
on the outside of the calyx (sepals).

EVOLUTION

Fossil record. Fossils of the order are not of great quan- 
tity, and older records, such as those for Balanites and 
Zygophyllum from the Tertiary Period (about 65,000,000 
to 2,500,000 years ago) of Europe, are considered suspect.
About 12 or 13 fossil plant groups have been placed 
in the family Humiriaceae, and fruits of three different 
species of Humiria have been found in Tertiary deposits 
in South America. A fruit of a Sacoglottis has been found 
in Tertiary deposits in Germany. Wetherellia fossils occur 
abundantly as fruits in the London Clay (Eocene Epoch—
38,000,000 to 54,000,000 years ago) at the Isle of Sheppey,
Kent, as do those of Decaplatyspermum. Fossil remains of 
Erodium and Geranium have been recorded from Baltic 
amber, as well as fruiting pedicels (stalks) of Oxalidites 
and a Linum  fruit. Linum  seed has been found in the 
Russian Pliocene Epoch (about 7,000,000 to 2,500,000 
years ago), and pollen of Geranium in the Miocene Epoch 
(26,000,000 to 7,000,000 years ago).

Phylogeny. The order Geraniales is considered to have 
its closest affinity with the order Rutales; indeed, the gen-
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eral relationship is so close that it is difficult to distinguish 
the two orders. It is also very difficult to plot phylogenetic 
(evolutionary) relationships between the families included 
within the order Geraniales. Both the Geraniales and the 
Rutales are among the many orders believed to have arisen 

Uncertain from the order Saxifragales.
relation- Within the Geraniales, the families Tropaeolaceae and 
ships of Balsaminaceae, with their specialized floral structure, are 
order and probably the most advanced families. The Balsaminaceae 
families presents certain problems, however. It differs from the 

Geraniaceae in anatomy and pollen structure, and the 
disposition of the ovules is similar to that found in the 
Sapindaceae (order Sapindales); some authorities have in­
cluded it in that family. It has also been placed near the 
family Vochysiaceae in the order Polygalales—an opinion 
given some weight by the similarity in development of the 
embryo in Impatiens and Polygala. Overall resemblances 
with the remaining families in the order Geraniales, how­
ever, outweigh these contradictory features.

The tropical family Hugoniaceae is considered to be the 
most primitive in the order; from it the family Linaceae 
probably arose. The families Ixonanthaceae, Humiriaceae, 
and Erythroxylaceae may also be derivatives. The family 
Malpighiaceae, however, is close to the Erythroxylaceae 
and Nitrariaceae, and through the latter, a transitional 
family to the Zygophyllaceae.

Two families are of particular interest for the form 
of their pollen grains. Those of the Limnanthaceae are 
unique and serve to emphasize its isolated position. They 
appear to be asymmetrically bicolpate {i.e., they have two 
unequal germination grooves or furrows). In the family 
Balsaminaceae the grains are very strongly flattened, with 
three or four germination furrows and a reticulate (netted, 
ridged) surface pattem. This strong compression clearly 
differentiates them from the Geraniaceae, with which they 
are most commonly allied, and all other families of the 
order. The closest resemblance is with Jollydora in the 
Connaraceae (order Connarales).

The order Geraniales is as diverse in anatomy as in 
pollen stmcture, particularly the family Linaceae and the 
small families that have been separated from it. Diversities 
within this group are so complex in pattern as to render dif­
ficult any phylogenetic interpretation based on anatomy. 
Similarly, anatomy provides no clues on the Separation of 
the family Oxalidaceae or the Biebersteiniaceae from the 
Geraniaceae, all of which have the same basic vascular 
stmcture—the system of intemal water- and food-conduct- 
ing tubes, the vessels—and the same characteristic ring of 
thick-walled cells (sclerenchyma cells) in the pericycle, a 
layer of cells surrounding the central vascular cylinder in 
roots. This ring, however, is absent in other families that 
have been closely linked with the Geraniaceae, notably the 
Tropaeolaceae, Balsaminaceae, and Limnanthaceae. The 
family Balsaminaceae also differs from the Geraniaceae 
in the presence of raphide (needlelike crystals) sacs in the 
leaf and stem, which are sometimes visible as transparent 
dots. In addition, the vascular bundles in the leafstalks 
(petioles) are arranged in an are, not a füll ring.

The woods of the Zygophyllaceae are very specialized, 
showing this family to be a natural group. The family Bal- 
anitaceae differs from it in having high, wide wood rays; 
nevertheless, the general anatomy suggests affinity with the 
Zygophyllaceae rather than the family Simaroubaceae. The 
anatomy of the family Erythroxylaceae differs consider- 
ably from that of the Linaceae, with which it was formerly 
united by botanists. The wood stmcture in Malpighiaceae, 
more highly specialized than in the Linaceae, Humiri­
aceae, and Erythroxylaceae, differs also from that of the 
Zygophyllaceae.

Thus, relationships within the order follow a confusing 
pattem because so many anomalous members are in­
cluded, and no clear phylogenetic conclusions are possible.

CLASSIFICATION A ND  TAXONOMIC STATUS

The geranium order is very heterogeneous, consisting of 
a number of families united by apparent general relation­
ship rather than by a readily defined common group of 
characters. It is thus difficult to define by features that do 
not break down at some point or other.

Above the generic level, it seems unlikely that orthodox 
taxonomie methods based on extemal morphology will 
shed much more light on Classification within the order 
or between the Geraniales and allied orders—particu­
larly the Rutales, Sapindales, and Polygalales. In addition, 
many conclusions based on other plant disciplines, such 
as palynology and phytochemistry, are still founded on 
inadequate sampling of the families concemed, and more 
complete information may shed the necessary light, par­
ticularly if species showing primitive characters are first 
selected. At the generic level and below, taxonomie revi- 
sions of such large and troublesome genera as Oxalis and 
Impatiens are still much needed. (C.C.T.)

Cornales (dogwood order)

The Cornales, or dogwood order, of flowering plants en- 
compasses 10 families, approximately 350 genera, and 
over 3,700 species. By far the largest family is the Umbel- 
liferae or parsley family, also called the family Apiaceae, 
with about 275 genera and 2,850 species, about 80 per­
cent of the species in the entire order; it is practically 
cosmopolitan in distribution but occurs chiefly in the 
north temperate regions. By contrast, the second largest 
family, the Araliaceae, is principally tropical. The family 
Cornaceae is mainly north temperate; the seven remaining 
smaller families are from North America or eastern Asia, 
mostly in warm or wet regions.

GENERAL FEATURES

Size range and diversity of structure. As befits an order 
with representatives scattered through both tropical and 
temperate regions, the members of the Cornales show 
considerable diversity in form. Most of the families are 
predominantly woody, principally consisting of shrubs but 
also with a fair representation of trees and a certain num­
ber of climbers, such as the ivy. Only the Umbelliferae
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contains any large representation of herbaceous (non- 
woody) species; even within this family, the Variation in 
life forms is remarkable. At one extreme are low-growing, 
creeping species, such as the well-known marsh penny- 
wort of Europe (Hydrocotyle vulgaris) and allied species 
in North America and elsewhere. At the other extreme 
are large tropical trees or bushes such as the African 
Stegonotaenia araliacea. Even in temperate regions gigan- 
tic species of the family Umbelliferae occur—notably the 
giant hogweed of the Caucasus (Heracleum mantegazzia- 
num), which can cause photosensitization of the skin by 
sunlight so that painful blisters are formed when the skin 
is touched. Spine-bearing species are found in the genus 
Eryngium, some of which are grown as decorative plants 
because of their bright amethyst colour. No parasitic or 
saprophytic plants—those that obtain nourishment from 
living or dead organisms, respectively—occur in the order.

Economie importance. Some members of the order are 
of widespread or local economie importance. Foodstuffs 

Members are important products of the family Umbelliferae, which
of the yields such well-known vegetables as celery (Apium grave-
order used olens), carrots (Dauern carota), and parsnips (Pastinaca 
as foods sativa), as well as the Andean root crop Arracacia xanthor- 

rhiza. In various eastern Asiatic countries the young sterns 
and leaves of several species of the Araliaceae are esteemed 
as vegetables. Plants of the family Umbelliferae also yield 
some well-known spices and flavourings, such as caraway 
seeds (Carum carvi). Some of these were used in bibli- 
cal times; e.g., coriander (Coriandrum sativum), aniseed 
(Pimpinella anisum), and cumin (Cuminum cyminum). 
The last species is also employed in perfume manufac­
ture. A few medicinal plants also occur in the order. Dill 
(Anethum graveolens), gum ammoniac (Dorema ammo- 
niacum), and asafetida (from several species of Ferula) 
are products of the family Umbelliferae. The bark of 
Alangium salviifolium, an emetic, has been used as an 
ipecac substitute, and that of one or two species of Cor- 
nus has been used as a quinine substitute. An interesting 
discovery has been that Camptotheca acuminata (family 
Nyssaceae) yields camptothecin, which is useful in the 
treatment of leukemia. Ginseng, Panax schinseng (family 
Araliaceae), one of the most famous Chinese drugs, is 
used to treat many diseases. North American ginseng is P. 
quinquefolium.
Many species of the Umbelliferae are poisonous, includ­

ing the hemlock (Conium maculatum) used in ancient 
Greece as a means of Capital punishment; hemlock water 
dropwort (Oenanthe crocata), which sometimes kills live- 
stock; and cowbane (Cicuta virosa).

Tetrapanax papyriferum (family Araliaceae) is the source 
of the so-called rice paper of commerce, used for, among 
other things, surgical dressings and artists’ watercolour 
papers. The wood of some species of this family is used 
as timber. The wood of Dendropanax arboreum is strong 
and is used locally in general carpentry. The wood of 
Didymopanax species is less durable; that of Kalopanax 
pictus is very easily worked, pliable, and resonant. For this 
reason it has been used in China to manufacture drums. 
It is also suitable for fumiture, in which form it has 
been called Japanese ash. Both Cornus florida (flowering 
dogwood) and C. nuttallii (western flowering dogwood) 
produce a close-grained wood, heavy and strong, that is 
suitable for tumery, wheel hubs, and similar products. 
The one species of the genus Curtisia (also of the family 
Comaceae), C. faginea, the assegai, or Cape Lance tree, 
yields a valuable, red-brown durable timber that is close- 
grained, produces a good finish, and is valued for mak­
ing fumiture. Two species of Griselinia (G. littoralis and 
G. lucida) also produce heavy timber, but that of G. lit­
toralis is rather brittle. The close-grained, heavy wood of 
Alangium salviifolium has been used to a limited extent in 
India, and some Nyssa species give tough but nondurable 
whitewoods.

Several species of Cornus, such as Cornus mas and C. 
florida, are grown as decorative shrubs because of their 
attractive, white petallike involucres, leaflike structures 
positioned just below the true flowers. Cornus mas also 
produces the comelian cherry, which is eaten fresh or 
as preserves and is used in the manufacture of vin de

cornoulle, a wine. Aucuba japonica is a populär garden ev­
ergreen. Several genera of the family Araliaceae are grown 
as decorative plants, including the common ivy (Hedera 
helix), of which there are also attractive variegated forms. 
One or two species of Garrya, notably G. elliptica, are 
grown as garden evergreens, which are attractive because of 
their glossy, dark-green foliage and reddish-purple flower 
clusters. Nyssa sylvatica, which is known as the sour gum 
tree, produces beautiful foliage tints in the fall, and N. 
ogeche yields the ogeechee lime fmits; its flowers also serve 
as a valuable source for commercial honey production. 
One or two species of Helwingia are also occasionally 
seen in gardens.

NATURAL HISTORY

Seed dispersal. The Cornales is not among the more 
remarkable orders as far as seed dispersal is concemed, be­
cause most of the families produce drupes—stony-seeded 
fmits—or berries, and bird distribution is thus widespread. 
The fmit types, however, are of some interest. In some 
species of Nyssa, a genus mainly of swamp trees or shmbs, 
for example, the dmpes may be distributed by water, but 
they do not germinate or establish seedlings while im- 
mersed. Seed distribution attains its greatest complexity 
with the family Umbelliferae. The characteristic fruit of 
this family is a dry compound fmit, known as a schizo- 
carp, which splits down a septum, or wall, separating the 
adjacent segments of the fmit into two portions, called 
mericarps. These are at first anchored by a thin stalk (the 
carpophore), which usually divides to force the mericarps 
apart. In some genera the mericarps are strongly com- 
pressed and thin, with a broad, membranous wing for 
wind dispersal. In others, such as Oenanthe, the mericarps 
are frequently found in flood refuse and debris along 
riverbanks; a corky layer in the fmit presumably provides

Representative plants from the central family (Cornaceae) and 
two of the smaller families of the order Cornales.
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the buoyancy necessary for distribution by water. In still 
others the surface of the mericarps is covered with hook- 
or grapple-shaped spines to facilitate distribution by at­
tachment to animals. The efficiency of this last method 
is evidenced by the frequency with which an Australian 
species with grapple-shaped spines, Daucus glochidiatus, 
is found in European fields that have been fertilized with 
Australian wool refuse, or shoddy.

Pollination. Most families of the order produce species 
with a distinct nectar-secreting disk, and in correspon- 
dence with the exposed position of the nectar, pollination 
is usually accomplished by short-tongued insects, such as 
beetles, flies, wasps, and short-tongued bees. Higher bees 
visit plants that produce large quantities of concentrated 
nectar, such as are found in various genera of the family 
Umbelliferae.

Insects are attracted to members of the order by many- 
flowered open inflorescences (flower clusters) rather than 
by single, brightly coloured flowers. It has been suggested 
that the many tiny flowers of most species of the Um­
belliferae, whose members have the greatest versatility of 
pollination mechanisms in the order, may appear to flicker 
to a passing insect. Some species of Cornus and certain 
genera of the family Umbelliferae, such as Tordylium, 
have much-enlarged petals in the outer rows of flowers. 
The central flower of the umbel (a name given to the 
inflorescence; typical of the Umbelliferae) of the carrot 
(Daucus carota) is often purple. The Southwest Asian 
Artedia squamata has enlarged outer petals coupled with 
a purple tuft of hairs in the centre of the umbel. All these 
variations presumably attract insects. In some inconspicu- 
ous species of the Umbelliferae, such as Hydrocotyle, self- 
fertilization apparently occurs. Self-fertilization also takes 
place in more conspicuous genera, particularly those with 
crowded heads, such as Eryngium and Sanicula, in which 
the elongating styles (part of the female reproductive or- 
gan) arch outward to bury themselves in the pollen of the 
anthers (part of the male reproductive organ); but addi­
tional insect pollination is more typical of these genera.

The distribution of the flower sexes in the inflorescences 
(or umbels) of the family Umbelliferae is very complex. In 
all cases, however, the purpose is to ensure cross-pollina­
tion by having the female organs develop in the first flow­
ers to open and by having a corresponding reduction in 
the development of ones that open later. Wind pollination 
in the order Cornales occurs only in the genus Garrya.

EVOLUTION A N D  PALEONTOLOGY

The fossil record. Fossil remains of woody families 
have been well investigated. Nyssa is one of the many 
genera generally considered to be remnants of a moist- 
climate forest belt that extended in the Tertiary Period 
(about 65,000,000 to 2,500,000 years ago) throughout al­
most all of the Northem Hemisphere. The distribution 
of Nyssa is characteristic of such persistent remnants of 
otherwise extinct floras—Le., it is centred on North Amer­
ica and eastem Asia. Paleobotanical evidence indicates 
that Nyssa apparently persisted in Europe into the early 
part of the Pleistocene Epoch (beginning about 2,500,- 
000 years ago), when glaciation finally destroyed it, thus 
creating its present disjunct areas of occurrence. Tertiary 
remains are frequently found for the families Cornaceae 
(especially Cornus), Nyssaceae (Nyssa), Araliaceae, Alan- 
giaceae, Umbelliferae, and Mastixiaceae. Records from 
the Cretaceous Period (136,000,000 to 65,000,000 years 
ago) are based upon fragmentary material and are taxo- 
nomically suspect. The Tertiary records range across the 
entire Northem Hemisphere from North America through 
Europe and Siberia to Japan and from all Tertiary di- 
visions from the Paleocene Epoch (beginning 65,000,000 
years ago) to the Pliocene (ending 2,500,000 years ago) 
and include fruits, pollen, wood, and leaves. The genus 
Nyssa has been particularly well investigated. Its fmits, 
readily recognized because they have a characteristic ger­
mination valve, sometimes occur in great quantities and 
show considerable Variation in form, as in the brown-coal 
deposits at Brandon, Vermont, and in those of Europe 
and Japan. It has been found that the number of well- 
defined species of Nyssa was at least as great in the past

as in recent times. The family Mastixiaceae, it appears, 
may have been considerably richer not only in species but 
also in genera—which may explain why the few members 
of this family today demonstrate such an interesting com­
bination of features, some generally regarded as primitive 
and others considered more advanced.

As might be expected of generally delicate plants, Ter­
tiary remains of members of the Umbelliferae are more 
scanty, consisting mostly of fmits identified with such re­
cent genera as Oenanthe, Eryngium, and Chaerophyllum.

Phylogeny. The order Cornales is considered to have 
arisen from the order Saxifragales, one of the more prim­
itive orders of the postulated central line of descent from 
the order Magnoliales. Definite links with the Saxifragales 
are indicated by morphological resemblances between gen­
era that represent the more primitive members of the 
Cornales and some genera belonging to the Saxifragales— 
notably in the families Hydrangeaceae and Escalloni- 
aceae, such as Broussaisia and Polyosma. It has also 
been demonstrated that the wood anatomy of the family 
Cornaceae (in its widest sense; i.e., including the Mastix­
iaceae, Toricelliaceae, and Helwingiaceae, here treated as 
separate families) closely resembles that of the wood of 
the family Hydrangeaceae of the Saxifragales—e.g., that 
of Philadelphus. The chief difference between these two 
representatives of allied orders—the families Cornaceae 
and Hydrangeaceae—is in the parenchyma, a type of 
tissue composed of simple, thin-walled, undifferentiated 
cells. In both families the parenchyma tissue tends to be 
scanty or even absent, but, when well defined, it is para- 
tracheal (i.e., disposed around or close to the vessels) in 
the Hydrangeaceae and apotracheal (not associated with 
the vessels) in all genera of the family Cornaceae with the 
exception of Aucuba.

There has been considerable phylogenetic speculation; 
yet, within certain limits, the authors of most general Sys­
tems of Classification have been in relatively good agree- 
ment. In addition to the order Saxifragales, the orders 
Sapindales, Rutales, Celastrales, and Rhamnales have re- 
ceived considerable support as close allies of the Cornales, 
All of them, including the Cornales, have progressively 
simplified flowers, the formation of an inferior or enclosed 
ovary, a tendency toward the production of flowers whose 
basic parts occur in sets of four, the formation of a nectar- 
producing disk surrounding the ovary, and a reduction 
in the number of ovules. The cumulative effect of this 
evidence is impressive, but it is probably also true that 
the many common characters indicate a common line of 
descent for all of the orders rather than lines of descent 
from one to the other; the most likely candidate as a 
common ancestor remains the order Saxifragales.

Within the order, most authorities agree that the Cor­
naceae is the basic and most primitive family and that 
the family Nyssaceae is derived from it. The remaining 
smaller families show distinct affinities with these two and, 
in some cases, also show links with the family Araliaceae.
As in many other plant orders, pollen morphology— 

form and structure of the pollen—has been of great assis- 
tance in the Cornales in helping to establish associations 
or divisions within the group. Pollen morphology has also 
provided evidence against unsatisfactory Classification Sys­
tems. The position of the family Alangiaceae, for example, 
has long been in doubt, and it has usually been compared 
with the Combretaceae. Evidence from pollen is against 
this assóciation, however. On the other hand, the pollen 
grains of Alangium chinense show some similarity to those 
of certain genera of the family Nyssaceae (Nyssa, Camp- 
totheca) and of Cornaceae, thus associating a disputed link 
with an undisputed one (i.e., that between Cornaceae and 
Nyssaceae). Evidence from pollen confirms the Separation 
of Davidia as a family distinct from the Nyssaceae and 
Toricellia and Mastixia as genera not belonging to the 
Cornaceae. In the last two cases, however, the evidence is 
less conclusive, since the family Cornaceae is diverse with 
respect to pollen morphology. Further investigation along 
this and other lines of research may lead to the perma­
nent isolation of additional families from the Cornaceae 
to accommodate such genera as Aucuba and Kaliphora. 
The distinctiveness of the family Garryaceae is no longer
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debated. The occurrence of pollen types of a more or less 
similar nature between Cornaceae and Garryaceae, and 
Garryaceae and certain Araliaceae provides a further con- 
firmatory link within the order, as does the occurrence of 
common pollen types between the families Araliaceae and 
some members of the Umbelliferae.
With regard to relationships with other orders, pollen 

studies tend to confirm that the close association of the 
Cornales to the family Caprifoliaceae (order Dipsacales), 
specifically to the genera Viburnum and Sambucus, postu- 
lated by several authorities, may be well founded. Below 
the family rank, further studies with pollen work will 
probably confirm other types of evidence that several nat­
ural sections occur within the genus Cornus.

CLASSIFICATION AND TAXONOMIC STATUS
As far as the broad outline of the Classification is con- 
cemed, the evidence for the unity of this order is im- 
pressive, and it is one of the few orders that has been 
given attention by many disciplines. Opinions differ as 
to whether the family Araliaceae should be separated as 
an independent order (Araliales) from the Cornales in 
the strict sense, largely because of the differing weight of 
evidence given by the study of anatomy, external mor­
phology, and other evidence.

There is much need for further serological (study of 
plant proteins by means of effects similar to immune re- 
actions in animals) and comparative biochemical studies 
on common species and groups of species in the order and 
particularly for general study in the developing countries 
of more obscure and atypical species, which, although 
largely ignored because they are of no economie value, 
often hold the key to plant relationships. (C.C.T.)

Celastrales

The Celastrales is a moderately sized order of flowering 
plants composed of 12 families containing about 147 gen­
era and 2,000 species. The 4 major families (Celastraceae, 
the staff-tree family; Aquifoliaceae, the holly family; Hip- 
pocrateaceae, the Hippocratea family; and Icacinaceae, the 
Icacina family) contain well over 90 percent of the total 
genera and species. The holly family, the best known in 
the order, is widely cultivated and economically important 
as an ornamental.

GENERAL FEATURES
Distribution, size range, and diversity of structure. The

families of the order Celastrales are primarily tropical and 
subtropical; only the Celastraceae and the Aquifoliaceae 
occur to any degree in the temperate zones. The larger 
families have a broad distribution in their climatic range; 
the smaller have relatively limited ranges.

Most members of the order are either trees or shrubs; a 
few occur as herbs. The family Hippocrateaceae is some- 
what unusual within the order in that it is composed 
primarily of woody vines, but shrubs and slender trees 
also occur within this family. Members of the family 
Celastraceae often are characterized by a scandent mode 
of growth—climbing or twining in other Vegetation with­
out the aid of tendrils. Celastrus scandens, the American 
bittersweet, is a familiär native shrub of the northeastern 
United States that exhibits this mode of growth, often 
reaching with long whiplike shoots to the tops of tall 
trees. The family Stackhousiaceae is unique within the 
order because all of its members are herbs. The leaves 
are consistently simple throughout the order and can be 
either alternate or opposite in arrangement. The flowers 
are usually perfect (both sexes in one flower) but are 
sometimes unisexual. They typically have only one cycle 
of stamens alternating with the petals and frequently a 
nectar-producing disk inside or outside the whorl of sta­
mens. Several types of fruits occur within the order, but 
they all characteristically have only one or two ovules per 
locule (compartment within the fruit).
Economie importance. The economie importance of 

this order can be attributed primarily to one genus in 
the family Aquifoliaceae—the genus Ilex, which is com­
posed of species of the well-known holly. The use of the

holly plant dates back many centuries. European pagans 
brought holly sprays into their homes, offering them to 
the fairy people of the forests as refuges from the harsh 
winter weather. During the Satumalia, the Roman winter 
festival, branches of holly were exchanged as tokens of 
friendship. The earliest Roman Christians apparently used 
holly as a decoration at the Christmas season. Despite its 
past and present association with holy seasons, however, 
the root of the term holly is holen (holegn), an old English 
word meaning holly; holly has no etymological connection 
with the word holy.

Holly now is grown commercially to supply the consid­
erable demand for its use as Christmas decorations. The 
red berries and shiny green foliage make it an ideal dec­
oration, and, as it is an evergreen, it possesses excellent 
lasting qualities after it is cut. Hollies are also cultivated 
extensively as ornamentals, and numerous horticultural 
varieties have been bred. The attributes that give this 
group such ornamental appeal include hardiness, long life, 
beauty of form and colour, considerable Variation in berry 
colour (there are red-, black-, and yellow-berried varieties), 
and Variation in leaf form. In addition, hollies can be 
adapted to a wide range of uses—as accent trees, driveway 
plantings, hedges, foundation plantings, bonsai, topiary, 
and even as ground covers.

Holly also has other important economie values. It has 
been used for centuries as a hot drink, in the same man- 
ner as tea. Spanish explorers in 1542 commented on the 
use of yaupon holly (Ilex vomitoria) as a ceremonial and 
medicinal drink of the Coastal Indians of the southeastem 
United States. In South America, particularly in Brazil, 
Paraguay, and Argentina, a drink called yerba maté enjoys 
a wide popularity; it is made from a native holly, Ilex 
paraguariensis. The best yerba maté is made from wild 
trees, although they are also cultivated for this purpose. 
The leaves are dried, ideally first in the sun and then 
over wood fires, after which they are steeped in hot water 
as in tea making. The active ingrediënt is the stimulant 
caffeine, whose content in the leaves approximates that 
of tea leaves.

The wood of holly, particularly that of the American 
holly (Ilex opaca), is also of some commercial importance. 
Small ornamental objects, inlay, and extremely fine fur- 
niture are made of its wood. The honey of holly has an 
extremely delicate flavour.

Although hollies are the commercially dominant group 
in the order Celastrales, several other plants also have eco­
nomie value. A few members of the family Icacinaceae are 
raised domestically as garden ornamentals. In the family 
Celastraceae, the American and the oriental bittersweet 
are grown as ornamentals and are noted for their brightly 
coloured fruits. Several other members of the Celastraceae 
are also grown as ornamentals, particularly Euonymus 
species. In the Soviet Union two species of this genus, 
E. verrucosus and E. europaeus, are cultivated as sources 
of gutta-percha, a resinous, rubberlike substance that is 
used principally as an electric insulator and in temporary 
fillings for teeth.

NATURAL HISTORY
Specialized reproductive Systems. The order Celastrales 

does not possess any unique feature that clearly delineates 
it from other orders; rather, it is classified on the basis of a 
number of unifying morphological characters. There are, 
however, within some families in the order, two particu­
larly relevant features. The first is the frequent occurrence 
of a nectar-producing disk of tissue either to the inside or 
to the outside of the whorl of stamens (male reproductive 
structures) in the flower. This disk, which is a reduced 
whorl of stamens, serves to attract pollinators.

The second feature is the presence of polyembryony 
(more than one embryo in a seed) in some members of 
the family Celastraceae, especially in the genus Euonymus 
and in Celastrus scandens (American bittersweet). The 
polyembryony is a somatic type—the extra embryos de­
veloping from vegetative cells rather than from sex cells— 
known as adventitious embryony, in which the adventive, 
or extra, embryo originates from the inner integument, or 
covering, of the egg-containing body (ovule). A relatively

Place 
of holly 
plants in 
history

Multiple 
embryos 
in seeds



700 Angiosperms

Drawing by M. Moran

uncommon phenomenon, polyembryony most frequently 
occurs in species of plants that are native to warm temper­
ate or tropical climates. Further research may well reveal 
other examples of polyembryony within the order.

Beyond a general adaption to tropical and subtropical 
climates, the order Celastrales possesses no unusual ecolog- 
ical characteristics and no particular adaptations to special 
habitats or modes of life. A few families within the order, 
however, have some interesting ecological characteristics. 
The fami ly Celastraceae often shows a scandent mode of 
growth, enabling shrubby plants to attain a considerable 
height by climbing and twining up neighbouring trees. 
The family Hippocrateaceae often includes woody vines 
that can also reach considerable heights. Three families 
exhibit an adaptation to xerophytic (hot and dry, often 
arid) conditions: the Stackhousiaceae to a limited degree, 
the Geissolomataceae, and the Salvadoraceae. Species of 
the family Salvadoraceae are often adapted to very salty 
Coastal regions; such habitats require considerable mor­
phological and physiological modifications for survival.

EVOLUTION

Fossil record. Three families—the Aquifoliaceae, the 
Celastraceae, and the Icacinaceae—are reasonably well 
documented in the fossil record. The Wilcox flora of the 
early part of the Eocene Epoch (38,000,000 to 54,000,000 
years ago), found in about 130 localities in the southeast- 
ern United States, has many records of the Celastraceae, 
as does the Paleocene (54,000,000 to 65,000,000 years 
ago) flora of northeastern France. The London Clay flora, 
also Eocene, has members of the Icacinaceae, and the 
Aquifoliaceae and Celastraceae are well recorded in the 
boreal (northern) flora of the Tertiary (beginning 65,000,- 
000 years ago) and in the excellent amber fossils of the 
late Eocene Baltic flora.

The genus Celastrus, in the family Celastraceae, is of par­
ticular interest because fossil members are well represented 
in many localities. In strata from the Cretaceous (about
125,000,000 years ago) fossil records from such disparate 
places as the northeastern region of China, Greenland, 
and Alaska have been found. The majority of records for 
this genus are from the central European floras of the 
Eocene and Miocene (7,000,000 to 26,000,000 years ago), 
from the Wilcox flora localities, and from the western 
United States.

Phylogeny. The phylogenetic (evolutionary) relation­
ships of this order are not clear. The fossil record has 
not yet yielded much definitive information, and there is 
disagreement among the leading authorities; according to

one of them, the order Celastrales is thought to be closely 
related to the Saxifragales—apparently derived from the 
common ancestors of some families within that order.
The orders Oleales, Santalales, and Elaeagnales appear to 
share a common origin with the Celastrales; they are also 
particularly closely associated with three Celastrales fami­
lies: Icacinaceae, Aquifoliaceae, and Salvadoraceae.

CLASSIFICATION A N D  TAXONOMIC STATUS

Distinguishing fentures. The families have several com­
mon features: simple leaves; stamens alternating with the 
petals, with the exception of the Corynocarpaceae, a fam­
ily of somewhat doubtful affinities; and usually one to 
two ovules in a locule. In addition, the nectar-producing Presence 
disk is an important diagnostic character for seven of the of the 
families—the Celastraceae, Hippocrateaceae, Siphonodon- nectar- 
taceae, Goupiaceae, Corynocarpaceae, Aextoxicaceae, and producing 
occasionally the Icacinaceae. The absence of the disk sep- disk 
arates the Aquifoliaceae from the families most closely 
related to it. If the disk is present, its position inside or 
outside the whorl of stamens is of importance in fur­
ther delineating families. Among the major criteria for 
delineating families within the order are: the presence or 
absence of stipules (leaflike appendages at the bases of 
leafstalks); the type of inflorescence, or arrangement of 
flowers; the presence of the lianoid, or climbing, habit; the 
polygamodioecious state (male and female flowers on dif­
ferent plants but with a few flowers of the opposite sex or 
a few bisexual flowers on all plants at flowering time); the 
structure of the gynoecium (female parts); the curvature 
of the ovule; and seed characteristics.
Taxonomie problems. Many taxonomie questions are 

yet to be resolved in this order. Some present-day tax­
onomists would consider various other families to be part 
of the Celastrales and would exclude some that are dis- 
cussed here. Most authorities agree, however, that there is 
a solid core of distinct families that definitely belong in 
the Celastrales: Aquifoliaceae, Icacinaceae, Celastraceae, 
and Hippocrateaceae. The Geissolomataceae, Stackhousi­
aceae, Salvadoraceae, and Siphonodontaceae are accepted 
to a lesser degree as being definite members of the order, 
but some taxonomists would place them elsewhere. The 
members of the family Phellineaceae clearly belong in the 
Celastrales, but the one genus of the family (Phelline) 
often is considered as part of the Aquifoliaceae and not as 
comprising a separate family. The remaining three small 
families of the order—Goupiaceae, Aextoxicaceae, and 
Corynocarpaceae—generally are considered to have rather 
unclear relationships. The family Aextoxicaceae has a
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particularly uncertain position, but it does exhibit the fol­
lowing characteristics of the order: simple leaves, a nectar- 
secreting disk, and two ovules per locule. The placement 
of these families in the Celastrales can be contested on 
the basis of present knowledge, but the problem cannot 
be resolved until more information is gathered both about 
these families and about the groups to which they appear 
to have affinities. (E.C.Du.)

Rhamnales (buckthorn order)

The Rhamnales, or buckthorn order, is an order of flow­
ering plants containing about 1,550 species in 3 fami­
lies. General interest in this group rests primarily on the 
cultivated grape and the fruits known as jujubes. Both 
products have been consumed since prehistorie times in 
the Mediterranean countries. Tradition has it that Jesus’ 
crown of thoms was fashioned from jujube twigs.

Scientific interest in the group is especially piqued by 
the number of genera (but no species) native to both Old 
World and New World tropics or subtropics. This kind 
of distribution is by no means rare, but the Rhamnaceae 
(buckthorn) and Vitaceae (grape) families are among the 
dozen families of flowering plants with the highest Pro­
portion of genera to be found in both tropical regions. 
Distributions such as these have yet to be satisfactorily 
explained, but at least they seem to give some evidence 
of great antiquity, perhaps 150,000,000 years or more ac­
cording to some writers. It has been conjectured that such 
families probably arose before Cretaceous times (i.e., more 
than 136,000,000 years ago), but there is no fossil evi­
dence either to support or to undermine this opinion. In 
contrast to the Rhamnaceae and Vitaceae families, which 
are widely distributed in temperate and tropical regions, 
the Leeaceae family, comprising a single genus of about 
100 species, is restricted to tropical areas from Southern 
Asia to Africa.

GENERAL FEATURES
Size range and diversity of structure. Trees, shrubs, 

and woody vines predominate in the buckthorn order, 
herbaceous plants being extremely rare. Climbing plants 
are common. Perhaps the most bizarre forms encoun- 
tered are the nearly leafless shrubs of Colletia paradoxa 
(Rhamnaceae family) of South America, whose short, op­
posite green twigs are modified to thick, laterally flattened 
thoms; this species is widely planted as a curiosity. The 
one notable tendency in the Rhamnaceae family is that 
of xeromorphism, meaning adaptation to a dry climate, 
which encompasses a syndrome of adaptations including 
reduced size of leaves, crowding of leaves, shortening of 
some branch axes, thominess or spininess, and a low, 
shrubby, intricately branched habit. In the Vitaceae fam­
ily the most notable tendency is that toward trailing and 
twining, in general a vinelike habit. There are no true 
aquatics, epiphytes, or parasites in the order.

Economie importance. Two important members of the 
buckthorn order that fumish edible products are the grape 
and the jujube. The grape (genus Vitis, family Vitaceae) 
has been a source of fresh and dried fmit and has been used 
in wine making in Mediterranean lands since prehistorie 
times. The jujubes (genus Ziziphus, family Rhamnaceae), 
spiny shrubs that abound in arid areas from the Mediter­
ranean region eastward, also fumish fresh and dried fmit, 
and their culture probably dates as far back as that of grape 
culture. Other species fumishing edible products include 
Hovenia dulcis (Rhamnaceae), widely grown in China and 
neighbouring countries. The fmits of species of Sageretia 
(Rhamnaceae) are eaten fresh in parts of India and China. 
The leaves of Sageretia thea furnish a substitute for tea in 
southem China.
Green and yellow dyes are obtained from the fmits of 

various Old World species of Rhamnus (Rhamnaceae).
Two species of Rhamnus fumish the famous “Chinese 

green” or lokao dye, which is the only natural plant dye 
giving a green colour in cotton.

Laxatives are obtained from the berries and bark of 
species of Rhamnus, including the famous cascara sagrada 
from the North American Rhamnus purshiana.

The fmits of Colubrina asiatica (Rhamnaceae) of tropi­
cal shores and of the Mexican Ziziphus amole are used as 
soap.

Ornamental plants, other than shade trees, are rare in 
this order, owing to the usually small size and scattering 
of the flowers. But a number of species of the North and 
Central American genus Ceanothus (Rhamnaceae) are cul­
tivated for their showy flower clusters and are sometimes 
called “wild lilac” or “French lilac.” The Virginia creeper 
(Parthenocissus quinquefolia, family Vitaceae) is widely 
planted as a wall and ground cover.

A number of kinds of plants from the Rhamnaceae 
family fumish useful timber. Perhaps the most important 
economically is the tropical African Maesopsis eminii, 
which is now widely planted in Indonesia and Malaya 
as well as Africa; the lumber is used in building houses 
and boats. The wood of the genus Ziziphus is often hard 
and dense. Among the Old World species the wood of 
Ziziphus mauritiana is used for houses and for fumiture; 
that o f Z. spina-christi and of Z. jujuba for cabinetmak- 
ing; of Z. xylopyra and Z. mueronata for making wagons, 
agricultural implements, etc. Two Jamaican species, Z. 
sarcomphalus and Z. chloroxylon yield good wood, the 
former for constmction and the latter a hard, heavy, elas­
tic wood excellent for all purposes. The wood of Hovenia 
dulcis is valuable for fumiture and musical instmments. 
Pomaderris apetala of southem Australia is especially 
used in cooperage. Some West Indian species have such 
dense, strong wood that it is often called “ironwood” in 
the trade—for example, Reynosia latifolia and Krugioden- 
dron ferreum; the latter, air-dried, has a specific gravity 
of about 1.42 and is, thus, one of the densest woods 
known. The wood of Colubrina arborescens is used in the 
West Indies; that of the related Colubrina oppositifolia is 
so dense and durable that it was used as money by the 
ancient Hawaiians. Rhamnus cathartica and R. frangula 
of Europe fumish limited quantities of high-quality wood 
for various small objects, lathework, and fumiture, as do 
Berchemia zeyheri of Africa and the North American 
Condalia hookeri.

NATURAL HISTORY
Little is known of the natural history of the Rhamnales 
order. Of the few species that have been intensively stud­
ied in culture, it can only be said that their vital success 
seems to be related, at least in part, to a lack of special- 
ization. Seed germination is rarely checked, but in those 
species widely cultivated it seems to be prompt and easily 
achieved. Seed dispersal is usually by means of animals 
attracted to the fmits, although some genera have winged 
fmits adapted to wind dispersal. Reproduction is primarily 
by sexual means, although root sprouting is not uncom- 
mon. Pollination, in spite of the drabness and small size of 
the flowers, is accomplished by insects, which apparently 
are attracted to the nectar of the flowers. Extraordinarily 
little is known of the identity of the pollinators. Vari­
ous small wasps, flies, bugs, bees, beetles, butterflies, and 
moths have been observed to visit the flowers of various 
species of the Rhamnaceae and Vitaceae families, but the 
extent to which any one species accomplishes pollination 
is unknown. In contrast to the Situation in some groups, 
birds, ants, bats, and wind and water currents apparently 
are never involved in the pollination process in the buck- 
thom order. Special soil characteristics or other environ­
mental requirements, such as a dependency upon fires, 
have not been found in the Rhamnales order. In fact, the 
members of the order are apparently so diverse as to their 
habitat requirements or at least their preferences that no 
cogent generalization is possible on this subject, though it 
can be said that, on the average, tropical forested areas 
are favoured. Many members of the order occur in forests 
and many in low forests or sembby Vegetation or deser­
tie semb. Few occur in grasslands. Certain spiny jujubes 
abound in some desertie and semidesertic semb forma- 
tions in the Old and New Worlds, but apparently nowhere 
does any member of the buckthorn order so dominate 
the Vegetation that species of other groups are essentially 
excluded. While each species of the order seems to have a 
narrower range of habitat tolerances and preferences, the
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order, as a whole, ranges from exceedingly arid areas to 
rain forests and from sea level to elevations and latitudes 
near the perpetual snow line. Perhaps the most specialized 
habitat requirements are exhibited by Colubrina asiatica, 
which is restricted to tropical beaches. The seeds of this 
species are known to float unharmed in seawater for long 
intervals, and this apparently accounts for its dispersal to 
numerous islands scattered in a vast expanse of the Pa­
cific Ocean.

Drawing by M. Pahl

Representative plant structures of the order Rhamnales.

FORM AND FUNCTION
Members of the buckthorn order share the distinction 
that the stamens which are the male flower narts that 
produce the pollen, are exactly as numerous as the flower 
petals and, even more important, are attached opposite 
(just toward the floral axis from) the petal attachments. 
The number and placement of stamens as found in the 
buckthorn order, known as obstemony, is a relatively rare 
condition among flowering plants. This is another reason 
for the considerable botanical interest in these plants. In 
most groups in which the stamens are just as numerous 
as the petals, they are attached alternate to the petals— 
i.e., nearly between them. Other characteristics that these 
plants share include a disk (a ring-shaped structure of 
several distinct masses of tissue) that is located toward the 
central axis from the stamen attachments (intrastaminal) 
and usually produces nectar. The ovules (immature seeds) 
are anatropous (i.e., the micropyle or depression through 
which the pollen tube bearing the male sexual cells enters 
for fertilization is at the same end of the ovule as the stalk 
by which the ovule is attached), bitegmic (the micropyle is 
defined by a double flange of seed-wall tissue), and erect 
(they are attached at the bottom of the seed cavities of 
the ovary). Each of the cavities of the ovary has only one 
or two ovules.

EVOLUTION
Fossil record. Numerous fossil leaf impressions and a 

lesser number of fossil woods, fruits, and seeds have been 
referred to this order. The oldest such remains are from 
Cretaceous Period beds (about 100,000,000 years old), but 
the most numerous are from younger beds, especially those 
of the Miocene and Pliocene Epochs (about 10,000,000 
to 20,000,000 years old). Unfortunately, there is no single 
character or set of characters of the foliage that, beyond a 
shadow of a doubt, distinguishes leaves of this order from 
those of some other orders. None of the leaves has been 
found in organic connection with flowers or fruits. Thus, 
the assignments of fossils to the Rhamnaceae or Vitaceae 
families range in probability of correctness from high to 
infinitesimal. In general, the oldest fossils are of the most 
dubious identity, but even some of the most recent fossils

are not certainly referred to the Rhamnales order. Numer­
ous Cretaceous and early Tertiary leaf impressions (about
30,000,000 to 100,000,000 years old) previously referred 
to the genus Ziziphus have more recently been referred to 
Cercidiphyllum, which is not a close relative of the Rham­
nales order. This illustrates the pitfalls of hasty assignment 
of fossil leaf impressions to modern kinds of plants. Fossils 
that are assignable to this order with a higher degree of 
probability have been found in Oligocene or younger beds 
(about 30,000,000 years old or less). By Miocene times 
(about 20,000,000 years ago), apparently both the Rham­
naceae and the Vitaceae families were large and diverse. 
This seems to indicate a much greater antiquity for both 
families, but it is impossible to tracé them further back 
through the fossil record with any certainty. Evaluation 
and correlation of the fossil wood, fossil pollen, and fossil 
leaf evidence is not yet in a sufficiently advanced state to 
permit the presentation of a coherent evolutionary story.

Phylogeny. The idea that the buckthoms and the grapes 
are closely related dates at least as far back as 1671 and 
continues to be accepted by present-day botanists. The 
gathering consensus that the buckthorn and grape fami­
lies have an especially close affinity by now amounts to 
a botanical artiele of faith. There have been important 
but relatively few dissenters. The placing together of the 
buckthorn and grape families (the latter including the 
genus Leea as a subfamily) as the narrowly construed 
order Rhamnales dates from 1892. Previously, these fam­
ilies had been associated at the ordinal level with families 
now placed variously in the Celastrales, Sapindales, Ru­
tales, and Cornales orders. The assumption implicit in 
the close modern taxonomie placement of the families 
Rhamnaceae, Vitaceae, and Leeaceae is that they repre- 
sent the products of a single ancestral population that was 
not the same as those from which plants of neighbouring 
taxonomie groups arose, though it may in turn, further 
back in time, have Sprung from a population from which 
plants of neighbouring taxonomie groups also arose. This 
is thought by many to be a reasonable assumption, and, 
if it is accepted, then the relationships of such presumably 
closely related groups as the Sapindales and Celastrales 
orders can only be described as collateral to the Rham­
nales order.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The following characters are 

especially useful to delineate groups within the order: the 
degree of lobing of the leaves; the presence or absence of a 
floral cup; the degree of bud closure by the calyx (sepals) 
or corolla (petals); the number of ovules per ovary cavity 
and the dorsal, lateral, or ventral placement of the raphe 
(a ridge along the ovule); the formation of the micropyle 
either by the inner or outer integument; the nature of 
the fruit, and, especially, whether the endocarp is soft or 
indurated; and the relative size of the embryo to the seed.

Taxonomie problems. The intemal coherence and as- 
sumed origin from a single ancestral population of each 
of the three families circumscribed in the Classification 
system in this artiele is unquestioned. Also, most author­
ities consider the Vitaceae and Leeaceae families to be 
naturally and closely associated, although it has been re­
cently suggested that the family Leeaceae has as much in 
common with the Rhamnaceae family as it has with the 
Vitaceae family. The Leeaceae family, however, is proba­
bly a specialized derivative of the Vitaceae.

The internal coherence of the Rhamnales order as a 
whole, however, is not such as to convince all taxonomists 
that their close association at the ordinal level and their 
segregation from other orders such as Sapindales are re­
quired. Nor will the careful phylogenist find it necessary 
to postulate a common origin short of that which is com­
mon to various other orders such as Sapindales, Rutales, 
etc. Erect ovules and tricolpate pollen (pollen with three 
equidistant germinal grooves) are scarcely rare in such 
other orders, and obstemony could easily have arisen in 
two or more diplostemonous ancestors (i.e., ancestors with 
two series of stamens, one series opposite, and one series 
alternate with, the petals).

The tme measure of the interrelatedness of Rhamnaceae,

Relation 
of the 
buckthorn 
and grape 
families
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Vitaceae, and Leeaceae families and the various groups 
with which they have been associated in the last 200 years 
is perhaps indicated by the gathering consensus that all 
these plants were derived ultimately from plants similar 
to some of the more primitive members of the Rosidae 
subclass. The character combinations by which families of 
the loosely coherent Celastrales, Sapindales, and Rutales 
orders are distinguished from one another are often of 
about the same magnitude and diversity as those which 
distinguish the Rhamnaceae family from the Vitaceae and 
from the Leeaceae families.

In fact, the Suggestion is not at all farfetched that the an­
cestors of the Rhamnaceae may be found in the vicinity of 
the Rosales order, whereas those of the suborder Vitineae 
(including Vitaceae and Leeaceae families) may be found, 
as suggested by some authorities, in the neighbourhood of 
the ancestors of the Sapindales and Celastrales orders, that 
is to say, near Saxifragales order.

If this Suggestion is accepted as having greater probabil­
ity of correctness than the widespread assumption of a 
rather approximate common ancestry of the families here 
included in the Rhamnales order, then the taxonomie 
action indicated is the dismemberment of the traditional 
Rhamnales group. The Rhamnaceae family would then be 
referred to the Rosales order, and the suborder Vitineae 
either to the Saxifragales or to the Sapindales or, more 
likely, placed near these two orders as a distinct order, 
Vitales. (M.C.J.)

Oleales (olive order)

The Oleales, or olive order, is a small order of flowering 
plants containing a single family, the Oleaceae. The woody 
plants comprising this group are distributed throughout 
the world, except in the Arctic. Although they are found 
in many different habitats, only rarely are they the domi­
nant plants.

GENERAL FEATURES
Diversity and distribution. A number of plants in this 

order are of economie or aesthetic importance—for ex­
ample, the olive (Olea europaea) is the source of olives 
and olive oil; the ashes (genus Fraxinus) are noted for 
their hardwood timber; and many genera are famous for 
their horticultural merit—e.g., Syringa (lilacs), Jasminum 
(jasmines), Ligustrum (privets), Forsythia, and Osman- 
thus. Most members are trees or shrubs, but a number, 
such as most jasmines, are woody climbers. The tropical 
and warm-temperate species are evergreen; those from the 
colder north temperate zone are deciduous. Certain gen­
era are found in both Eurasia and North America (e.g., 
Fraxinus), others are scattered throughout the tropics (e.g., 
Linociera). The largest genus, Jasminum, is confined to 
the Old World; any species growing wild in the Americas 
today have escaped from cultivation. The genus Menodora 
has an unusual disjunct distribution (found in widely sep- 
arated regions without apparent connections) and is found 
in North America, South America, and South Africa. 
This distribution is also remarkable in that one species,
M. heterophylla, is native to both South America and 
South Africa.
Economie importance. The most important economie 

product is the olive, the fruit of Olea europaea. This tree, 
Origin particularly characteristic of the Mediterranean region and 
of the of very ancient origin, appears to have no truly wild pro- 
cultivated genitors, and, although the cultivated olive can seed itself,
olive the offspring fail to produce the same large fruits. The

olive probably arose at the dawn of agriculture, perhaps 
in the area of the Fertile Crescent in the Middle East. 
Very closely related plants with small, generally inedible 
fruits are found over a large part of the Old World—in 
Southwest Asia; in eastem Africa as far south as South 
Africa, including the highest mountains of the Sahara; on 
Madeira Island in the North Atlantic; and in the drier 
areas of the Sino-Himalayan region. Today the olive is 
widely grown as a commercial crop in every country with 
a Mediterranean-like climate.
Although several members of the order Oleales are well 

known in horticulture, the most famous is the lilac, with

its colourful, sweetly scented blossoms. More than 400 cul- 
tivars of the European lilac, Syringa vulgaris, with colours 
ranging from lilac, purple, red, and pink to white and with 
single or double flowers, have been developed. Lilacs have 
been grown in gardens for centuries. The Persian lilac, S. 
persica, was one of the first plants introduced to Europe 
from the East; other Asiatic species have been introduced 
more recently.

NATURAL HISTORY
Members of this order are generally characteristic of wood- 
lands, woodland margins, and forests of various types.
Their ecological amplitude is not particularly great, and 
no members are especially adapted to desert conditions, 
salty soils, or the Arctic climate. Some species of Fraxinus, 
the ashes; of Olea, the olives; and of Menodora grow in 
dry climates, but not in true desert.

Pollination and diversity of flowers. Pollination is usu­
ally carried out by insects; many types are involved, and 
no particular specialization exists between the flowers and 
their pollinators. Nectar is usually produced within and 
at the base of the petals, and where these form a tube, 
it is more or less concealed. This ensures that in obtain- 
ing nectar the insect pushes down beyond the stamens 
(male pollen-producing structures) and stigma (the female 
pollen-receiving stmcture), touching both. A wide variety 
of insects visit flowers within this order, including bees, 
beetles of various kinds, and several different flies.

The most common flower colour in the order is white, al- Scent and 
though lilacs occur in a range of colours, and in Forsythia, colour 
Menodora, and a few species of Jasminum the flowers are 
yellow. In many genera in which the individual flowers 
are not very large, their conspicuousness to pollinating 
insects is increased by aggregation into fairly compact in­
florescences (flower clusters) and by the production of a 
strong scent. In fact, the family Oleaceae, especially lilacs, 
jasmines, and Osmanthus, is noted for its sweetly fragrant 
flowers. The name Osmanthus means “fragrance flower,” 
and this genus is particularly prized in China and Japan, 
where the dried flowers are used to scent certain Oriental 
teas, as are those of a few species of Jasminum. J. sambac, 
whose native provenance is uncertain but is probably In­
dia or Southeast Asia, is cultivated throughout the tropics 
and has been for many centuries. lts flowers are often 
used in making necklaces, or leis; and in Hawaii, where 
it is not native, it is especially grown for this purpose.
J. grandiflorum, commonly called Spanish or Catalonian 
jasmine, has long been prized for its scent and cultivated 
in Spain and in southem France, where it is grown com­
mercially for the extraction of oil of jasmine.

Other genera in the order are also noted for their fra­
grance, and even the privets (species of Ligustrum) have a 
strong, sweet odour. It is probable that some of the heavily 
scented, white-flowered members are pollinated at night.
The pollinating insects of Jasminum, the fused petals 
of which form a longish tube, probably are night-flying 
moths with a long proboscis, a tubular sucking organ with 
the mouth at the tip.

In a few species of Fraxinus, such as the manna or flow­
ering ash, F. ornus, which is native to the Mediterranean 
region, the flowers have small, white, strap-shaped petals 
and produce nectar. (The name manna ash refers to an 
edible sugary material exuded from the cut stem of the 
tree and at one time used in medicine.) Most species of 
Fraxinus, however, like the majority of forest trees in 
temperate regions, are wind-pollinated. The flowers of the 
white ash (F. americana), many other American species, 
and the common European ash (F. excelsior) possess no 
petals; quantities of pollen are blown by the wind, and the 
sexes of flowers on individual trees are often separate.

The chance of cross-pollination is increased by the de­
velopment of unisexual flowers in several genera. The 
American genus Forestiera, like many ashes, has unisexual 
flowers without petals. In other genera, such as Osman­
thus, the flowers of individual trees are often functionally 
unisexual because either the small ovary or the stamens 
are nonfunctional. In Forsythia, Abeliophyllum, and Jas­
minum the flowers of individual plants have either short 
styles (the narrow upper end of the ovary, with the stigma
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at its top), with the stigma below the level of the stamens, 
or long ones, with the stamens borne below the stigma. 
Seed normally develops only if pollen is transferred from a 
long-styled to a short-styled flower or vice versa. The plants 
in fact are self-sterile, and cross-pollination is essential.

Seed dispersal. Seed dispersal in a number of genera is 
aided by wind. The whole fruit is winged in Fontanesia, 
Abeliophyllum, and the ashes, in which the fruit is tradi- 
tionally known as a “key.” Individual seeds are somewhat 
flattened in Forsythia, Syringa, and the tropical genus 
Schrebera so that, after being shed from the capsule, each 
has a greater chance of being blown away from the imme- 
diate vicinity of the parent plant. In most members of the 
family (e.g., olive, most privets, and jasmines), however, 
the fruit is fleshy, generally dark purple or black, and has 
a hard, stony seed. In the natural state these fruits are con­
sumed by birds, which helps to disperse the plant species.

FORM AND FUNCTION
Vegetative characteristics. A vegetative feature com­

mon to almost every member of the order is that of 
opposite leaves; a few species of Jasminum are the only 
exceptions. In many genera the leaves are pinnately com­
pound—i.e., with numerous small leaflets arranged on 
both sides of a central axis, the whole constituting a 
single leaf. Examples include most species of Fraxinus, 
many jasmines, two lilacs (S. laciniata and S. pinnatifo- 
lia), and some species of Schrebera. In Forsythia suspensa 
the leaves are trifoliolate (three leaflets) on some shoots, 
especially those growing rapidly, or single-bladed, as in 
the other forsythias. The groups of genera closely related 
to the olive have simple leaves, often thick and leathery, 
and in some species of Osmanthus the leaves are holly- 
like and prickly.

Drawing by M. Pahl

Representative plants of two genera in the order Oleales.

Anatomically the family is fairly uniform in its charac- Character- 
teristics. Typically the water-conducting cells of the wood istic wood 
are small, and accordingly, the wood of the olive, with 
its fine and close grain, is prized for carving and tumery.
The timbers of most species of Olea and their close rela­
tives are very durable—even when used out-of-doors—and 
their hardness is often reflected in their native names— 
e.g., black ironwood for Olea capensis of South Africa, 
and devilwood for Osmanthus americanus of southeast- 
ern United States. Ash timber, from species of Fraxinus, 
has a worldwide reputation for toughness and resilience 
and is used for purposes where these characteristics are 
required—e.g., in tooi handles, hockey sticks, and frames 
for tennis rackets.

Floral characteristics. Generally speaking, flower stmc­
ture throughout the family is very uniform, with four 
sepals, four petals, two stamens, and two fused carpels 
forming a single superior (i.e., positioned above the other 
flower parts) ovary. The four petals (in Jasminum there 
may be seven, eight, or nine) are generally joined at the 
base to a greater or lesser extent to form a tube. Most 
species of Fraxinus, however, have no petals; nor do the 
four native olives of New Zealand (Nestegis species), the 
American genus Forestiera, and one of two Asiatic species 
of Olea. In Chionanthus. the fringe-tree. the long. strap- 
shaped petals form a very short tube at the base. Superfi- 
cially similar flowers are found in the relatives of Fraxinus 
ornus; in Linociera the petals, split to the base, are held 
together in pairs by the base of stalks of the two stamens.
Although two is the characteristic stamen number, there 

are a few exceptions. Nestegis species, four of which 
are from New Zealand and one, N. sandwicensis, from 
Hawaii, often bear four stamens (occasionally up to six), 
as does the Malesian Osmanthus scortechinii. The ovary 
is much more constant in its characters, producing only 
one or, at most, two mature seeds in a fleshy olivelike 
fmit, in a winged “key” as in Fraxinus, or in a dehiscing 
(splitting-open) capsule as in the lilacs. In Forsythia the 
capsule may contain several seeds.

The pollen produced by members of the order is more 
or less similar in stmcture and of a rather nonspecialized 
type. The grains are ellipsoid with three (or four) longitu­
dinal furrows and a finely reticulate surface. The minor 
differences in pollen stmcture among the various genera 
help confirm that the members form a natural group.
Pollen grains somewhat similar in appearance are found, 
however, in several other families, including, for exam­
ple, certain members of the family Celastraceae (order 
Celastrales).

EVOLUTION
Fossil record. The order Oleales is relatively poorly Oldest 

known from fossils. The oldest one recognized as be- known 
longing to the order is a leaf impression identified as members 
Fraxinus from the early Cretaceous beds of Greenland (of of the 
about 80,000,000 years ago). Similarly, a leaf identified as order 
Fraxinus is recorded from the Upper Cretaceous in the 
United States (about 65,000,000 years ago). Numerous 
fmits and leaf impressions, many bearing a very close 
resemblance to present-day species, have been found in 
later beds throughout north temperate regions, through 
to the Pliocene (7,000,000 years ago), and in even more 
recent deposits.

Other fossil members of the Oleales are first known from 
a fmit named Olea headonensis from the early Paleocene 
to Oligocene deposits in Britain (65,000,000 to 38,000,000 
years ago) and one called Oleaecarpium germanicum from 
the upper Oligocene of Europe (about 30,000,000 years 
ago). Good leaf impressions of Olea dating from 20,000,- 
000 to 12,000,000 years ago have been found in south 
and central Europe and North America. Leaves said to 
represent Notelaea, a present-day Australian genus, have 
also been found in the same regions, but in this case the 
generic identification is not so certain. A fmit identified 
with the tropical genus Nathusia (now known as Schre­
bera)—several living species occur in Africa, one in South 
America, and one in Asia—and called N. rugosa has been 
found in European deposits from the middle to upper 
Oligocene (30,000,000 to 26,000,000 years ago). Another



Angiosperms 705

Various
Classifi­
cation
schemes

Structural
Variation
among
close
relatives

tropical genus, Jasminum, has been recorded from fruits 
found in The Netherlands dating from 7,000,000 years 
ago in the lower Pliocene.

Phylogeny. The order Oleales contains the single, some­
what isolated family Oleaceae. A relationship has been 
suggested to certain families in the order Celastrales, such 
as the holly family, Aquifoliaceae, the Salvadoraceae, and 
the Icacinaceae, and it has also been suggested that these 
groups probably share a common ancestor in the order 
Saxifragales. There is little unanimity among botanists, 
however, as to how the family Oleaceae should be classi- 
fied. It has been variously given ordinal status, sometimes 
alone or with the small family Salvadoraceae; classed 
within the order Gentianales; and sometimes placed in 
a restricted part of the Gentianales that is separated and 
called the order Loganiales. Most recently it has been 
placed within a modified order Scrophulariales. Because 
in most genera the petals are joined into a tube and 
the ovary is always two-parted, the family Oleaceae has 
usually been included in orders in which there is always 
a corolla (the collection of petals) of united petals and 
often in that group of families that have in the past been 
loosely called the “Bicarpellatae.” It seems most probable, 
however, that the order Celastrales or its progenitors were 
the group from which the family Oleaceae arose.

The family Oleaceae seems to consist of two main groups 
of genera: those placed in the subfamily Jasminoideae and 
those in the subfamily Oleoideae. A study of the chro­
mosome numbers of different genera confirms the affinity 
of various genera otherwise grouped on morphological 
characters. Forsythia and Abeliophyllum (which has been 
called white forsythia) are unique in that both possess 28 
chromosomes in their vegetative cells; in a recent Classifi­
cation the two genera have been placed in the subfamily 
Jasminoideae along with Jasminum and Menodora, which 
have 26 and 22 chromosomes respectively. They are per­
haps best treated separately, however, as the two pairs of 
genera bear little resemblance to each other.

Within the subfamily Oleoideae the genus Fraxinus, 
which, because the best known species lack petals, has 
traditionally been classified alone or with Fontanesia (be­
cause of the latter’s winged fruits), is probably quite closely 
related to the many genera that produce olivelike fruits. 
The genus Syringa (lilacs) and the genus Ligustrum (priv­
ets) also belong in this subfamily and are closely related, 
despite their dissimilar fruits.
The small genus Nyctanthes (best known from N. arbor- 

tristis, a tree sacred to the Hindus), native to India, to­
gether with the related monotypic (having a single species) 
Dimetra of Thailand, has been variously classified in 
the family Oleaceae or in the family Verbenaceae (order 
Lamiales). Traditionally it belongs to the former and is 
possibly, if distantly, related to Jasminum or Schrebera; 
various anatomical and morphological characteristics sug- 
gest, however, that they should be treated as a subfamily 
within the family Verbenaceae.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The family Oleaceae is most 

easily recognized by a combination of characters: it has 
a woody habit with opposite leaves; flowers consisting of 
four sepals and petals (usually united), two stamens, and 
a united ovary of two chambers. There are exceptions, 
however, to most of these individual features.

The characters used to classify the genera within the fam­
ily are the presence or absence of the petals and whether 
they are united to form a tube, however short, or free, 
and whether the petals overlap in the bud (imbricate) or 
are arranged with their edges touching (valvate). The type 
of fruit has also been important, whether it is a fleshy 
olive-like drupe (a stony-seeded fruit), a capsule that splits 
open to release dry seeds, or a winged Samara (or key) as 
in the ashes. The fruit type, however, is no sure guide to 
relationships, nor is the absence of petals; Nestegis, for ex­
ample, generally has no petals but is related to the petaloid 
genera Olea, Osmanthus, and Notelaea. The wild olive of 
Hawaii (Nestegis sandwicensis), however, has petals in its 
flowers. Similarly, although most species of Fraxinus have 
no petals, those related to F. ornus have well-developed

ones. Most ashes, such as the common European ash,
F. excelsior, have flowers reduced to complete simplicity, 
for there are no sepals either, and because the sexes are 
often separated in different inflorescences or on different 
individual trees, the flowers consist only of a single, naked 
ovary or a pair of stamens. Many of these, however, are 
crowded together in branching inflorescences. There seems 
no doubt that this simplicity results from reduction and 
does not reflect primitiveness.

Taxonomie problems. The Oleaceae comprise a natu­
ral family, despite the number of individual exceptions 
to characteristic features, such as the lack of petals in 
some members and the occasional occurrence of alter- 
nately arranged leaves. Moreover, its Classification in an 
isolated position is probably correct, for relationships with 
other families and orders are not clear. New information 
from the traditional study of morphology or anatomy that 
might help to elucidate these relationships is unlikely, but 
the rapidly developing fields of palynology (the study of 
pollen grains) and chemotaxonomy (the study of biochem­
ical characters in relation to taxonomy) may well pro vide 
valuable new evidence.

Within the family the relationships of certain genera are 
uncertain. The subfamily Jasminoideae, as at present cón- 
stituted, appears to be a rather heterogeneous assemblage 
containing the genera Jasminum, Forsythia, Fontanesia, 
Schrebera, and Myxopyrum. It is doubtful whether these 
genera are really more closely related to one another 
than to others now placed in the second subfamily, the 
Oleoideae. Here, however, the correct delineation of the 
genera themselves is often the problem. Should Olea be 
split into two or three separate genera (e.g., into Stegan- 
thus and Tetrapilus) as has been proposed, and within the 
genus Osmanthus, should the sections Leiolea and Siphos- 
manthus be raised to generic rank? As with problems 
at interordinal and interfamilial levels, new and signifi­
cant morphological data are unlikely to be fortheoming. 
Chromosomal information seems of no assistance in this 
subfamily, but modem developments in biochemistry may 
eventually be of value.

Perhaps the outstanding problem at the species level con­
cerns the relationships and origin of the cultivated olive. 
Olea europaea is not known in the wild, and, although 
closely related plants exist in many tropical and warm 
temperate parts of the Old World, it is uncertain whether 
the domesticated olive was developed from them and, if 
so, how it was done. Chemotaxonomic studies together 
with breeding and cultural experiments—growing species 
and plants from different provenances side by side and 
Crossing them—might provide decisive information, but 
because the olive is a relatively slow growing tree such 
investigation could be undertaken only on a long-term 
basis. (P.S.G.)

Santalales (sandalwood order)

The Santalales, or sandalwood order of flowering plants, 
consists chiefly of members that are either partially or 
entirely parasitic on other plants. The order is of inter­
est from several points of view. For example, the true 
sandalwood (Santalum album) and some of its near rel­
atives play an important role in the practices of various 
religious groups in the Orient. The oil distilled from its 
wood continues to be of commercial importance and is 
used as a body ointment and a constituent of many soaps 
and perfumes. The European mistletoe (Viscum album) is 
thought to have had special ritual significance in Druidical 
ceremonies and lives in folklore today, its special sta­
tus as the Christmas mistletoe having come from Anglo- 
Saxon times. Phoradendron serotinum, somewhat similar 
to its European counterpart, is an acceptable substitute in 
North America.

GENERAL FEATURES
The order contains trees up to 60 feet (18 metres) high 
and many shrubs and perennials, but no shorter lived 
annuals or biennials. The smallest member of the order 
is the dwarf mistletoe (Arceuthobium minutissimum), one 
of the smallest of all vascular plants, its flowering sterns
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extending from the host plant for no more than about Vs 
inch (3 millimetres).

Distribution and abundance. The great majority of 
species in the order are tropical and subtropical, but a 
number of genera, especially in the families Santalaceae 
and Loranthaceae, have temperate representatives. There 
are no truly Arctic species, although Geocaulon (Santa­
laceae) occurs north to the shores of Hudson Bay and to 
north of Inuvik in Canada. Of the mistletoe genera only 
Arceuthobium of the Northern Hemisphere is present in 
both the Old and New Worlds. In other large families in 
the order, such as the following, geographic distribution 
is more limited: Erythropalaceae (Southeast Asia); Car- 
diopteridaceae (Indo-Malayan); Dipentodontaceae (South­
east Asia); Medusandraceae (tropical West Africa); My- 
zodendraceae (southem tip of South America); and 
Cynomoriaceae (Mediterranean). Many of the parasitic 
forms are restricted in occurrence, but some of the smaller 
species may be extremely abundant and widespread, as in 
Arceuthobium, Phoradendron, and Comandra.

Importance. The economie importance of the order fo- 
cusses on the sale of mistletoe, the use of sandalwood 
products, and the destructive effects of various parasitic 
mistletoes.
Mistletoe branches are gathered in rural areas of many 

central and western European countries and shipped to 
larger cities, to reach the market during the week before 
Christmas. In North America most of the commercially 
important mistletoe is harvested in Texas, New Mexico, 
and Oklahoma.
The use of sandalwood products is varied and goes back 

to the dawn of history. Sandalwood was known as long 
ago as 1700 bc (Egypt), and its use in the Far East is 
probably older. It is used as a ceremonial buming material 
during religious rites (especially burials) of Hindus, Bud- 
dhists, Parsis, and Muslims in Southeast Asia. The wood 
is also of excellent quality for wood carvings. The famous 

landal- sandalwood oil is slowly distilled from the wood, that of
yood oil older roots being especially high in oil content. Used for

centuries as a body ointment, it has more recently been 
found to be extremely useful in fixing such delicate and 
quickly vanishing fragrances as jasmine. Both the United 
States and France import significant amounts of sandal­
wood oil from Australia and India, respectively, for use in 
the manufacture of perfumes and soaps. Because of the 
high cost of sandalwood, various substitutes are offered 
locally, some from closely related members of the fami­
lies Santalaceae or Olacaceae in the sandalwood order (as 
in the Australian Eucarya spicata and the Indian genus 
Ximenia); others from quite unrelated families of other 
orders (as in Erythroxylum of the family Erythroxylaceae 
in India and the Venezuelan genus Amyris in the family 
Rutaceae). The best sandalwood oil is derived from the 
wood of Santalum album, a tree extensively planted in 
Southeast Asia. The most important industry is centred 
in the Indian state of Mysore, where it has been a state 
monopoly for many years. In Hawaii, the rise of King 
Kamehameha in the 19th Century has been credited to 
the income from local sandalwood, which was exported 
to the Orient.

Although the great majority of species in the sandalwood 
order are parasitic upon other vascular plants, only the 
mistletoes cause serious damage to economically impor­
tant plants. Primitive agricultural practices in many tropi­
cal areas frequently take little account of the occasionally 
very great populations of mistletoes on cacao, rubber, 
citrus, and many other trees, especially fruit. The genera 
Dendropthoe in the Indian region and Struthanthus in 
tropical America can be especially bothersome. Viscum al­
bum, the Christmas season mistletoe, deforms ornamental 
trees in many European countries, thus decreasing their 
value. The dwarf mistletoes, Arceuthobium americanum, 
A. douglasii, A. campylopodum, and A. vaginatum, are 
among the most serious forest pathogens (causes of dis­
eases) in western North America because they attack most 
of the conifers in the region to varying degrees. Numerous 
Phoradendron species in the United States are also impor­
tant pathogens of several trees, including walnut, oak, and 
some conifers.

NATURAL HISTORY
Predominance of parasitism. By far the most interesting 

evolutionary development in the order is the phenomenon 
Of parasitism. More than half of the species in the or­
der are parasitic, including all known members of the 
following families: Santalaceae, Loranthaceae, Viscaceae, 
Eremolepidaceae, Myzodendraceae, Cynomoriaceae, and 
Balänophoraceae. In addition, the genera Cansjera (Opi- 
liaceae), Olax, Ptychopetalum, and Ximenia (Olacaceae) 
are known to be parasitic.

The most obvious evidence of parasitism lies in the oc­
currence of the haustorium, a specialized absorbing organ 
that penetrates into living host tissues and functions to 
transfer various materials from the host into the parasite.

In certain advanced species an extensive invasion of host 
tissues takes place. The intrusive organ becomes frag- 
mented and branches out through the softer tissues of 
the host. This development is especially noteworthy in 
most members of the family Viscaceae, and probably in 
the genus Phacellaria (Santalaceae). In certain species of 
dwarf mistletoe (Arceuthobium) parasitic on conifers, a 
threadlike system develops intemally and may reach into 
the growing point of the host. The host tree responds Witches’ 
to such an all-pervasive parasite attack by developing a broom 
striking abnormal bushy growth at its top, known as a 
witches’ broom.

The degree to which the parasitic species is dependen! 
on the host is poorly understood but is probably high for 
most species, even obligatory under natural conditions. 
Chlorophyll is present in all species except those of the 
families Cynomoriaceae and Balanophoraceae, which are 
completely dependent on parasitism for nutrition. Studies 
with radioactive isotopes indicate that the more reduced 
forms, such as Arceuthobium, have a greater dependence 
on the host compared with greener and more leafy para­
sites such as Phoradendron.
Dispersal. In the treelike or shrubby species of the or­

der, the nutlike or drupelike fruits are probably spread by 
birds or other animals. It has been known since Roman 
times, however, that a rather special relationship exists be­
tween mistletoes and birds. The fleshy, one-seeded berries 
of mistletoes are eaten by a great variety of birds. The 
extremely viscous seeds pass through the digestive tract 
unharmed and, when voided on a suitable object, will 
sometimes germinate and become established on a new 
host tree. Outside the mistletoe families, Phacellaria, and 
possibly some other santalacean, tree-inhabiting genera 
have evolved a similar dependence upon bird dispersal. In 
most mistletoes, the degree of dependence on this partner­
ship is complete.

Several mistletoes, however, are not dependent upon 
birds. The Australian treelike mistletoe Nuytsia floribunda 
has winged, dry nuts, which hold no interest for birds.
The minute fruits of the family Myzodendraceae bear 
long, hairy structures that attach themselves to leaves and 
branches of the host tree. These seeds are probably wind 
dispersed. In the dwarf mistletoe genus Arceuthobium (Vis­
caceae), the fruit is explosive, and the sticky bullet-shaped 
seed may travel up to 50 feet (15 metres) with astonishing 
velocity (initially, 80 feet, or 24 metres, per second) before 
adhering to a new host branch.

FORM AND FUNCTION
Vegetative characters. One of the most remarkable veg­

etative characters of the sandalwood order is the hausto­
rium, a specialized absorbing organ that attachés to other 
plants and provides a means by which the parasite ob- 
tains water and nutrients from the victimized host plant.
The typical young haustorium is a small bell-like or even 
clamplike organ, which attachés by its lower surface to a 
suitable host. From the central tissues of the anatomically 
complex haustorium a small intrusive, wedgelike organ 
grows out toward and into the host tissues, where it un- 
dergoes further development. The mature haustorial organ 
is characterized by a partial fusion of the xylem, or wa­
ter conducting tissues, of host and parasite. The bell-like 
shape of the original haustorium soon disappears during 
expansion of the host-parasite contact zone. The size of the 
haustorium ranges from about 0.04 inch (1 millimetre) in
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Variations 
in fruit

most species up to 1 foot (30 centimetres) in diameter in 
the exceptionally large, mature Psittacanthus haustorium. 
The rosas de palo, or flores de palo, sold as curiosities in 
Mexico, consist of the abnormally developed wood of the 
host tree where these large haustoria were once attached.

Few generalizations can be made about other vegetative 
characters. Nearly all species have simple leaves lacking 
stipules, and only a few bear surface hairs on the leaves or 
sterns. In many parasites of the order, including, among 
others, all members of the family Balanophoraceae, leaves 
are reduced to scalelike organs. Even among species with 
well-developed leaves, including the temperate-climate 
woody species, the evergreen habit predominates and leaf 
fall in autumn is rare.

Flow er and fruit characters. The flower may have both 
petals and sepals as in any typical flower, or, as is com­
mon in many members of the order, one or both of these 
sets of flower structures may be entirely lacking. The male 
parts of the flower, the stamens, usually occur in numbers 
equalling the number of petals and are positioned directly 
opposite the lobes of the petals rather than between adja- 
cent ones. The female structure, the ovary, is positioned 
in the flower embedded in tissues below the region where 
the petals and sepals are attached, or it may be positioned 
higher up in such a way that the sepals and petals are 
located at its base. The first condition, termed inferior 
ovary, is the type that predominates in the order. Inside 
the ovary, two to several ovules, or developing seeds, are 
present. Sometimes these ovules lack the tissues that are 
destined to become seed coats in later development.

Drawing by R. Findahl

sandalwood order.

The fruit ranges from rather large nuts in many members 
of the Olacaceae family to exceedingly minute fruits in 
the Balanophoraceae family. Almost invariably, the seed 
is solitary and contains special nutriënt tissue, the en­
dosperm. Especially in the parasitic groups a trend toward 
reduction of seed coats and embryos is evident, resulting 
in a propagative unit that in some groups is different from 
a typical seed. In most mistletoes a portion of the ovary 
wall supplies the viscous layer of this “seed.”

Evolution and paleontology. There is no significant fos­
sil record for the order Santalales, and evolutionary con- 
siderations must therefore be based upon Contemporary 
members.

CLASSIFICATION AND TAXONOMIC STATUS
D istinguishing features. The order Santalales as defined 

by most authorities consists of an apparently Unnatural 
(i.e., unrelated by descent from a common ancestor) as­
sociation of the Santalales core families (Aptandraceae, 
Eremolepidaceae, Loranthaceae [in the broad sense], Lo­
ranthaceae [in the restricted sense], Myzodendraceae, Oc- 
toknemaceae, Olacaceae, Opiliaceae, Santalaceae, Schoep- 
fiaceae, and Viscaceae) with various other small families, 
the number and assortment of which depend upon the au- 
thority consulted. For this reason, it is virtually impossible 
to describe meaningful characteristics held in common by 
all members of the order. In the restricted conception of 
the order the primitive olacacean complex (families Ola­
caceae, Opiliaceae, Schoepfiaceae) plus the families Loran­
thaceae and Santalaceae predominantly contains species 
with bisexual flowers; all other derived (i.e., related by 
descent from primitive complex) families have unisexual 
flowers only (families Viscaceae, Myzodendraceae, Ere­
molepidaceae). Leaves are without stipules and are sim­
ple in all core families. In more advanced parasites, the 
leaves are often reduced to small scales. Ovules are few, 
frequently only one or two, and their attachment to the 
ovary tends to be on a central column unsupported except 
at its base. Seeds of nearly all have nutritive tissues called 
endosperm for the use of the developing young plant at 
germination.

Taxonom ie problem s. T he extrem ely variable com po- 
sition o f  this order and the apparently unnatural assem ­
blage o f  fam ilies, even in  m any recently proposed Systems, 
m akes an acceptable grouping o f  fam ilies by relationship  
im possible.

The order Santalales, in the broad sense, is clearly a 
miscellaneous collection of families many of which are 
of uncertain affinity. Following detailed analysis, some 
of these families may eventually be placed in different 
orders related to but outside the order Santalales. Others 
(Cynomoriaceae, Balanophoraceae) seem to be included 
mainly because of their parasitism and extreme reduction 
and are not likely to remain in the vicinity of Santalales. 
Other parasitic families (Hydnoraceae, Rafflesiaceae) were 
at one time placed in the order for similar reasons. When 
stripped to families of undoubted relationship there remain 
in the order five to nine families, depending on taxonomie 
judgment. The olacacean complex (families Olacaceae and 
Opiliaceae, including Aptandraceae and Schoepfiaceae) is 
very inadequately known. Nearly all authors agree that 
other families in the order are traceable to Olacaceae-like 
ancestors, although the exact lineages are not completely 
agreed upon. The more common concept visualizes a de­
scent of all mistletoe-like plants (Loranthaceae, Viscaceae, 
Myzodendraceae, Eremolepidaceae) from Olacaceae, via 
Santalaceae. This particular evolutionary pathway has log- 
ical obstacles, except for Viscaceae. Separate evolutionary 
lines from the olacacean complex to each of Eremolepi­
daceae, Myzodendraceae, Santalaceae, and Loranthaceae 
are perhaps a more accurate concept of descent. Viscaceae 
as a separate family might be derived from ancestral mem­
bers of the Santalaceae family. (J.Ku .)

Polemoniales

This order of flowering plants, consisting of 8 families and 
more than 4,000 species, includes some of the most hand­
some and favoured of garden and wild flowers. European 
and American gardens sparkle in spring and summer with 
the colours of Phlox, Polemonium (Jacob’s ladder or Greek 
valerian), Ipomoea (morning glory), Myosotis (forget-me- 
not), and Phacelia. Woodlands, glades, mountains, and 
deserts, particularly in North America, are often brilliantly 
coloured with their petals. Many other species, however, 
are often considered weeds, and a few justly deserve that 
appellation. Most members of the order are annual, bien- 
nial, or perennial herbs, many of which are delicate and 
ephemeral desert inhabitants. Several others, however, are 
woody trees, shrubs, or vines of great duration, but because 
of their limited size, number, and distribution they are not 
important timber producers. Two families of the order are 
unusual in consisting of nonphotosynthetic parasites.
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GENERAL FEATURES
Economic importance. On the whole, the order is of 

minor economie importance. The one species of major 
importance as a food plant is the sweet potato, Ipomoea 
batatas (family Convolvulaceae). The nutritious tuberous 
roots of the plant have been an important food source 
since prehistorie time. Utilization is now worldwide, but 
long before European man began to eat the plant its use 
was well established in South America and in the Pacific 
Islands. The fact that it was well known as a crop plant 
in two isolated geographic areas before botanists bëgan to 
study it presented an interesting dilemma for students of 
the origin of cultivated plants. Was it originally American 
or Polynesian? Even though the sweet potato is not known 
as a wild plant, its apparent close wild relatives are found 
in South America. This, and other compelling reasons, 
led most botanists to the conclusion that the cultivated 
plant originated in South America and was transported 
at an early time to such diverse regions as New Zealand, 
Hawaii, and Easter Island. The mode of transport and 
the migration route of the sweet potato to these remote 
regions are matters not yet resolved.

Other members of the family Convolvulaceae (morning 
glories) have aroused recent interest because their seeds 
contain significant quantities of the hallucinogenic Chem­
ical substances lysergic acid amide and isolysergic acid 
amide, which are similar to the drug lsd . This psy- 
chotomimetic attribute was known to the Aztecs, and 
certain Mexican Indians still use the seeds for divinatory 
purposes. Species of the genera Ipomoea and Rivea pos­
sess significant quantities of the drugs, the different species 
varying in their potency. The natural quantitative Varia­
tion in the drug content of the seeds leads to public-health 
problems among illicit drug users because it is difficult to 
determine the drug content of a seed before it is eaten. 
Serious psychic effects and even death have resulted from 
uncontrolled use of the seeds. Since many Ipomoea species 
are common weeds, it is unlikely that legislation would be 
effective in controlling the use of morning glory seeds for 
psychotomimetic purposes.

jarden Use of members of the order for aesthetic purposes as gar- 
>mamen- den ornamentals is another economie application of these 
als plants. Compared with the cash value of sweet potatoes,

the commercial value of these plants as ornamentals is not 
very great, but the annual spring perusal of seed catalogs 
is a much richer experience because of the inclusion of 
members of the families Convolvulaceae, Polemoniaceae, 
Hydrophyllaceae, and Boraginaceäe. Species of the genus 
Dichondra (Convolvulaceae) have unique value as turf 
plants in tropical and subtropical regions. They are tough, 
low-growing, small-leaved, small-flowered plants that grow 
appressed to the ground, qualities that enable them to 
compete successfully with grasses. They are superior to 
grasses in one respect—they need little or no mowing. 
A vigorous stand of Dichondra provides one of the most 
beautiful lawns possible.

Size range and diversity of structure. As treated here, 
the eight families of the order Polemoniales can be grouped 
into two categories. The three small families, Cuscutaceae, 
Lennoaceae, and Hoplestigmataceae, are sufficiently dis­
tinct individually that each will be discussed separately. 
The five larger families, Polemoniaceae, Convolvulaceae, 
Hydrophyllaceae, Boraginaceae, and Loasaceae, however, 
show a similar range of Variation so that one family may 
serve as a model to portray the whole group of five. 
The family Polemoniaceae is ideally suited for this, since 
it is large enough to illustrate most of the Variation en- 
countered in the other families, yet small enough to have 
undergone critical study.

Growth forms. The form of members of the family 
Polemoniaceae and the entire order includes a great range 
of morphological (structural) diversity. Large shrubs and 
small trees grow in the Andes in South America. In North 
America, the nearest approach to this growth habit is seen 
in some Mexican plants, but most others are at best low 
shrubs or woody-based perennial herbs. The latter con- 
stitute a significant part of the family in western North 
America. Large herbaceous perennials with extensive un­
derground sterns are another important growth form in

the family. There are other plants that may be weakly 
perennial but that tend for the most part to be biennials.
Such plants often attain large size. By far the largest num­
ber of species in the family are annuals. Some tend to 
grow for many months when conditions are favourable, 
but many others are desert annuals, whose growth is rapid 
and usually complete in just a few weeks. Some annual 
members of the family are extreme dwarfs that flower 
while seemingly mere seedlings. Some of the latter rarely 
produce true foliage leaves but exist on the produce of 
their cotyledons (“seed leaves”), photosynthetic sterns, and 
floral bracts.
Sterns. Stem growth varies from extensive in the trees 

and shrubs to very little in desert annuals. The patterns 
of stem growth include underground rhizomes (rootlike 
sterns), thickened woody crowns, typically branched aerial 
sterns, and vines.
Leaves. Leaf form is similarly varied, ranging from 

pinnately (lateral leaflets arranged along a central axis, 
featherlike) or palmately (all leaflets radiate from a com­
mon point) compound to simple needles and from large 
to nearly lacking. In a few cases, the tips of compound 
leaves grow out into tendrils, which provide support in the 
climbing vines. The general outline of the leaf includes 
those that are broadly elliptical or lance-shaped, those that 
are elongate but narrow, and small needles or scales. Leaf 
margins may be lobed, toothed, or smooth. Veins may be 
extensive, branched, and prominent or so poorly devel­
oped as to be nearly lacking in some leaves. Leaves are Plant hairs 
often clothed with a hairy covering that may often consist 
of cobwebby, prickly, or glandular plant hairs. In most 
members of the family the leaf arrangement is alternate 
along the stem but in two genera it tends to be opposite.
Flowers and fruits. Flowers of the order Polemoniales 

are usually disposed in clusters in which the first flower 
to bloom is the apical one; thus, they are cymose. The 
cluster may be loose or, in a few cases, a compact 
head. Some species have clusters consisting of hundreds 
of flowers whose period of bloom may last many days.
Others have only a few flowers per inflorescence (flower 
cluster), and a few species have a solitary flower at each 
branch tip. In these, the flowers are either very large, or, 
if smaller, the plant is so compact that it may literally 
be covered with flowers—each flower solitary at the end 
of a crowded branch. The flowers of the order Polemoni­
ales are highly varied in structure, form, size, and colour; 
however, they share a basic plan, consisting of hypogyny 
(sepals, petals, and stamens attaching at the base of the 
ovary), five united sepals, and five united petals, to which 
the filaments of the five stamens are fused; they generally 
have three carpels (ovary wall structures) united into a 
three-locular (chambered) compound pistil (female struc­
ture). Nectar, produced by special glands at the base of 
the pistil, often collects in the corolla base. The sepals 
vary in shape from a large saucer-shaped structure to a 
constricted tube. The tissue along the midrib of each sepal 
tends to be green and dense, but the tissue between the 
lobes is thin and membranous. The membrane may be 
flat, corrugated, or prominently ridged. In some genera, 
the calyx (all sepals considered together) enlarges bladder- 
like in fruit, whereas in other cases the membranes are 
ruptured as the enclosed fruit enlarges. The most strik- 
ing Variation in flowers is seen in the petals or corolla. Flower 
Usually the corolla is radially symmetrical, but in some shapes 
genera it tends to be bilabiate (two-lipped). In other as­
pects of form it may be described as rotate (round, wheel- 
like), campanulate (bell-shaped), tubular, funnelform, or 
salverform (trumpet-shaped). The individual corolla lobes 
may be rounded, truncate, pointed, or erose (with eroded 
margins, as if gnawed). In size the corolla may be minute 
or up to several centimetres long or broad. Colours vary 
from white to yellow through orange, pink, red, mauve, or 
blue. The flowers may be uniform or multicoloured, often 
with conspicuous spots or streaks arranged in definite pat- 
tems. Stamens (male reproductive organs) likewise vary.
They may be large or small, set deeply within the flower, 
variously disposed upon the petals, set at the orifice of the 
corolla, or strongly exserted (extended beyond the opening 
of the corolla tube). Flowers of the Polemoniaceae family



Angiosperms 709

Representative plants and structures of five of the eight families of 
the order Polemoniales.
Drawing by M. Moran based on (P h a c e l ia  m in o r, A m s in c k ia  in te rm e d ia , L e p to d a c t y lo n  
c a lif o m ic u m ) .  Reprinted by permission of the publisher, from Lyman Benson, P la n t  
C la s s i f i c a t io n  (1957), D.C. Heath and Company, Lexington, Mass.; (H y d ro le a  s p in o s a ,
P h o ii s m a  a re n a r iu m )  J. Hutchinson, T he  F a m il ie s  o f  F lo w e r in g  P la n ts , vol. 1, The Macmillan 
Company from T a x o n o m y  o f  V a s c u la r  P la n t s  by G.H.M. Lawrence, Copyright 1951 by The 
Macmillan Company; (M y o s o t is  p a lu s t r i s )  after Eichler, Berg and Schmidt, Gurke, Gilg,
Warburg, Hegi, Lawrence in A. Engler, S y l la b u s  d e r  P f la n z e n fa m il ie n , Gebrüder Borntraeger, 
Stuttgart; ( P h o iis m a  d e p re s s u m  parasitic on C o re th ro g y n e  f i la g in ifo l ia )  originally published by 
the University of California Press, reprinted by permission of the Regents of the University of 
California from J. Kuijt, T he  B io lo g y  o f  P a r a s it ic  F lo w e r in g  P la n t s  (1969); ( L o e s e lia  m e x ic a n a , 
L in a n th u s  a n d r o s a c e u s )  K. and V. Grant, F lo w e r  P o ll in a t io n  in  th e  P h lo x  F a m ily , p. 128, p. 110 
(1965), Columbia University Press, reprinted by permission of the publisher

are typically protandrous; i.e., the stamens mature before 
the stigma (tip of the female organ, where pollen is de- 
posited) is receptive to pollen. The pistil and resulting fruit 
may bear one seed, a few seeds, or many seeds. Generally, 
the mature fruit is a dry capsule that is often dehiscent 
(capable of Splitting along definite lines) into three parts. 
The stigma, as is the case with the stamens, may be set 
deeply within the flower or long exserted. The seeds vary 
in size, weight, colour, markings, and in the presence 
or absence of a mucilaginous coat, and they may have 
a broad wing, especially in the tropical woody species. 
Pollen grains, elaborately sculptured, show variations that 
may exceed the variations in other features of the plants.

Other variations. The previous examples, taken mostly 
from the family Polemoniaceae, reflect some of the basic 
features of the order as a whole. There are, however, some 
outstanding specializations found in other families that 
deserve additional mention. In the matter of floral biol­
ogy, the family Boraginaceae shows heterostyly. This is 
the condition of the flower in which members of a species 
population differ in the length of the stigma relative to 
the length of the stamens. Most often encountered is the 
distylous condition, wherein the style is very short and the 
anthers stand near the throat of the corolla (a condition 
known as thrum form), or the styles are elongate, with 
the stigma standing in the throat of the corolla and the 
anthers disposed in the base of the flower (pin form). This 
is an arrangement that enhances Crossing because pollen 
from a thrum plant normally leads to fertilization in a pin 
flower, and pollen from pin leads to fertilization in thrum. 
In regard to seed dispersal, many unusual modifications

related to dispersal by fur-bearing animals are found in 
the Boraginaceae. In most members of the family the two- 
carpellary ovary divides into four nutlets at maturity—the 
fruit wall of each nutlet tightly embracing a single seed. 
The outer surfaces of the nutlets bear hooks, barbs, bris- 
tles, and similar structures that adhere to fur. The family 
Loasaceae, which is usually not placed in this order, differs 
in having an inferior ovary (i.e., the sepals, petals, and sta­
mens appear to attach at the upper end of the ovary, their 
basal portions enclosing it). Along with certain members 
of the families Boraginaceae and Hydrophyllaceae, they 
usually have harsh, often stinging, trichomes (plant hairs).

N A T U R A L  H IS T O R Y

Pollination. Variation in floral features within the order 
is matched by Variation in pollination mechanisms. The 
range of pollinators known in the order includes bees, 
hummingbirds, flies, beetles, butterflies, moths, and bats.
Many species are self-pollinated. Floral structure is closely 
correlated with mode of pollination, and the order exhibits 
nearly all the floral modifications associated with such a 
diversity of pollinators.

Dispersal. Seed-dispersal mechanisms in the Polemoni­
ales order are varied but not nearly so diversified as the 
pollination mechanisms. In nearly all species the fruit is 
a dehiscent capsule, the rupturing of which allows a slow 
sifting of seeds from it, or eise an explosive split scatters 
the seeds forcibly. In a few cases the fruit does not split 
and it (and its seed or seeds) is dispersed as a unit. Once 
liberated from the capsule, the seeds may simply fall to 
the ground immediately about the parent plant, but those 
with explosive capsules may eject the seeds three feet 
(one metre) or more. In both of these cases the seeds are 
subject to being carried about by animals, wind, water, 
or other agents. The tropical members of the order with 
winged seeds may be dispersed great distances by strong 
winds. A peculiar adaptation of many annual species is 
the development of a mucilaginous layer on the outside of 
the seed coat. When wet, this layer may increase in thick- 
ness to the diameter of the seed itself and is very sticky.
These sticky seeds may be eaten, especially by birds, and 
may, by chance, stick to their feet or beaks and thus be 
carried great distances. Some North American species are 
represented by disjunct (widely separated) populations in 
South America, and it is reasoned that they may have 
been established there by transport on migratory birds.
This must be thought of as the extreme form of dispersal, 
and most movement is probably the result of fitful small 
jumps repeated over thousands of generations.

Physiology. The physiological diversity in the family is 
evident from the ecologically diverse habitats occupied by 
some populations. The perennials of Arctic or Alpine re­
gions are adjusted to short, cold growing seasons and long 
dormant seasons. In contrast, some tropical species may 
grow the year around, with only slight variations in growth 
brought on by fluctuations in available moisture. Seasonal 
adjustment is very evident in the perennial plants of east­
ern North America, where a succession of species develop 
and flower, starting in the early spring, through summer, Life 
and, finally, to a species whose last flowers are killed by the cycle of 
first autumnal frost. The desert annuals have perhaps the desert 
most rigorously programmed physiological Systems. Their annuals 
seeds germinate only when certain minimal moisture and 
temperature requirements have been satisfied. Then they 
grow rapidly to flowering and fruiting before the onset of 
the next drought period. Most populations vary in their 
requirements for germination, so that not all seeds germi­
nate every year. Many seeds, in fact, may remain dormant 
for several years before germination occurs. This Variation 
ensures that some seeds will always be available in the 
event of a crop failure caused by the extreme rigours of 
the fluctuating desert environment.

Parasitism. Two families in the order, Cuscutaceae and 
Lennoaceae, consist of totally parasitic plants. With the 
exception of certain species of Cuscuta (dodder or love 
vine), they are rarely observed. The dodders are thought 
to be closely related to, and derived from, the twining 
members of the family Convolvulaceae. In Convolvulus 
the advantage of twining seems to be purely mechanica!,
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whereas in the nearly leafless and achlorophyllous (i.e., 
without Chlorophyll—nonphotosynthetic) Cuscuta, twin­
ing brings the stem of the parasite into intimate contact 
with the host plant, where specialized organs (haustoria) 
penetrate the nutritive as well as the water-conducting 
tissues of the host, withdrawing sustaining substances. 
Dodder plants flower and produce an abundance of seeds 
wth ample reserve food in the endosperm (starchy nutriënt 
tissues). Typically, the seeds germinate in soil, producing 
first a club-shaped rootlike structure and later a wiry stem 
that may establish a new parasitic relationship with a suit­
able host. Soon the root dies, leaving only the haustorial 
connections established between parasite and host. Since 
dodder plants are lacking in the usual photosynthetic ma- 
chinery, they die unless a satisfactory parasitic union is 
established. Seedlings, however, may live for several weeks 
and grow many centimetres before their successful estab­
lishment or their starvation occurs.

The family Lennoaceae shows no obvious resemblance to 
Cuscuta in its general morphology or mode of parasitism. 
Usually only the flowering portion of the plant emerges 
from the sandy soil where it grows, but an extensive un­
derground root system is present. This system apparently 
ramifies randomly until host root Systems are encoun- 
tered. When a root of the parasite approaches a host root, 
a haustorial type of root system develops that penetrates 
into, and absorbs from, an appropriate host root. The 
mechanisms of lateral rather than vertical root growth and 
the sensing of an appropriate host plant are unresolved 
questions regarding the physiology of these plants.

EVOLUTION
There is very little fossil evidence that would be helpful 
in understanding the relationships of the order. The few 
fossils known are isolated organs scattered geographically 
and stratigraphically. Consequently, phylogenetic relation­
ships must be deduced by comparing modem species.

It is conceded by phylogenists that the order Polemoniales 
is an advanced plant group. lts high level of specialization 
is evident in the flowers, fmits, vegetative morphology, 
and physiological adaptations. Because of its advanced 
state, however, it is difficult to deduce a group ancestral to 
the order and to demark clear lines of relationship within 
the order. These are problems commpn among many 
flowering plant orders. Taxonomie groups referred to as 
Polemoniales, or that have included all or most of the 
families appearing here, range in size from 3 families to 26 
families. The 8 families here constituting the order bear a 
relationship to the order Gentianales, especially in several 
floral and anatomical characters. It is difficult, however, to 
conceive of one of these living orders as having been de­
rived from the other. The 2 orders could better be thought 
of as having been derived from a common ancestor. Some 
of the more primitive members of the groups within— 
or closely related to—the orders Rosales and Dilleniales, 
such as the family Pittosporaceae, have been suggested as 
possible ancestors from which both the orders Gentianales 
and Polemoniales arose.

The lines of relationship within the order are also obscure, 
since most of the families show parallel specializations. 
It seems, therefore, unrealistic to attempt a sequential 
arrangement of the families Convolvulaceae, Polemo­
niaceae, Boraginaceae, Hydrophyllaceae, and Loasaceae, 
when surely none exists. On the other hand, the fam­
ily Cuscutaceae seems clearly to be a parasitic derivative 
of the family Convolvulaceae, whereas the families Ho- 
plestigmataceaè and Lennoaceae show a strong similar­
ity to either or both of the families Boraginaceae and 
Hydrophyllaceae.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The families of the Polemoni­

ales order are delimited primarily on the basis of flower 
and fruit characters, their vegetative, Chemical, and ecolog- 
ical considerations being of secondary importance. Most 
families have gynoecia (female apparatus—stigma, style, 
and ovary) of 2 carpels, but the family Lennoaceae is 
exceptional in having 6 to 14 carpels, the family Polemo­
niaceae regularly has 3, and the family Loasaceae may

have as many as 5. In the latter family the ovary is in­
ferior, but in the rest of the order the ovary is superior. 
The petal number (or lobes of the corolla) is mostly 5 
in the order, but the family Loasaceae often has from 4 
to 10, and the family Hoplestigmataceae has from 11 to 
14. Occasional individuals or even some unusual species 
may have either 4 or 6 petals in other families. In the 
families Hydrophyllaceae and Boraginaceae the petals of­
ten bear appendages or crests. Nearly all members of the 
order have 5 stamens per flower, but the family Loasaceae 
often has many, and the Hoplestigmataceae family has 
from 20 to 30 stamens. The tendency in the Boraginaceae 
for the fruit to ripen as four-dividing nutlets is unique 
to that family within this order, as is the gynobasic style 
(that is, the style arises from the base of the four-parted 
ovary). Vegetatively, the Hydrophyllaceae, Boraginaceae, 
and Loasaceae families often possess harsh epidermal tri- 
chomes, or plant hairs, that, in some species, have stinging 
capability. Woodiness is lacking only in the parasites, the 
families Lennoaceae and Cuscutaceae. Both species of the 
family Hoplestigmataceae are trees. In the remaining five 
families, trees and shrubs or woody vines occur, along 
with herbaceous species.

The Classification of Polemoniales that is presented in 
this artiele (Polemoniaceae, Convolvulaceae. Cuscutaceae, 
Hydrophyllaceae, Boraginaceae, Lennoaceae, Hoplestig­
mataceae, and Loasaceae) includes only a small portion 
of the families usually treated together as an order in 
most former Classification Systems, along with 3 families 
of doubtful affinity. On practical and theoretical grounds, 
the 5 families listed first are difficult to separate from 
the remainder of the approximately 26 families of those 
Systems. The other 3 families (Lennoaceae, Hoplestigmat­
aceae, Loasaceae) have rarely been included with them. 
They do bear some relationship to the families Bo­
raginaceae and Hydrophyllaceae, however, so they may 
rest about as comfortably in the Polemoniales as they 
would in other orders.
Alternate systems of rïassification. The families

grouped here as the order Polemoniales have been treated 
in a variety of contexts in different systems. Most 
systems, however, include the families Convolvulaceae, 
Cuscutaceae, Polemoniaceae, Hydrophyllaceae, and Bo­
raginaceae in the same order, whether it is designated Pole­
moniales, Tubiflorae, Solanales, or by some other name. In 
addition, several families such as Solanaceae, Nolanaceae, 
Verbenaceae, Scrophulariaceae, and other families with 
tubular corollas and superior ovaries are often included in 
an ordinal group along with more typical Polemoniales. 
The family Lennoaceae has sometimes been placed in the 
order Ericales, but its relationship to the Hydrophyllaceae 
and Boraginaceae families now seems firmly established. 
The arrangement presented here deviates most from other 
proposed systems in the inclusion of the families Hople­
stigmataceae and Loasaceae. That the relationship of the 
first is uncertain is clearly exemplified by its inclusion in 
the orders Lamiales, Violales, Bixales, and Ebenales by 
various authorities. Similarly, the family Loasaceae has 
been placed in the orders Cistales, Violales, and Loasales 
by different workers. It seems particularly out of place in 
the Polemoniales because of its inferior ovary, separate 
petals, and multiple stamens; however, its resemblance to 
the families Hydrophyllaceae and Boraginaceae in charac­
ters of indument (covering of plant hairs), seed, embryo, 
and endosperm is considered adequate to permit its place­
ment in the Polemoniales order as defined here.

These variations in treatment of the families are the re­
sult of inadequate data and also disparate opinions about 
the value of certain characters in phylogenetic taxonomy. 
Until more data are available, particularly additions of 
critical material to the fossil record, concepts of the prim­
itive condition óf angiosperms (flowering plants) will have 
to remain theoretical. In view of the variations in thought 
on this subject, there is certain to be a continuing dispar- 
ity in the eväluation of the evolutionary significance of 
plant characters and their utilization in the construction 
of classifications purporting to be phylogenetic (that is, 
reflecting actual evolutionary relationships).

Uncertain 
status of 
some 
families

(D.M.Sm.)
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Scrophulariales

Economically, the Scrophulariales order of flowering plants 
is prominent for the many ornamentals it contains; for 
important food plants (e.g., potato, tomato); for well- 
known drugs (atropine, scopolamine, digitalis); for cer­
tain agriculturally significant parasitic weeds (broomrapes, 
witchweeds); and for tobacco. The order contains 18 
families, about 870 genera, and about 11,800 species. In 
variety of form and colour, some flowers of the order rival 
the orchids.

GENERAL FEATURES
Members of the order Scrophulariales occur on most of the 
landmasses of the Earth, with the exception of Antarctica. 
About two-thirds of the species are found in the tropics, 
one-third in temperate regions. About 50 species occur 
in the Arctic; of these, only a few species of lousewort 
(Pedicularis) reach the most northem lands.

Life span In life span, members of the order range from short-lived
categories desert herbs to long-lived tropical trees. Many are annu­

als—i.e., plants that complete a life cycle from seed to seed 
in a single growing season and withstand unfavourable 
seasons in seed form. A few are biennials, plants that pro­
duce flowers and fmit the second year and then die. Most, 
however, are perennials, plants that live several years and 
withstand ad verse seasons by means of underground parts 
(e.g., the herbaceous perennials) or by means of long- 
lived above ground parts (e.g., woody perennials). Of the 
perennials, most are polycarpic (i.e., they come into flower 
year after year). A few are monocarpic and live for several 
years— 15 to 20 in certain cases (e.g., Boea)—before flow­
ering and then die after flowering once.

Size range and diversity of structure. The plants range 
in size from the diminutive aquatic bladderwort, Utricu- 
laria olivacea, one of the smallest in bulk of all flowering 
plants, with threadlike sterns to about 4 inches (10 cen­
timetres) in length with a very few minute leaves, to large 
trees, of which the largest may be the guayacan (Tabebuia 
guayacan), which reaches about 165 feet (50 metres) in 
height and 6.5 feet (2 metres) in trunk diameter.
Flower size is also diverse. The smallest flowers are 

perhaps those of the aquatic Micranthemum umbrosum, 
about 0.06 inch (1.5 millimetres) in length. The largest are 
those of the tree daturas (Datura) and the related Methys- 
ticodendron amesianum, whose tmmpet-shaped flowers 
grow to about 11 inches (28 centimetres) long and 4 to 5 
inches (10 to 13 centimetres) wide.

Fmits of the order range from the minute globose cap­
sules of Micranthemum, less than Vió inch long (about 1 
millimetre), to the elongated pods of the midnight horror, 
or Indian tmmpet flower (Oroxylum indicum), 2 to 4 feet 
(60 to 120 centimetres) long but only about 3 inches (8 
centimetres) wide, and the sausage-shaped fmits of the 
sausage tree (Kigelia pinnata), which attain 3 feet (90 
centimetres) in length and sometimes exceed 15 pounds 
(7 kilograms) in weight.
About two-thirds of the species in the order are herba­

ceous—i.e., nonwoody. Most of the woody species are 
shrubs. There are few woody vines except in the bignonia 
family (Bignoniaceae). Trees are few, and most, except for 
some in the bignonia family, are small (40 feet [12 metres] 
or less in height).
Especially well known among the aquatic plants of the 

order are the bladderworts (Utricularia), which are among 
the few “camivorous” plants and the only ones that cap­
ture their prey underwater. Most bladderworts produce, 
on their leaves, small, pear-shaped bladders provided with 
a trap door. These bladders trap tiny animals, such as pro- 
tozoans, cmstaceans, worms, and even newly hatched fish. 
Within the bladders, the animals are digested, but whether 
this occurs by bacterial action or through the action of 
enzymes secreted by the plant is not certain. Nitrogenous 
end-products of the digestion are presumably absorbed by 
cells in the walls of the bladder and provide a nutritional 
supplement to the plant.

Parasitic Parasitic species are known in 14 families of flower-
species ing plants. Two of these families, the broomrape family 

(Orobanchaceae) and the figwort family (Scrophulari-

aceae), are in the order Scrophulariales and contain all 
of the world’s agriculturally important root parasites— 
i.e., their roots are attached to the roots of their hosts by 
means of haustoria (“suckers”). Plants of the broomrape 
family are holoparasitic; i.e., because they lack Chlorophyll 
and are unable to carry on photosynthesis, they depend 
entirely upon their host for organic food materials. The 
broomrapes (Orobanche) are serious pests on various crop 
plants—tobacco, tomato, eggplant, hemp, and sunflow- 
ers-—and on various fodder plants. Aeginetia attacks sug- 
arcane in Asia. In the Philippines, sugarcane is parasitized 
also by Christisonia.

In the figwort family, parasitism is known in 26 genera.
Among these, all degrees of parasitism exist, ranging from 
holoparasitism (Harveya, Hyobanche) to semiparasitism— 
in which the parasite, being green, can carry on photo­
synthesis but relies in greater or lesser degree upon the 
host for at least water and minerals. The most important 
of the parasites in the figwort family are the semiparasitic 
witchweeds (Striga, Alectra), which attack many grasses, 
including com, sugarcane, rice, and sorghum, and certain 
broad-leaved plants, including peanuts, soybeans, and to­
bacco. An Old World native, the mealie witchweed (Striga 
asiatica) has appeared in the United States, where, start- 
ing in 1956, it was reported on com in the Carolinas.
Other well-known parasitic members of the figwort family 
are Indian paintbrushes (Castilleja), gerardias (Agalinis,
Aureolaria), eyebrights (Euphrasia), bartsia (Bartsia), and 
yellow rattles (Rhinanthus), all semiparasitic.

All members of the broomrape family, so far as is known, 
and the witchweeds of the figwort family produce seeds 
that germinate only when close to a host root. They are 
stimulated to do so by substances secreted by the root.
The emerging root of the parasite grows toward the host 
root and eventually may establish a haustorial union.

Epiphytes, plants that grow upon other plants for sup­
port, are infrequent in the order except in the family 
Gesneriaceae, which also includes species that grow on 
rocks. Many of these plants have tubers (thickened storage 
sterns, such as potatoes) that function apparently as water- 
storage organs.

Economie importance. Ornamentals. Ornamental her­
baceous plants (annuals, biennials, and perennials), shrubs, 
trees, and vines are well represented in the order Scro­
phulariales. Among the best known herbaceous garden 
and greenhouse plants are flowering tobacco (Nicotiana), 
datura (Datura), butterfly flower (Schizanthus), petunia 
(Petunia), apple of Peru (Nicandra), salpiglossis (Salpiglos- 
sis), calceolaria (Calceolaria), veronica (Veronica), mullein 
(Verbascum), beard tongue (Penstemon), foxglove (Digi­
talis), snapdragon (Antirrhinum), torenia (Torenia), mon- 
key flower (Mimulus), nemesia (Nemesia), African vio­
let (Saintpaulia), gloxinia (Sinningia), and bear’s-breech 
(Acanthus).

Ornamental shrubs of the order include matrimony vine 
(Lycium), Cestrum, angel’s-trumpet (Datura), Hebe, Leu- 
cophyllum, Cape fuchsia (Phygelius), desert willow (Chi- 
lopsis), caricature plant (Graptophyllum), and shrimp plant 
(Beleperone).

Members of the Scrophulariales are among the showiest of Omamen- 
tropical ornamental trees. Among them are the jacaranda tal tree 
(Jacaranda mimosifolia), widely used as a Street tree for species 
its blue flowers and lovely foliage; the white-flowered 
Indian cork tree (Millingtonia hortensia), once described 
as the handsomest of India’s flowering trees; the African 
tulip tree (Spathodea campanulata), with scarlet flowers; 
and the New World tmmpet trees (Tabebuia), with white, 
pink, lavender, purple, red, or yellow flowers. In temperate 
regions the catalpas (Catalpa), with their white flowers and 
large leaves, and the princess tree (Paulownia tomentosa), 
with blue flowers, are well known.

Both herbaceous and woody vines are frequent in the or­
der. Some rank with the world’s most beautiful flowering 
vines, including sky flower (Thunbergia grandiflora), with 
an abundance of sky-blue flowers; cat’s-claw vine (Dox- 
antha unguis-catï), golden yellow; flame vine (Pyrostegia 
venusta), orange; golden chalice (Solandra maxima), yel­
low; and Costa Rican nightshade (Solanum wendlandii), 
lilac blue and yellow. Woody vines are especially com-
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mon in the bignonia family. Most of the vines in the 
order Scrophulariales are tropical, but in the United States 
the native cross vine (Bignonia capreolata) and trumpet 
creeper (Campsis radicans) are well known. Vines in the 
order support themselves by several means: by prickles on 
the stem (Lyciuni) or spines on the leaves (Solanum)', by 
tendrils (Bignonia)', by aerial clinging roots (Campsis)', or 
simply by leaning on other plants.
Food plants. Food plants of the order include potato, 

tomato, eggplant, capsicum pepper, and sesame. The most 
important, and a basic food for millions of humans, is the 
potato (Solanum tuberosum). A potato is a tuber—i.e., a 
swollen portion of an underground stem. The potato was 
introduced into Europe from South America in the late 
1500s and into the United States in the early 1620s. By 
the 19th Century it had become a staple crop the world 
over, except in tropical lowlands.
The tomato (Lycopersicon esculentum), another New 

World contribution, was brought to Southern Europe in 
the early 1500s and utilized there long before other Euro- 
peans accepted it. Once considered to be poisonous and 
grown as a curiosity or an ornamental, by the end of the 
19th Century it had become a major vegetable crop.
The eggplant (Solanum melongena), native to India, is 

grown throughout warm regions for its purple, white, or 
yellow fruits, which are used as vegetables. The name 
eggplant refers to the egglike appearance of the fruits of 
certain white-fruited varieties, which were the first ones 
known to northern Europeans.

Spice and The only spice produced by a member of the order 
Dil species Scrophulariales is capsicum, or red pepper, derived from 

fruits of the genus Capsicum, native to tropical America. 
The many varieties differ in size, shape, colour, and pun- 
gency of the fruits. The fruits of some are used as a spice 
(e.g., tabasco and paprika); those of others, the sweet, or 
green, peppers, are used as food.

Cultivated for its edible, oil-rich seeds since antiquity, 
the sesame plant (Sesamum orientale), native to the Old 
World, is now grown in many warm regions. The oil is 
used largely in cooking; the seeds, in confections and as a 
garnish on baked goods.
Drug and narcotic plants. The order contains only a few 

drug plants, but they are important. In the potato family 
are the belladonna plant (Atropa belladonna), source of bel­
ladonna; henbane (Hyoscyamus niger), source of hyoscya- 
mus; and jimsonweed (Datura stramonium), source of 
stramonium. Atropine, extracted from belladonna, and 
scopolamine, extracted from hyoscyamus, are much used 
in medicine. In the figwort family, the foxglove (Digitalis 
purpurea) is a source of digitalis.

Several members of the order have narcotic properties. 
These plants are members of the potato family. Best 
known are species of Datura, including jimsonweed and 
the tree daturas. Also narcotic is a relative of the tree da- 
turas, Methysticodendron amesianum, unknown outside 
of one mountain valley in Colombia until the 1940s. The 
Aborigines of Australia utilized pituri, leaves of shrubs of 
the genus Duboisia, as a narcotic.

Tobacco, made from the cured leaves of Nicotiana 
tabacum (and to a much lesser extent, N. rustica), belongs 
to the potato family and is the world’s most important 
material used for smoking. The tobacco plant, native to 
tropical America, is widely grown in temperate and trop­
ical regions.

The order contains a number of poisonous plants. Among 
the best known are the jimsonweeds (Datura), belladonna 
(Atropa), henbane (Hyoscyamus), tobaccos (Nicotiana), 
nightshades (Solanum), and foxglove (Digitalis). Even 
tomato and potato leaves are dangerous if fed to animals. 
Potato tubers that are turning green also contain poisons.

NATURAL HISTORY
Pollination. Pollination mechanisms in the order are 

varied. In addition to normally opening (chasmogamous) 
flowers, a few species regularly produce cleistogamous 
flowers—i.e., flowers that never open but nonetheless de­
velop viable seeds because they are self-pollinated in the 
bud. Such flowers characteristically are smaller and some­
what different in structure from chasmogamous flowers of

the same species. In most members of the order Scroph­
ulariales, the flowers open normally and then depend 
upon various agents for pollination. None is known to 
rely on water. A few species are wind-pollinated—e.g., 
the plantains (Plantago), some of which are considered a 
cause of hayfever because they shed considerable pollen. Insect 
Most members of the order rely on animals for pollina- pollination 
tion, especially insects, including bees, flies, moths, and 
butterflies. Some are pollinated by hummingbirds. A few 
are pollinated by bats; outstanding among these are the 
sausage tree (Kigelia pinnata) and the midnight horror 
(Oroxylum indicum).
Seed dispersal. The range of seed-dispersal mechanisms 

is great. In the family Acanthaceae seeds are thrown for 
short distances by the sudden—“explosive”—opening of 
the seed capsule. Most other plants of the order, how­
ever, rely upon external agents, such as wind, water, or 
animals, for dispersal. Those that are wind-dispersed may 
have dustlike seeds or seeds with wings or netlike coats 
that increase their buoyancy. Those that are spread by wa­
ter include some beach plants (Nolana), whose seeds owe 
their dispersal to sea drift. The seeds of animal-dispersed 
species are carried on or in animals. Small-seeded water 
plants are dispersed in the mud clinging to the feet of 
waterfowl. Fruits of species of the sesamum family (Ped- 
aliaceae) and the family Martyniaceae may hook onto the 
feet and legs of grazing animals. Seeds of many species are 
eaten by birds and mammals and are voided undigested 
in the feces. Dispersal in this way is especially important 
for species that produce juicy, brightly coloured berries 
(e.g., the nightshade, Solanum dulcamara). Seeds of a few 
members of the family Scrophulariaceae (e.g., Veronica, 
Melampyrum, Pedicularis) are dispersed by ants, which 
seek the seeds for food. A portion of the seed, the “elaio- 
some,” is white, oily, and edible. Such seeds are not only

Drawing by M. Pahl

Some repräsentative members of the family Scrophulariaceae,
the largest family in the order Scrophulariales.
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dispersed by the ants but can be planted by them as well— 
the ants carry them underground.

FORM AND FUNCTION
Vegetative characteristics. The leaves of most mem­

bers of the order are simple. In few species—e.g., in 
some louseworts (Pedicularis) and in tomato—they are 
pinnately compound (i.e., each leaf has smaller leaflets 
arranged along both sides of a central axis). Leaf arrange­
ment on the stem varies, being alternate, opposite, or, 
rarely, whorled or in rosettes. In certain members, the 
mature plant possesses but one leaf, up to 30 inches (76 
centimetres) long and 22 inches (56 centimetres) wide, 
which has developed from growth of one of the two 
cotyledons, or “seed leaves”; the other cotyledon aborts 
early. This single-leaf condition is seen in several genera of 
the family Gesneriaceae (e.g., Streptocarpus) in which the 
flowers develop on the leaf, at the base and on the midrib. 
Other related species may produce a rosette of three or 
more leaves, the largest of which has developed from the 
one cotyledon.

The sesamum family and martynia family possess unique 
glandular (“mucilage”) hairs, which secrete a mucilage re- 
sponsible for the sticky feel of these plants.

Floral and fruiting characteristics. In arrangement of 
the flowers—i.e., in the inflorescence type—the plants of 
the order are exceedingly diverse. The flowers of some are 
solitary and are borne in the axils of leaves, the upper 
angles between the stem and the leafstalks, as in the mon- 

Inflores- key flowers (Mimulus). Other solitary flowers are borne 
cence types on long leafless stalks (scapes) that arise from a rosette of 

leaves, as in African violets (Saintpaulia) and butterworts 
(Pinguicula). In the majority, however, the flowers are 
grouped into clusters of various kinds.

Flowers. The flowers are almost always complete; i.e., 
they have sepals (leafy parts), petals, stamens (male re­
productive structures), and carpels (simple ovaries or seg­
ments of a compound ovary—the ovary and its upper 
portions, the style and stigma, form the female repro­
ductive unit called the pistil). Flowers of the family Hy- 
drostachyaceae, however, have either only one stamen 
or one pistil. In most members of the order the flowers 
are perfect (bisexual); i.e., they contain both stamens and 
carpels. Imperfect (unisexual) flowers occur in the family 
Hydrostachyaceae and in Littorella of the plantain fam­
ily (Plantaginaceae). The plants with imperfect flowers 
may be monoecious (flowers of both sexes occur on each 
plant—e.g., Littorella) or dioecious (flowers of one sex 
only occur on each plant—e.g., Hydrostachys). Flowers of 
the order Scrophulariales are generally irregulär in shape, 
sometimes strikingly so. In plantains (Plantago), in many 
members of the potato family (Solanaceae), and in some 
members of the family Gesneriaceae, however, regulär, 
or radially symmetrical, flowers occur. Most members of 
the order are hypogynous; i.e., the flowers have superior 
ovaries. In such flowers, the sepals, petals, and stamens 
originate at a position at the base of the ovary. The fam­
ilies Trapellaceae, Columelliaceae, and some members of 
the Gesneriaceae, however, are epigynous; i.e., the flowers 
have inferior ovaries—the ovaries are enclosed within the 
basal portions of the other flower parts, which appear to 
arise at the upper end of the ovary. The calyx, or collec­
tion of sepals, is regulär to highly irregulär. Typically it is 
composed of five free to variously united sepals. In some 
species, suppression of one or more sepals may occur, as 
in many veronicas (Veronica), in which the upper sepal is 
absent. In bladderworts (Utricularia), the calyx is strongly 
two lipped, the upper lip being formed from the union 
of three sepals and the lower lip from the union of two 
sepals; the whole suggests a calyx of only two parts. In the 
plantain family there are only four sepals.

The corolla (the collection of petals) is regulär in the 
plantain family, nolana family (Nolanaceae), many species 
of the potato family, and in a few species of the gesneria 

Corolla family; in the rest of the order it is irregulär, sometimes
structure highly so. Typically it is composed of five united petals.
and form The union ranges from incomplete—only at the base, so 

that the five-petalled condition is evident—to complete— 
so that the five-petalled condition is obscure. The corolla,

when composed of completely fused petals, is more or less 
trumpet- or funnel-shaped as in jimsonweed (Datura). In 
some of the highly irregulär flowers of the order, the five- 
petalled condition is also obscure. The lowermost petals 
may, as in some linarias (Linaria) and in all bladderworts, 
bear a backwardly projecting spur. In many species the 
corolla is more or less two lipped; the upper lip is com­
posed of two petals, the lower of three. The lips may be 
the same size, or one or the other may be larger, some­
times markedly so. An upward bulge, the palate, in the 
central portion of the lower lip may be pronounced in 
some species, such as the snapdragon (Antirrhinum ma­
jus), in which it closes the corolla throat. In some species 
(e.g., Veronica) the corolla appears to be composed of four 
petals; in these, however, the upper “petal” is really two 
completely united petals. The plantains have only four 
petals.

Drawing by M. Pahl

Representative plants from two of the large families of the 
order Scrophulariales.

In some members of the order, the füll complement of 
five stamens is present, as in many species of the family 
Solanaceae. Typically, however, one or more stamens is 
missing. Species having four stamens (an upper pair and a 
lower pair) lack only the uppermost stamen. Other species 
lack the uppermost stamen and, in addition, either the 
upper or the lower pair; thus they have only two sta­
mens. Any of the “lost” stamens may be represented by a 
staminode, or sterile stamen, borne in place of a normal 
stamen but not producing pollen. A staminode may range, 
depending on the species, from a minute projection on 
the inner surface of the corolla to an elongated filament- 
like structure equal in size and conspicuousness to the 
normal stamens. Throughout the order the stamens are 
epipetalous; i.e., their filaments are united with the petals. 
The union ranges from slight to considerably over one- 
half the length of the stamen. The stamens are alternate 
with the lobes of the corolla; i.e., they are attached be-
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tween the petals. In some highly irregulär flowers, the 
alternate arrangement is difficult to see. The anthers (in 
which pollen develops) of all members of the order are 
tetrasporangiate; i.e., they have four pollen sacs. Pollen 
grains are shed singly except in the family Hydrostachy- 
aceae, in which they remain in groups of four. Pollen 
morphology (form and structure) is exceedingly diverse. 
One family of the order, the acanthus family, is alleged to 
show a wider range of pollen morphological features than 
does any other plant family.

The carpels of the order Scrophulariales are united into a 
compound gynoecium, or female structure. In the family 
Nolanaceae, there are five carpels. In other members of 
the order, almost without exception, there are two. The 
locule, or ovary chamber, number is usually two; the most 
notable exceptions are the one-locular broomrape family 
(Orobanchaceae) and gesneria family. In most species of 
the order, placentation, or ovule attachment, is axile— 
i.e., along the central axis of the ovary. In some, however, 
notably the broomrape family and the gesneria family, it 
is parietal—to the ovary walls. The bladderwort family 
is characterized by free-central placentation, in which the 
ovules are borne on a central stalk that is attached only 
at one end of the ovary. In the family Globulariaceae, the 
solitary ovule is pendulous from the apex of the locule. 
In Littorella of the plantain family, the ovule arises from 
the base of the locule. In most members of the order, 
the septum partitioning the ovary into two chambers is 
horizontal. In the potato family, in contrast, the septum 
is oblique; its plane is about 450 from the horizontal.

Depending on the species, the ovule number may range 
from 1 to about 70,000 (in Aeginetia) per ovary. The 
ovules have one integument (covering) and are mostly 
anatropous (inverted and straight with the micropyle, or 
opening in the integument, next to the hilum, or point 
of attachment) or hemianatropous (similar to anatropous, 
but less pronounced). Less often the ovules are campy- 
lotropous (curved with the base and apex nearly together) 
or amphitropous (half-inverted and straight, the hilum 
lateral).

Fruits and seeds. Most Scrophulariales species are char­
acterized by a capsular fruit. The capsule may open by 
splits or pores in its wall; in some species, the capsule top 
comes off like a lid. Another fruit type of the order is a 
berry, well illustrated by the tomato. Fruits of the nolana 
family typically consist of one ring of five sections or two 
or three such rings, one on top of another. Each section 
contains one to seven seeds and separates from the others 
at maturity.

Although most Scrophulariales species produce several to 
many seeds per fruit, a few produce only one (Globularia, 
Littorella). Perhaps the record for seed production in the 
order goes to Boschniakia rossica (broomrape family), an 
average plant of which is said to mature more than 333,- 
000 seeds. In size, the seeds of the order range from those 
of some members of the bignonia family, which may be 
several inches long, though thin and light, to the dustlike 
seeds of broomrapes (Orobanche), which are about Vso of 
an inch (about 0.3 millimetre) long.

EVOLUTION
Families of the order Scrophulariales are poorly repre­
sented in the fossil record and do not appear until the 
Tertiary Period (beginning about 65,000,000 years ago). 
These families, known from remains of leaves, pollen, 
fruits, and seeds, are the potato, figwort, bignonia, and 
acanthus families.
Relationships. The order Scrophulariales is closely re­

lated to the order Polemoniales and shares with it a 
common origin from the order Gentianales.

Within the order, the figwort, bignonia, sesamum, mar- 
tynia, gesneria, broomrape, bladderwort, and acanthus 
families are clearly related to each other. The boundaries 
between some families are not clearly defined and thus 
are subject to individual interpretation.
The relationships of several families in the order are 

controversial; for example, the family Columelliaceae is 
variously considered to belong in the Scrophulariales or in 
the order Rosales. The family Buddlejaceae is sometimes

placed in the order Gentianales. The families Solanaceae 
and Nolanaceae are thought by some to belong in the 
order Polemoniales. These differences of opinion have not 
yet been settled; the answers to them depend on individ­
ual—and varying—interpretations.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The order Scrophulariales com- 

prises somewhat more than 50 percent of the families 
included in the order Tubiflorae of older systems. Major 
characteristics helpful for delineating the families within 
the order include: symmetry of the flowers; carpel num­
ber; locule number; ovary position; placentation type; 
fruit type; presence or absence of endosperm; parasitic 
or nonparasitic habit; and collateral or bicollateral vascu­
lar bundles.

Alternate system s o f  Classification. The families in­
cluded in the order Tubiflorae of older taxonomie systems 
have been variously grouped, the groupings depending 
upon the characteristics emphasized. Some authorities rec­
ognize one large order. Others group the families of the 
Tubiflorae into three to seven smaller orders, of which the 
order Scrophulariales, as presented here, is one of three. 
The evidence is not overwhelmingly in favour of any of 
these views. It is largely a matter of personal preference 
how these families are divided into orders if the large group 
Tubiflorae is considered too unwieldy as a single order.

Because phylogenists subdivide the old group Tubiflo­
rae differently, it is difficult to find the equivalent of 
the Scrophulariales, as presented here, among the orders 
recognized by other authorities. In older Classification sys­
tems there is simply no order comparable to it. It is most 
closely equivalent to the suborder Solanineae of the order 
Tubiflorae, but it differs mainly by the inclusion of the 
plantain family and the myoporum family. A major dis­
tinctive feature of the order Scrophulariales, as presented 
here, is the inclusion of the potato family, which most 
other phylogenists place in an order separate from the fig­
wort family and its allies. Thus the order Scrophulariales 
as defined here is not the same grouping of families as the 
order of that name as recognized by many other author­
ities. The Classification presented here is a recent one of 
wide acceptance with as much claim to authoritativeness 
as other widely known systems. (J.W.Th.)

Lamiales

The order Lamiales includes four families of flowering 
plants: Verbenaceae (verbena family); Lamiaceae, some­
times called Labiatae (mint family); Phrymaceae (Phryma, 
or lopseed, family); and Callitrichaceae (water-starwort 
family). The family Lamiaceae, with more than 3,500 
species, is the largest and is among the 10 largest families 
of flowering plants.

GENERAL FEATURES
Size range and diversity of structure. The order Lami­

ales shows a considerable diversity in size and habit, 
ranging from the slender, weak-stemmed aquatic and 
semiaquatic herbs of the Callitrichaceae to large trees of 
tropical forests in some genera of the Verbenaceae.

Of the many trees in the family Verbenaceae, the best 
known is teak (Tectona grandis), which ranges in height 
from 80 to 150 feet (20 to 50 metres) and has large leaves 
18 to 24 inches (45 to 60 centimetres) long. Several gen­
era of the family are entirely shrubby, a few are woody 
climbers, and others are annual or perennial herbs, small 
nonwoody plants that either complete their development 
and die within a single growth season (overwintering by 
means of seeds), or that live and produce seed from year 
to year (surviving winter or dry seasons by means of 
underground parts). Plants in the family Lamiaceae are 
mostly annual or perennial herbs, less often shrubs. Trees 
are rare and of small stature, generally not more than 
about 30 feet (9 metres) tall.

Distribution and abundance. The closely related families 
Verbenaceae and Lamiaceae, when considered together, 
form one of the large natural alliances of flowering plants, 
worldwide in distribution. The Verbenaceae tends to be

The teak 
tree
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tropical and to occur in low-lying regions, in contrast to 
the Lamiaceae, which is predominantly temperate to sub­
tropical and more often occurs in mountain or foothill 
regions.

The family Verbenaceae, with about 100 genera and 
2,600 species, has its greatest concentration of genera and 
species in the warm parts of South America, Africa, and 
Madagascar. Lesser concentrations occur in Continental 
Asia, Japan, and the islands of the Indian Ocean and the 
Pacific Ocean. The smallest concentrations are found in 
Europe, Asia Minor, and North America. In the family 
Lamiaceae, which has about 160 genera and 3,500 species, 
the primary centre of concentration is in the Old World 
from the Canary Islands to the Himalayas, with secondary 
outlying centres in Ethiopia, Madagascar, the Cape region 
of southem Africa, southem India, Sri Lanka (Ceylon), 
the Malaysian region, southem Australia, and Hawaii. In 
the New World a second principal centre of concentration 
lies in the mountain region extending from central Mex­
ico southward to Bolivia and central Argentina; secondary 
centres include the northem plateau of Mexico, south- 
westem and southeastem United States, the highlands of 
Brazil and Guyana, the Caribbean region, and Chile.

Phryma leptostachya, the single species of the family 
Phrymaceae, has a distribution discontinuous between 
eastem North America and eastem Asia, a distributional 
phenomenon common to many plants and one that illus- 
trates the floristic relationships between these two regions. 
This pattem is seen in such woody genera as Magno­
lia (order Magnoliales), Hamamelis (Hamamelidales), and 
Wisteria (Fabales) but not in any other member of the 
Lamiales. In Callitriche, the single genus of the family 
Callitrichaceae, there are 25 or more species which occur 
around the world, always associated with water.

Economic importance. The families Verbenaceae and 
Lamiaceae are of considerable economic importance, par­
ticularly the Lamiaceae.

From the Verbenaceae are obtained several useful wood 
products and some beautiful garden plants. Teak (from 
Tectona grandis), one of the most valuable of all known 
timbers, is native to India and Myanmar (Burma) but 
is also cultivated for its timber in the Asiatic tropics. 
Other useful timbers are obtained from the genera Vitex, 
Citharexylum, Peronema, and Premna. The family Lami­
aceae is an important source of oils, which are used in the 
manufacture of perfumes, deodorants, and toilet prepara- 
tions and as flavourings for foods and beverages. Perfume 
oils are obtained commercially from basil (Ocimum), 
lavender (Lavandula), maijoram (Origanum), rosemary 
(Rosmarinus), thyme (Thymus), and sage (Salvia). Hore- 
hound (Marrubium vulgare) yields an essential oil used 
medicinally. Spices and flavouring oils are obtained from 
spearmint (Mentha spicata), peppermint (Mentha piper- 
ata), and balm, or melissa (Melissa officinalis). Spices are 
obtained from sage (Salvia officinalis)', savory (Satureja 
hortensis)', origanum, or European oregano (Origanum 
vulgare)', thyme (Thymus vulgaris); dittany of Crete (Ama- 
racus dictamnus); sweet maijoram (Majorana hortensis)', 
and basil (Ocimum basilicum).

Both the Lamiaceae and the Verbenaceae have many 
attractive ornamental plants. In the Lamiaceae most of 
the plants used as seasoning herbs are also used as 
garden ornamentals. Border and bedding plants come 
from several herbaceous (nonwoody) genera with brightly 
coloured and showy flowers, such as Monarda, Men­
tha, Colquhounia, Phiomis, Physostegia, and Lavandula. 
The shellflower (Molucella laevis) with large, saucerlike 
green calyxes (sepals—the outer series of petallike, usu­
ally green, structures in a flower) is populär for flower 
arrangements. Coleus, which has brightly coloured leaves, 
is one of the most populär houseplants. Shrubby oma- 
mentals in the family Verbenaceae include the Chinese 
hat plant (Holmskioldia sanguinea), pigeonberry (Duranta 
erecta), the beauty-berries (Callicarpa species), the glory- 
bowers (Clerodendrum), the chaste tree (Vitex agnus- 
castus), lemon verbena (Aloysia triphylla), and the lan- 
tanas (Lantana camara and L. montevidensis).

Several of the mangroves of the genus Avicennia (Verbe­
naceae) have astringent bark that is used for tanning.

There are a few edible plants in the Verbenaceae and 
the Lamiaceae. The beauty-berry (Callicarpa americana) 
of the southeastem United States has juicy, slightly aro­
matic, sweet, fleshy fmits that are sometimes eaten. Sev­
eral species of Stachys and Lycopus, in the eastem United 
States, and Coleus esculentus, of southem Africa, have 
tuberous roots that are used as root vegetables. The seeds 
of chia (Salvia columbariae), one of the sages widespread 
in the dry parts of the western United States, were once 
used extensively as food by the Indians. Members of both 
families have been used for various medicinal purposes. 
Bugleweed (Ajuga reptans) of the Lamiaceae, for example, 
has been used in treatment of bleeding of the lungs and as 
a safe and mild narcotic.

NATURAL HISTORY
Life cycle. Pollination and seed dispersal. Most of the 

Lamiales have brightly coloured, often bilaterally symmet­
rical flowers, which usually occur in showy clusters. These 
flowers are pollinated by insects and birds. Flowers with 
short corolla tubes are usually pollinated by bees; those 
with longer tubes, by butterflies and moths. The lobes of 
the corolla serve as a landing place or platform for the 
insect visitor, but in bird-pollinated flowers a platform is 
not usually present.

Pollination in the family Callitrichaceae takes place ei­
ther on the surface of the water or in the water.

The unisexual flowers of Callitriche are of necessity cross- 
pollinated, but cross-pollination is the mle in the order. 
The families with bisexual flowers are adapted to cross- 
pollination through the agency of insects and birds. In ad­
dition, there are several floral devices that further ensure 
cross-pollination. One is a time difference in the matura- 
tion of the stamens and stigmas. Flowers of the families 
Lamiaceae and Verbenaceae are largely protandrous; that 
is, the anthers (pollen sacs) mature earlier than the stigmas 
on a particular flower. This differential maturation time 
is sometimes accompanied by a change in position of the 
stamens, relative to the stigmas, during the life of the 
flower. In the large genus Clerodendrum (Verbenaceae), 
for example, the long stamens and style are at first parallel 
to each other; then the style bends down, away from the 
stamens, as the anthers open. Following this the stamens 
curve downward, and the style returns to its original Posi­
tion before the stigmas become receptive to pollen.

In some genera of the Lamiaceae, there is a change from 
the bisexual condition to one in which there are two kinds 
of plants, some bisexual, others only female. This is called 
gynodioecy and occurs in Origanum, Salvia, Mentha, Gle- 
choma, and Ziziphora. Sometimes, when this occurs, the 
plants with the female flowers are smaller than those with 
bisexual flowers. In a few instances size and sexual differ- 
ences have not been recognized, and the two forms of one 
species have been described as separate species.

Fruits and seeds of the Lamiales show little diversity in 
structure in relation to their dispersal. The calyxes (sepals), 
except in Callitriche, remain attached much longer than 
in most flowers, usually enclose the fruits or seeds, and 
act as the vehicle for disseminating them.

Vivipary. Avicennia, a mangrove, is one of the remark­
able genera of the Verbenaceae. It is a small genus of 
about 14 species found in Coastal mud flats, tidal estuar- 
ies, or salt marshes of tropical or subtropical Africa, Asia, 
Australia, the Philippines, and North and South America. 
In these restricted habitats it occurs with Rhizophora and 
Bruguiera (family Rhizophoraceae) and Sonneratia (Son­
neratiaceae) to form the Vegetation type called mangrove 
forest. Mangrove plants are all similar in appearance, hav­
ing prop roots or sucker shoots, and their seedlings are 
viviparous—that is, they germinate while still attached to 
the parent plant. In Avicennia, the seedling, when ready 
to be released from the parent plant, has a protruding 
rudimentary root and shoot that enable it to become 
embedded as soon as it falls into the mud. Vivipary is 
regarded as an adaptation to a saline environment. While 
growing on the parent plant, the seedlings store chloride, 
and their cell sap contains a very high salt content. Later, 
when the seedlings fall, they are able, because of their 
internal salt content, to take up water from the salty mud.

Mechan­
isms
ensuring
cross-
pollination
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Ecology. Some members of the Lamiales are adapted 
to specialized growth requirements. One of the most out- 
standing of these is seen in plants of the genus Avicennia. 
These plants have long cablelike roots that run horizon- 
tally through the mud and send up numerous erect suck- 
ers, or pneumatophores, the ends of which stand above 
the surface of the water and supply the underground roots 
with needed oxygen.

In the South American genus Junellia (Verbenaceae) are 
plants adapted to dry conditions that occur at high eleva- 
tions from 10,000 to 14,000 feet (3,000 to 4,000 metres) 
in the Andes mountains and others adapted to dry desert 
regions of lower elevations. In the family Lamiaceae a 
number of species of Scutellaria, Pogogyne, Stachys, Ly- 
copus, and Mentha grow in wet marshy ground. Several 
species of Salvia, which occur in the arid southwestem 
United States, are hard-leaved evergreen shrubs that are 
resistant to long dry spells.

FORM AND FUNCTION
Vegetative characteristics. Members of the order Lami­

ales characteristically have opposite or whorled evergreen 
leaves. Square sterns, which are popularly associated with 
the Lamiaceae, are lacking in some members of the fam­
ily, particularly those with a shrubby habit. Square sterns 
also occur in a few herbaceous members of the family Ver­
benaceae. The leaf blades of many of the Lamiaceae and 
the Verbenaceae and the single species of the Phrymaceae 
are entire—smooth margined—but in others the margins 
show all possible variations from smooth to variously 
toothed or cut; occasionally they are lobed. Compound 
leaves are uncommon. In some members of the family 
Lamiaceae, the sterns, leaves, and inflorescences (flower 
clusters) are more or less hairy, sometimes with glandular 
hairs that secrete an aroma characteristic of the particular 
plant. In addition, there are frequently oil-secreting glands 
on the surfaces of the leaves and flowers. Except for the 
well-known lemon verbena (Aloysia triphylla; also called 
Lippia citriodora), scented foliage in the Verbenaceae is 
rare.

The family Callitrichaceae, well adapted to an aquatic 
or semi-aquatic habitat, is characterized by extreme re­
duction in its vegetative parts. The delicate and slender 
stem, which is either supported by water or lies prostrate, 
consists of a much-reduced vascular bündle and pith com­
posed—in cross section—of only two or three cells.

Flower and fruit characteristics. The plants of the order 
Lamiales, with the exception of the family Callitrichaceae, 
have attractive, often brightly coloured flowers. Usually, 
the flowers are not individually large but instead are gen­
erally clustered in various showy and often conspicuous 
inflorescences. These are usually racemes—flower clusters 
with a central axis and short side branches bearing flowers 
that mature from the bottom of the cluster upward— 
or whorls, and they have bracts (leaflike appendages be­
low flowers) that are occasionally colourful or enlarged. 
The flowers are almost always bisexual (that is, struc­
tures of both sexes are found in one flower), with the 
basic parts—sepals and petals—five in number and more 
or less irregulär or zygomorphic (bilaterally symmetrical). 
It is usually the corolla, the collection of petals, that is 
brightly coloured, mostly in shades of red or blue; white 
and yellow are rare. The calyx, or collection of sepals, is 
mostly tubulär and five-parted or two-lipped at the apex 
and is usually green, smaller, and less conspicuous than 
the corolla. The corolla consists of a tube (the basal part) 
and a limb (the terminal showy part). The tube may be 
short or long in relation to the limb and is usually straight 
with parallel sides; it is rarely pouched. The limb shows 
Variation in shape and size. It may be divided into five 
more or less irregulär parts or into two unequal parts to 
form a two-lipped corolla. The five-parted corolla is more 
often seen in the family Verbenaceae, and the two-lipped 
one is typical of the Lamiaceae. The flowers in the family 
Phrymaceae have a tubulär calyx and a two-lipped corolla. 
There may be four stamens (male pollen-producing struc­
tures), usually in two pairs of unequal length; however, 
two or, more rarely, five stamens are also possible. They 
are attached to the inner side of the corolla tube and are

Drawing by M. Pahl; from A. Engler and K. Prantl, Die Natürlichen 
Pflanzenfamilien, 2nd e<±, vol. 19c (1931); Duncker & Humblot

contained within or sometimes extended beyond it. The 
ovary is superior; that is, it is located above the point 
where the sepals, petals, and stamens arise. It is composed 
of two carpels—simple ovaries or segments of a com­
pound ovary—that usually appear to be four because of 
the division of each into two parts. Within each carpel are 
two ovules, seed precursors, which are usually erect but 
with the micropyles, tiny openings through which fertil­
ization takes place, directed downward. The single style, 
the narrow upper part of the compound ovary or pistil, 
may or may not extend beyond the end of the corolla tube 
along with the stamens. The stigmatic surface, the pollen- 
receiving portion of the style tip, usually matures after 
the pollen is shed from the stamens of the same flower.
The fruit in the family Lamiaceae usually consists of two 
to four hard, dry, one-seeded nutlets. Sometimes, in the 
Verbenaceae, the fruit is a drupe, a stone-seeded fleshy 
fruit, which breaks up into one-seeded pyrenes, nutletlike 
fruit segments.
The tiny flowers of Callitriche are lacking in showy 

parts—i.e., sepals and petals—and are as much reduced 
as a flower can be and still function. They consist of only Reduced 
their essential organs, each flower having but one stamen flowers of 
and one pistil (female complex with stigma, style, and Callitriche 
ovary). Each flower is solitary in a leaf axil—the upper 
angle between a leafstalk and the plant stem or branch— 
and is usually subtended by a pair of tiny, delicate bracts.
Both staminate (male) and pistillate (female) flowers are 
on the same plant, so that the plants are monoecious, a 
condition not found elsewhere in the order Lamiales. The 
ovary of the female flower is two-celled and two-lobed; 
each cell is further divided into two parts as in the Lami­
aceae and the Verbenaceae, but unlike them there are two 
separate styles. The small solitary fruits break up into four 
tiny one-seeded nutlets.
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EVOLUTION
Fossil record. Fossil records show occasional occur- 

rences of modern genera of both Lamiaceae and Ver­
benaceae. Perhaps the earliest record is that of Vitex 
pentadactyla (Verbenaceae) in the Cretaceous Period (65,- 
000,000 to 136,000,000 years ago) of Bohemia. Nutlets 
of Hancea (Lamiaceae), a genus that now occurs in east­
em Asia, have been found of a few present-day species. 
Verbena officinalis, now widespread in Europe, has been 
found in deposits of the Pliocene Epoch (2,500,000 to
7,000,000 years ago) of Belgium.
The fossil record, although small, indicates that some 

modem genera have been in existence since the Creta­
ceous and early Tertiary and suggests that during these 
times groups similar to those of the present day were being 
differentiated.

Phylogeny. The meagre fossil record is of no help in 
explaining relationships of the Lamiales to closely related 
families in other orders. Nor does it explain relationships 
among the families within the order. The characters most 
generally useful for establishing relationships among the 
flowering plants are in the flowers and fruits, and these 
are seldom found in the fossil record. As a result, the 
living members of these groups must provide the clues to 
relationships. In their floral structures, for example, the 
plants of the order Lamiales are considered to be among 
the most highly evolved groups of dicotyledons, the group 
of flowering plants with two “seed leaves” and net-veined 
leaves.

Relation- The similarity between the families Lamiaceae and Ver­
ship benaceae has been evident for many years. The four-lobed
between ovary and gynobasic style—a style arising from near the
mint and base of the ovary—of the Lamiaceae separate it from 
verbena the Verbenaceae in which the entire, rarely shallow, four-
families lobed ovary has a terminal style. Several genera of the

Verbenaceae, however, have a nearly gynobasic style par- 
tially sunk between the four shallow lobes of the ovary. 
This and other intergrading characters make it difficult to 
separate all the members of one family from the other, 
but at the same time it emphasizes the closeness of the 
relationship between the two families.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. In the Classification used in 

this artiele, of the four families constituting the Lamiales 
(i.e., Callitrichaceae, Phrymaceae, Verbenaceae, and Lami­
aceae), the Callitrichaceae is the most easily distinguished 
by its greatly reduced vegetative and floral structure. The 
Phrymaceae is distinguished from the Lamiaceae and the 
Verbenaceae by its single-celled ovary.

The most useful characters for distinguishing the large 
and closely related Lamiaceae and Verbenaceae are the 
ovary and fruit structure, type of inflorescence, and, to a 
lesser extent, habit. The four-lobed ovary and gynobasic 
style of the Lamiaceae contrasts with the nonlobed ovary 
and terminal style of the Verbenaceae.

In its inflorescence types, the family Verbenaceae shows 
greater diversity than the Lamiaceae, with racemes, spikes, 
and compound cymes, complex-branched clusters that 
mature from the apex downward. The Lamiaceae infre- 
quently has racemes and frequently has whorled clusters, 
which may be separated or crowded. In fact, the latter 
inflorescence occurs widely enough in the family to be 
considered characteristic of it.

In the Verbenaceae the woody habit predominates, but 
in the Lamiaceae the plants are mostly herbaceous and, 
less often, somewhat shrubby.

The descriptions of the four families presented in this 
artiele are generalized to include most of their genera. 
In the large families there may be exceptions. Thus, the 
Lamiaceae is said to be bisexual, yet the family includes 
at least one genus, Iboza, with male and female flowers 
on separate plants and other genera with separate female 
flowers besides the bisexual ones. Exceptions to the char­
acteristic two-lipped flowers are seen in Ajuga and Teu­
er ium in which the upper lip of the corolla is lacking. In 
the Verbenaceae are several genera so unlike most of the 
family that from time to time they have been placed in 
separate families. One of these is Avicennia, which some

botanists place in its own family, the Avicenniaceae, on 
the basis of its ovary structure.

A lternate system s o f  Classification. The family Cal­
litrichaceae with its tiny unisexual flowers may seem out 
of place in the Lamiales. Because of its flowers it has 
been placed from time to time with other families that are 
largely unisexual and without flower petals, such as the 
Haloragaceae or the Euphorbiaceae. Recent embryological 
studies of the ovule, however, have shown features that 
are characteristic of the Verbenaceae, which tends to place 
the Callitrichaceae with the Lamiales. Placing it in this 
order might still be questioned, however, since its well- 
developed endosperm and separate styles are not generally 
found in the Lamiales.

The families of the Lamiales were formerly placed in 
the large order Tubiflorae. This order contained about 20 
families with bisexual flowers having tubular corollas. In 
their floral structures these families are among the highly 
evolved groups of dicotyledons. (E.McC.)

Campanulales (bellflower order)

Campanulales is the formal name of the bellflower order 
of flowering plants. The order derives its name from the 
diminutive of the Latin campana, which means “bell,” 
referring to the bell-shaped flowers of a number of species 
of the family Campanulaceae. The order includes seven 
families with a total of about 2,000 species. The largest 
and most attractive family, Campanulaceae, with about 
900 species belonging to 40 genera, has received the most 
attention from botanists; yet the Classification of the fam­
ily, as well as of the order, is not quite satisfactory, and 
many problems remain to be solved.
The main reasons for interest in the group are purely sei- Scientific 

entific, but much attention has also been paid to the great and horti- 
domestic importance of the large number of ornamentals cultural 
in the group. Some genera—notably the best known one, impor- 
Campanula—are very interesting with respect to problems tance 
of evolution; others show highly remarkable morphologi­
cal characteristics and anatomical peculiarities. The geo- 
graphic distribution of a number of groups (notably the 
genus Donatia) shows that a close affinity exists between 
the floras of New Zealand and South America.

GENERAL FEATURES
Most species are herbs, but shrubs and even trees up to 30 
feet (9 metres) high (e.g., Clermontia) are also present in 
the order. Campanula vidalii, which originates from the 
Azores, has the growth habit of a shrubby Sempervivum; 
i.e., it is adapted to dry environments and has fleshy 
leaves. Some giant Lobelia species, which may reach a 
height of 20 feet (6 metres), are characteristic of African 
alpine Vegetation zones. They occur at altitudes between
6,500 and 14,100 feet (1,950 and 4,300 metres).

The distribution of the family Campanulaceae is world- 
wide, but most species occur in mountainous areas of 
temperate regions in both hemispheres. The family Lo- 
beliaceae inhabits tropical regions and many temperate 
areas of the Southem Hemisphere, with some species also 
distributed in temperate regions of the Northern Hemi­
sphere. The representatives of the other families are mainly 
Australian. Some members of the Lobeliaceae that inhabit 
islands (notably the Hawaiian Islands) have a treelike or 
shrubby habit.
The order Campanulales is generally of slight economie 

importance, although one exception is the large number of 
ornamentals in the family Campanulaceae, particularly the 
genera Wahlenbergia, Campanula, and Phyteuma, and in 
the family Lobeliaceae, the genera Lobelia and Downingia.

Some members of the order, however, have a certain 
importance as medicinal plants. The roots of Platycodon 
grandiflorum (family Campanulaceae), known as kikyo- 
root, are used in China as expectorants and anti-asthmat- 
ics. The blue-flowering wild specimens, especially, con­
tain large quantities of the active substance, platycodin 
(= kikyo saponin). Scaevola koenigii (family Goodeni- 
aceae), a characteristic plant of the tropical beach jungle, 
furnishes a kind of rice paper, made by squeezing its 
pith flat. The fruits of Canarina campanula, Clermontia
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macrocarpa, and Centropogon surinamensis (all belonging 
to the family Campanulaceae) are locally eaten. Lobelia 
inflata, native te the eastern and central regions of the 
United States and Canada, is of medicinal importance. 
The plants are usually short-lived annuals with an inflated 
capsule. They were used by the North American Indians 
as an emetic and because of their tobacco-like taste were 
called Indian tobacco. Also known under the name Herba 
Lobeliae, these plants are characterized by an unusually 
high content of closely related alkaloids, which are deriva­
tives of piperidine, especially of n-methyl-piperidine. The 
alkaloids are thought to occur only in the milky juice of 
the laticiferous vessels, a system of latex-bearing ducts in 
the sterns and leaves. The best known and most active of 
them is lobeline, a substance characterized by its stimulat- 
ing effect on respiration. Because of this property, lobeline 
is used to enhance the activity of certain centres of the 
central nervous system in cases of asphyxia in newborn in- 
fants. The action of lobeline also resembles that of nicotine 
to a certain extent and is sometimes used as a remedy for 
nicotine addiction. Other species of Lobelia also contain 
lobeline, especially representatives of the subgenus Tupa, 
such as Lobelia tupa and Lobelia excelsa, which occur in 
South America.

N A T U R A L  H IS T O R Y

The flower. The natural history of the flowers of the 
family Campanulaceae is of interest, and the flowers of 
Campanula are the best known in this respect. They are 
provided with a nectar-secreting disk situated at the base 
of the style, the narrow upper part of the ovary. In most 
cases the disk is covered by the triangulär bases of the 
male sex organs, or stamens, which fit closely together. 
The size of the flowers, their frequently blue colour, and 
their drooping position indicate that they are well adapted 
to the visit of bees. There are, however, many other insect 
visitors such as flies, butterflies, and moths. In nearly all 
species of Campanulaceae the flowers are protandrous, 
which means that within an individual flower the ma- 
ture pollen is always presented for dissemination before 
the female pollen-receiving structures, or stigmas, of the 
flower are receptive. The pollen is usually shed in the bud, 
in which the long, pollen-filled anthers form a column 
around the end of the style, whose stigmas are closed up 
against one another. The style is densely covered with 
short, stiff hairs, which hold the pollen after it has been 
shed by the anthers. After the opening of the flower bud, 
the anthers wither quickly, and for some time the style 
acts as a pollen presenter to insects. Insects trying to get 
at the nectar contact the hairs of the style and carry away 
the pollen. The pollen-collecting hairs, each of which is 
formed from a single epidermal (surface) cell, invaginate 
at this stage into the style, which may possibly be caused 
by extraction of water. This implies that after some hours 
the style becomes denuded.

After a time the stigmas separate and expand. Usually 
this expansion occurs the second day after the opening of 
the flower, which signifies that the mature female stage 
has begun. The stigmas are receptive to pollen by the time 
they are spread. On the third or fourth day the stigmas 
curl back so far that they touch any pollen that may still 
be present on the style, thus effecting self-pollination. Self- 
pollination, followed by self-fertilization, does not seem 
to be very common, although there are self-fertile species, 
such as Campanula colorata and C. canescens of the Hi- 
malaya region, whose flowers may be cleistogamous—i.e., 
they remain closed at maturity—and some populations 
of Campanula rotundifolia. In most species, however, if 
the pollen of a certain flower is transferred to its own 
receptive stigmas or those of another flower of the same 
plant, no fertilization is effected. The final conclusion is 
that in most Campanula species a considerable amount of 
outbreeding occurs.

In the genus Phyteuma the flowers are grouped together 
in dense heads. The tips of the long and very thin petals 
cohere and form a kind of tube within which the anthers 
are held. The style pushes up through this tube and drives 
the pollen gradually out at the end where it is exposed 
to insects. In the final stage the style itself emerges, the

Representative vegetative and floral structures of three of the 
smaller families of the order Campanulales.
Drawing by M. Moran after Baillon from Die natürlichen Pflanzenfamilien

stigmas expand, and the petals separate and fall back.
In the family Lobeliaceae, the pollen-collecting hairs of­

ten take more or less the form of a ring, concentrated on 
the stigmatic branches. The anther walls and the closed 
stigmatic branches together form a structure that encloses 
the pollen. Agitation of the hairs on the top of the anthers 
causes the pollen grains to shake out. It is assumed that 
the pollen grains are no longer viable after the opening 
of the stigmatic branches. Some plants of the family Lo­
beliaceae are visited by birds for nectar. This is especially 
true for some species of Clermontia. So well adapted are 
both bird and flower that the birds’ bills (e.g., those of 
the Hawaiian honeycreepers) match the curvature of the 
tubular flowers.

The flowers of the family Goodeniaceae are also protan­
drous. In Leschenaultia formosa, for example, before the 
flower opens, the pollen is shed into a membranous cup 
surrounding the stigma. Insects rub against this cup and 
carry the pollen away with them, thus pollinating other 
flowers. The same process is also carried out in other 
species.
The flowers of the family Stylidiaceae are also protan­

drous. The characteristic connection of the anthers and 
style again indicates that insect pollination is necessary. 
In all cases in this family, however, the pollen is pre­
sented to visiting insects while still contained within the 
anther lobes.

Ecology. The order Campanulales is distributed 
throughout the world, and its members grow in very 
different habitats, ranging in elevation from sea level to 
13,000 feet (3,900 metres). For that reason it is impossible
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to give a survey of all the ecological diversity encountered 
in the order, but there are some general trends.

In the largest genus of the order, Campanula, the species 
show a great ecological diversity. Many, such as C. 
cochleariifolia and C. medium, grow on calcareous (lime- 
containing) soils, but some, such as C. excisa, avoid such 
soils. Some species prefer woods (C. latifolia and C. trache- 
lium), others light woodland in more or less shady places 
(C. persicifolia), but the majority prefer sunny habitats. 
The Portuguese species Campanula loeflingii prefers sandy 
soils, whereas the North American Campanula apari- 
noides occurs in marshes, swamps, and bogs. Sometimes 
closely related species are very different in their ecological 
requirements: the alpine species pair C. elatinoides and C. 
elatines present a clear example; the first prefers dolomite, 
the second avoids it and all other calcareous soils as well. 
Most Campanula species, however, prefer calcareous soils.

It is remarkable that some species, such as Campanula 
xylocarpa of Czechoslovakia, which grows in rocky habi­
tats on limestone and dolomite, never colonizes humus 
soils in natural habitats, even though plants growing on 
vertical rock walls often disseminate seeds there.

In the other large genus, Lobelia, many species grow 
in moist habitats such as ditches, marshes, and along 
streams. Some North American species, however, can tol- 
erate much drier conditions; populations of L. spicata or
L. syphilitica, for example, are sometimes found in open 
heids but mainly in areas where the soil is saturated with 
water.

Another very interesting group of the genus Lobelia con­
sists of the giant forms, which are a characteristic element 
of the lower alpine and alpine mountainous regions of 
East Africa. They are characterized by tall, unbranched 
sterns; numerous narrow leaves; terminal racemose (spike- 
like) flower clusters; large blue or purple flowers; and large 
anthers, the three upper ones at the top, the two others 
bearded. Species of the same group occur not only in 
East Africa but also in the West Indies, Brazil, and India. 
Five series of giant Lobelia species are distinguishable, 
conforming largely to altitudinal and precipitation zones.

ïn spite of the treelike habit of the giant lobelias, the 
sterns remain largely herbaceous (nonwoody). All giant 
species flower only once during their lifespan. The group is 
thought to have evolved from some annual forest species 
with a branched habit and lax inflorescence (flower clus­
ter). Lobelia longisepala and other species of its group are 
regarded as a relic of the ancestral forest forms from which 
the giant lobelias evolved. The dense inflorescence, the 
unbranched stem, and the thick, hairy leaves characteristic 
of the alpine species are explained as adaptations to the 
higher altitude and severe climate.

Seed  d ispersal. Knowledge concerning the seed dispers­
al of the various species of the order is rather limited. 
Usually the seeds are small. The fruits are generally cap­
sules (only exceptionally drupes—stony-seeded fruits), and 
they open in various ways. The seeds are not adapted to 
wind dissemination and usually fall to the ground close 
to the mother plant. In some species, however, such as 
Campanula rotundifolia, the wind may carry the seeds up 
to crevices, cliffs, or walls, in which they lodge.

In the genus Campanula the species have capsules that 
open laterally. The capsules have apical pores or basal 
valves. Species with apical capsule pores have erect fruits, 
whereas those with basal valves have pendent fruits. This 
implies that, from the biological point of view, the pores 
and valves are always situated at the top position. For that 
reason, the seeds are shed only if the sterns are moved 
by the wind, thus enabling the seeds to spread over some 
distance. In the group including the genera Campanula, 
Legousia, Phyteuma, and Adenophora the fruits open lat­
erally, whereas in the genera Wahlenbergia, Jasione, and 
Lightfootia the capsules open apically. In these genera the 
seeds are not adapted to wind dissemination, but the wind 
promotes the spread to a limited extent by moving the 
capsule-bearing sterns.

The fruits of Scaevola (family Goodeniaceae) are stony- 
pitted fruits (drupes), their outer layers being more or less 
fleshy, the stone very hard, woody, or sometimes corky. 
Dispersal in most species is effected by fruit-eating birds.

In the seashore species Scaevola sericea and Scaevola 
plumieri, however, the fruits float very well in seawater 
and retain their viability for some time. This means of 
dispersal accounts for their large area of distribution.

F O R M  A N D  F U N C T IO N

D istinguishing anatom ical characteristics. One of the
most distinguishing anatomical characteristics of the fam­
ilies Campanulaceae and Lobeliaceae is the presence of 
laticiferous vessels, a system of ducts carrying latex and 
characterized by cross walls at intervals along their length. 
They are distributed throughout the plants. In the sterns 
they are usually localized in the outermost portion of the 
vascular system (the phloem region). These laticiferous 
vessels are absent in the other families of the order. The 
family Goodeniaceae differs from the Campanulaceae and 
Lobeliaceae in the more complex anatomy of the cambial 
tissue—the region of cell division contributing to stem 
thickness. In the family Stylidiaceae growth in stem thick- 
ness is a result of the formation of new vascular bundles 
outside the primary cylinder, a Situation also observed in 
some woody representatives of the flowering plant dass 
Liliopsida, or monocotyledons (e.g., Dracaena, Yucca). 
The cell walls of some species of the Campanulaceae and 
Goodeniaceae are silicified.

With the exception of some shrubby species, most Cam­
panulales plants are perennial herbs, surviving from year 
to year, but there are also some short-lived annual species 
that overwinter in seed form. Both of these types usually 
have a repeatedly branched stem. The biennial species, 
those that fruit and die in the second year, often have

Drawing by M. Moran

Representative plants and floral structures of the two largest 
families in the order Campanulales.



720 Angiosperms

^loral
ffiaracter-
stics

fleshy roots and a basal rosette of leaves. The leaves are al­
ways simple and lack stipules, which are small appendages 
at the base of the leafstalk. The leaves of the different 
species vary considerably in shape, from grasslike in the 
family Stylidiaceae to rather large in some Campanula 
species. Sometimes the basal leaves are different in form 
and size from those of the upper stem.
The flowers of the family Campanulaceae are sometimes 

solitary in the upper angles between leafstalks and the 
plant stem (the leaf axils) but are usually arranged in 
inflorescences of various shapes, including spikes, heads, 
and racemes, which all have a top flower. In the family 
Lobeliaceae the axis of the inflorescence may be branched, 
but the top flower is usually lacking. In both the Cam­
panulaceae and Lobeliaceae solitary terminal flowers are 
sometimes found, which are thought to represent the last 
flower of a reduced inflorescence. The other families ex­
hibit a variety of inflorescences ranging from solitary in 
Goodeniaceae to dense heads in Brunoniaceae, closely re- 
sembling those of the family Asteraceae (order Asterales).
The flowers are radially symmetrical or bilaterally sym­

metrical and consist in principle of five sepals, five petals, 
five stamens, and five carpels (ovary segments), the num­
ber of locules, or ovary chambers, varying. The number of 
sepals, however, may vary from three in some species of 
Wahlenbergia to six in Canarina or eight in Michauxia.
The corolla, or collection of petals, is bell-shaped in 

many species (e.g., Campanula, Adenophora, Platycodon, 
and others), but in others it is deeply divided (e.g., in Phy­
teuma, Jasione, and Michauxia). In Phyteuma the corolla 
lobes are united at the top, but in the genus Lobelia the 
corolla is split down one side. The family Lobeliaceae has 
irregulär corollas, but Campanulaceae has regulär ones. 
The lips of the corolla are reversed (resupinate) in Lobelia 
by a twisting of the flower stalk. In the family Goode­
niaceae the corolla is bilaterally symmetrical and usually 
two-lipped, whereas the irregulär corolla of the family 
Stylidiaceae usually consists of four petals of equal size, 
the fifth being much smaller (Stylidium, Levenhookia). 
The number of stamens is usually five in the families 
Campanulaceae (except for some species of Wahlenbergia, 
which have three), Lobeliaceae (in which three stamens 
are usually longer than the other two), Goodeniaceae, 
Sphenocleaceae, and Brunoniaceae. The stamens number 
only two or three in the family Donatiaceae, however, 
and finally only two in the Stylidiaceae, in which they are 
united with the style to form a structure known as the 
gynostemium. The anthers are free or variously closely 
associated, but not fused, as in Symphyandra and Jasione 
(Campanulaceae) or even joined as in the Lobeliaceae. 
The bases of the stamen filaments are triangulär and form 
a dome-shaped chamber over the nectar-producing disk 
that surrounds the ovary. This disk may be very large and 
glandlike in the genus Adenophora (Campanulaceae).

The fruits of the family Campanulaceae are usually cap­
sules that open by apical or lateral pores or valves. In 
some genera (e.g., Canarina) the fruits are berries.
The same is the case in the family Lobeliaceae, in which 

the majority of the species have capsular fruits but some 
(Pratia, Clermontia) have drupaceous ones. The number 
of locules, or ovary chambers, varies, sometimes within 
the same genus (e.g., three or five in Campanula) but 
is very often three in the family Campanulaceae. In the 
other families of the order the number of locules is often 
less than three. In all families there are usually numerous 
ovules in the ovaries. As a rule the ovules are inverted, 
or anatropous, and have only one integument. The en­
dosperm formation, the development of starchy nutriënt 
tissue for the embryo, is cellular in all families.

Som e Chemical characteristics. The families of the 
Campanulales are of little economie importance, and only 
a few Chemical investigations have been carried out. There 
is some information with regard to saponins, polyphenols, 
latex, and carbohydrates. In many species of the Campan­
ulaceae the occurrence of inulin has been demonstrated. 
This substance has been used as a test for kidney func­
tion. Fructan A and fructan B are common, not only in 
the perennial species but also in the annual ones. These 
compounds are also found in the family Asteraceae (or­

der Asterales), but usually they are lacking in the annual 
species. The accumulation of the fructans tends to corrob- 
orate the opinion that the families Campanulaceae and 
Asteraceae are related. Polyfructans are also present in the 
Lobeliaceae, but at least some members of this family dif- 
fer from the Campanulaceae in the presence of alkaloids. 
This is an argument for separating the Campanulaceae 
and Lobeliaceae, which are usually united in one family.

EVOLUTION
Some authorities are of the opinion that the orders Cam­
panulales and Polemoniales are probably derived from the 
Gentianales. Others, however, derive the Campanulales 
from the order Rubiales. Chemical and morphological 
characters suggest that the order Campanulales is a rather 
natural one, but fossil evidence is lacking, and most opin- 
ions remain speculative.

On the basis of cytological, taxonomical, geographical, 
and geological data, some authorities believe that the prin­
ciple genera of the family Goodeniaceae arose in the early 
Tertiary Period (about 60,000,000 years ago) in Australia, 
the present-day species originating subsequent to the for­
mation of distinct eastem and western floristic regions 
in Australia.

In the family Campanulaceae the genus Campanula has 
been most extensively studied with regard to the number 
of chromosomes per cell, and such studies strongly suggest 
that the evolution of its species ran along two separate and 
independent lines. A few isolated species differ in form 
and stmcture rather markedly from the other species of 
the genus, and it is thought by some authorities that some 
of them should be transferred to a number of smaller, usu­
ally monotypic (single-species) genera. Campanula vidalli 
of the Azores, for example, should be placed in the genus 
Azorina, and the North American species Campanula 
americana should be placed in the monotypic genus Cam- 
panulastrum. At present the genus Campanula contains 
other groups of species that are only remotely related to 
each other, and some of its species and species groups are 
undoubtedly closely related to the genera Adenophora and 
Symphyandra. In the eastem Mediterranean Basin and 
in the Caucasus the genus Campanula shows the greatest 
morphological and cytological diversity. It is thought that 
the genus probably originated in that area.

Studies of the North American species of the family Lo­
beliaceae indicate that there are four lines of speciation in 
that group. The earliest populations of Lobelia in eastem 
North America are thought to have been established in 
Tertiary times or before.

CLASSIFICATION AND TAXONOMIC STATUS
Three orders, Campanulales, Calycerales, and Asterales, 
are often considered as separate but closely related plant 
groups. Many authorities, however, regard the last two 
orders as families (Calyceraceae and Asteraceae or Com- 
positae), which they place in the order Campanulales. The 
family Calyceraceae, however, differs from the Campan­
ulaceae in having an undivided style and a one-locular 
ovary that contains only one pendulous ovule. There are 
some arguments in favour of placing the Asteraceae in 
the Campanulales order, however. The accumulation of 
fructans and the occurrence of derivatives of caffeic acid 
and triterpene saponins is a characteristic shared by both 
the families Campanulaceae and Asteraceae. Also, the po­
sition of the anthers, which are frequently in contact with 
each other in the Campanulaceae, and the usually inferior 
ovary are characteristics shared by both groups. Finally the 
septate laticiferous vessels of the subfamily Cichorioideae 
of the Asteraceae and of the family Campanulaceae point 
in the direction of a close affinity.

The position of the family Lobeliaceae is a much dis- 
puted one. The dominant genus of the Campanulaceae, 
Campanula, and the dominant one of the Lobeliaceae, 
Lobelia, differ considerably from each other, but there are 
so many intermediate genera that the differences become 
less significant as these intermediates are considered. On 
the other hand, as far as is known, the family Campan­
ulaceae seems to lack alkaloids and has a much more 
pronounced accumulation of caffeic acid.

Absence 
of fossil 
evidence

Disagree­
ments over 
placement 
of the Lo­
beliaceae
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The family Sphenocleaceae is often united with the Cam­
panulaceae, but it is sometimes regarded as related to the 
Phytolaccaceae. The pollen grains resemble those of the 
family Lobeliaceae, however. Combined cytological and 
phytochemical studies must be undertaken in order to 
obtain a better insight with regard to the position of this 
family. The same holds true for the family Donatiaceae, 
which is placed by some authorities near the family Sax­
ifragaceae. This, however, does not seem justified in view 
of the presence of inulin, a character that the Donatiaceae 
share with the other families of Campanulales. Moreover, 
the pollen grains of the Donatiaceae are slightly similar 
to those of Cyphia (Lobeliaceae), whereas the grains in 
the family Saxifragaceae (Brexia and other genera) are 
different. The only resemblance between the families Do­
natiaceae and Stylidiaceae is the habit of Donatia and the 
species of the genus Phyllachne, but otherwise these fam­
ilies seem to be very different. There is much agreement 
in the various systems with regard to the inclusion of 
both Stylidiaceae and Goodeniaceae in the order. Only the 
family Brunoniaceae is treated in different ways by various 
authors. Earlier botanists accepted the genus Brunonia as 
constituting a separate subfamily of the Goodeniaceae. It 
has been raised to family rank by most recent workers, 
both on the basis of morphological characters and on pal- 
ynological (pollen) and cytological (chromosome count) 
evidence. (T.W.J.G.)

Asterales

The order Asterales consists of a single large family of 
flowering plants called the Asteraceae, also known as 
Compositae. The Asteraceae family is one of the largest 
families of flowering plants. The exact number of species 
is not known, but an estimated 15,000 to 20,000 species 
are believed to exist. The only other family with a compa- 
rable number of species is the orchid family, Orchidaceae. 
Asterales is the order for the subclass Asteridae in the 
dass Magnoliopsida (dicotyledons) of the division Mag- 
noliophyta (angiosperms, or flowering plants). The order 
includes many familiär garden ornamentals, such as asters, 
chrysanthemums, dahlias, daisies, marigolds, sunflowers, 
and zinnias. Some other members of the group, such 
as dandelions, ragweeds, and thistles, are familiär weeds. 
Lettuce and safflower are examples of economically im­
portant members of the Asterales order.

GENERAL FEATURES
The most obvious and outstanding general feature of the 
Asterales is that the flowers are characteristically grouped 
into compact inflorescences (heads) that superficially re­
semble individual flowers. The name Compositae refers 
to this feature; what appear to be individual flowers are 
actually composite flowers. Each such head is ordinarily 
subtended by a usually green involucre of small modified 
leaves (bracts), which bear the same relation to the flower 
head that the green sepals do to an individual flower in 
other families. Furthermore, in more than half the mem­
bers of the order, the flowers in the outermost row or rows 
of the head have a modified, mainly flat and elongate 
corolla (the collection of petals) that more or less resembles 
an individual petal of most other flowers. The “petals” of 
a daisy or sunflower are actually these outermost flowers 
of the head. Various members of the order may produce 
anywhere from one to more than several hundred of these 
composite-flowered heads.

Several other families or individual genera of flowering 
plants have the flowers grouped in heads more or less 
resembling those of the Asterales, but they lack the other 
features that characterize the order, and most of them es­
pecially lack the complex pollen-presentation mechanism 
(see below The flower).
Structural diversity and distribution. Members of the 

Asterales order are diverse in habit and habitat. They are 
most characteristically herbs that grow in sunny places 
in temperate to subtropical regions, but they are not 
restricted to those areas. Few of them are large trees, 
and only a few are adapted to life in undisturbed moist 
tropical forests, but otherwise they are ubiquitous. They

are trees, shrubs, herbs, or woody or herbaceous vines. 
The herbs are annual, biennial, or perennial, with or 
without an active cambium (a zone of growth contribut- 
ing to stem thickness). Some of them are megaphytes 
(coarse, simple, or sparsely branched shrubs with thick, 
soft, almost herbaceous sterns). Many of the perennial 
herbs have long, creeping rhizomes (underground rootlike 
sterns) from which large colonies (clones) can develop by 
vegetative multiplication; others are taprooted or fibrous- 
rooted from a caudex (stem base) or a short rhizome. The 
leaves are simple or occasionally compound, and their 
arrangement along the stem may be opposite, alternate, 
or less commonly whorled; not infrequently they are op­
posite toward the base of the stem and alternate above. 
Species occur from the Arctic to the Antarctic and from 
above the timberline to the ocean shores. In addition to 
the more ordinary habitats, some of them are adapted to 
growth in sand dunes; others to cliff crevices; others to 
talus slopes; others to seleniferous, gypsiferous, or alkaline 
soils; and others to fields or disturbed sites around human 
habitations. A few species are aquatic.

The greatest centres of diversity in the order are the dry 
highlands of Mexico, where the primitive Heliantheae is 
especially well represented, and the Mediterranean-Near 
East region. South Africa is an important secondary cen­
tre of diversity. In most temperate regions more than 10 
percent of the species of angiosperms belong to the Aster­
ales. In tropical regions the percentage is smaller, but the 
numbers are still significant.
Economic importance. The greatest economic impor­

tance of the Asterales order lies in the use of many of its 
members as garden ornamentals. Species and garden hy­
brids of Aster, Bellis (English daisy), Callistephus (China 
aster), Chrysanthemum, Cosmos, Dahlia, Helianthus (sun­
flower), Rudbeckia (coneflower, black-eyed Susan), Tagetes 
(marigold), and Zinnia are well-known garden favourites. 
Achillea (yarrow), Ageratum, Anaphalis (pearly everlast- 
ing), Anthemis, Artemisia, Calendula, Centaurea, Echinops 
(globe thistle), Erigeron (daisy), Eupatorium, Gaillardia 
(blanketflower), Helichrysum (strawflower, everlasting), Li- 
atris, Ratibida (coneflower), Santolina, and Stokesia are 
also familiär in gardens. The Aorists’ cineraria, a populär 
wintertime pot flower, is Senecio cruentus, originally from 
the Canary Islands.

The most important food plant in the Asterales is lettuce, 
Lactuca sativa, a European cultigen. Second in importance 
is the common sunflower, Helianthus annuus, a native 
of the United States. Sunflower seeds are excellent poul- 
try food, and a light-golden oil made from them is used 
in cooking and in the manufacture of margarine, soap, 
paint, and vamish. Oil cake is fed to livestock, and the 
whole plant is used as ensilage. Flowers of the safflower, 
Carthamus tinctorius, are the source of red and yellow 
dyes, and the seeds produce an edible oil that is also used 
in soap, paint, and varnish. Several other members of the 
order, including the artichoke (Cynara scolymus) and the 
Jerusalem artichoke (Helianthus tuberosus), are of minor 
importance as food plants.

Pyrethrum, an insecticide that does not produce the 
environmental problems associated with d d t  and other 
synthetic products, is obtained from the flowers of sev­
eral species of Chrysanthemum, particularly C. cinerariae- 
folium. Extracts from several species of Artemisia, notably 
A. cina from the Middle East, have been much used to ex- 
pel intestinal worms, thus the common name wormwood 
applied to this genus. Artemisia absinthium is the source 
of a poisonous oil used to give the liqueur absinthe its 
distinctive character.

A few other members of the order have minor economic 
uses, and several of them have excited interest as a possible 
source of rubber. Guayule (Parthenium argentatum) and 
the Russian dandelion (Taraxacum koksaghyz) are two 
species that have been studied in this regard, but neither 
is economically profitable when other sources of rubber 
are available.

The ragweeds (Ambrosia), dandelions (Taraxacum), and 
thistles (Carduus, Cirsium, and Onopordum) are the most 
troublesome weeds in the Asterales order. Among the 
wind-pollinated weeds, Ambrosia artemisiifolia (common
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ragweed) and Ambrosia trifida (giant ragweed) are two 
of the most important plant species causing the allergie 
reaction known as hay fever.

NATURAL HISTORY
Pollination. Pollination is effected by diverse agents, 

most commonly various sorts of insects. The individual 
flowers of most species are relatively small, and the nectar 
within the corolla tube is thus readily available to most 
insect visitors. The pollen itself is freely exposed on the 
surface of the head, and such heads are likely to be visited 
by diverse kinds of insects. A considerable minority of 
members of the order are wind pollinated ; these generally 
have small and inconspicuous flower heads.

Some species are pollinated by both wind and insects. 
Solidago speciosa, one of the common goldenrods of the 
eastem United States, for example, produces a consider­
able amount of airborne pollen in addition to attracting 
insect visitors. The goldenrods, like the ragweeds, gener­
ally flower in late summer and fall; and because they are 
common and conspicuous when the ragweeds are polli­
nating, they have often been blamed for the allergies that 
are actually caused primarily by the ragweed.
A relatively few species are regularly self-pollinated; the 

genus Psilocarphus provides an example of this method. 
Bird pollination is also uncommon, but the tropical Amer­
ican genus Mutisia is bird pollinated.

3roduction Various genera and individual species of the order are 
)f fertile known to be reproduced by apomixis, the setting of seed 
leeds without fertilization, either completely or in addition to
isexuaily normal sexual means. The genus Antennaria (pussytoes), 

well known in the Northern Hemisphere, is dioecious
Drawing by M. Pahl

(male and female heads on separate plants), and some of 
the species are represented in large parts of their range 
only by pistillate (female) plants. In this genus, normal 
sexual reproduction produces equal numbers of staminate 
and pistillate plants, but apomictic reproduction yields 
only pistillate plants. Among the members of the Aster­
ales order, as in other orders, apomixis is often associated 
with polyploidy (the presence of three or more complete 
sets of chromosomes in every cell) and a past history of 
hybridization.

Seed dispersal. The fmit of the Asterales is an achene; 
i.e., it is dry, contains only one seed, and does not open at 
maturity. The apparent seeds of the sunflower, for exam­
ple, are actually achenes. The huil is the achenial wall, and 
the proper seed coat surrounding the embryo is thin and 
insignificant. In speaking of seed dispersal of the Asterales, 
it should be realized that it is actually the achenes, each 
containing a seed, that are dispersed.

The seeds of many Asterales species are distributed by 
wind, having fluffy or parachute-like structures that pro- 
vide buoyancy. In others, such as Coreopsis (tickseed), the 
achene is thin and flat, and the surface area is increased 
by the presence of an even thinner expanded margin 
(wing). Some have barbed structures or are provided with 
hooks or spines, as in cocklebur (Xanthium strumarium) 
or burdock (Arctium species), that engage man or animals 
as means of transport. Other means of seed dispersal are 
less common. The achenes of species that grow in wet 
places may be carried in mud on the feet of migrating 
waterfowl; those of some streamside species have minute 
air cavities in the wall and are buoyant, achieving dispersal 
by floating until they become waterlogged. In Centaurea 
and some related genera, the achenes are attractive to 
ants, which carry them about and feed upon special parts 
of the wall. The achenes of some field weeds have been 
widely distributed by becoming mixed with the seeds of 
cultivated crops. Many other members of the order have 
no obvious means of seed dispersal.

FORM AND FUNCTION
The flower. The flowers of the Asterales are sym- 

petalous; i.e., the petals are joined together by their mar­
gins, forming a tubular or mainly strap-shaped corolla 
that often has apical teeth representing the petal tips. The 
flowers are also epigynous; i.e., the other floral parts are 
attached to the top of the ovary rather than beneath it.
These two features occur individually in various other 
groups of flowering plants, but their occurrence in combi­
nation is much more limited.
The calyx (collection of sepals) of the Asterales is so 

highly modified, in contrast to that of other orders, that 
it is given a different name, the pappus. The pappus con­
sists of one to usually several or many dry scales, awns 
(small pointed processes), or capillary (hairlike) bristles; in 
some, the scales may be joined by their margins to form a 
crownlike ring at the summit of the ovary. In only a few 
genera (e.g., Marshallia) of the primitive tribe Heliantheae 
does the calyx consist of five regularly placed scales that 
are obviously homologous with sepals. Often the pappus 
is completely wanting. When the pappus consists of nu­
merous capillary bristles, as in the common dandelion 
(Taraxacum officinale), it facilitates wind distribution of 
the achenes. In some other genera, such as Bidens (beggar 
ticks), the pappus awns are barbed, permitting them to 
stick in fur or clothing, and some achenes are thus trans- 
ported by animals. In many other genera, especially those 
with the pappus of scales or a crown, the function of the 
pappus is obscure.
The pollen-presentation mechanism of the Asterales is 

especially characteristic, being shared only by the orders 
Campanulales and Calycerales and a few genera of the 
family Rubiaceae, in the order Gentianales. The sta­
mens (male reproductive structures) are generally joined Pollen- 
together by their anthers (pollen producing region of sta- presenta- 
men) to form a tube; the stamens open toward the centre tion 
by lengthwise slits, releasing the pollen into the tube. The mechanism 
style (part of the female structure) grows up through the 
tube, pushing the pollen out ahead of it. The style usu­
ally has two branches that separate after it has grown up
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through the anther tube. The stigmatic surfaces (pollen 
receiving regions) are usually arranged in lines along the 
inner margins of these branches, well back from the sterile 
tips (appendages), which are the structures that push out 
the pollen. The stigmatic lines later become exposed to 
the air, when the style branches spread apart.

The pistil (female structure) is composed of two carpels, 
united to form a compound ovary with a terminal style. 
There is usually a nectar-producing region (nectary) in 
the form of a minute ring surrounding the style atop the 
ovary. The ovary has only one locule (seed cavity), with 
a single ovule arising from the base. The fact that the 
ovule is basal pro vides the best single distinction of the 
Asterales from the related order Calycerales, which also 
has involucrate heads with a similar pollen-presentation 
mechanism but which has the ovule pendulous from the 
top of the ovary.
As in most flowering plants, the ovule is anatropous; 

i.e., it is curved back on itself so that the micropyle (the 
apical opening) is alongside the funiculus (the stalk). As 
in other members of the subclass Asteridae, the ovule has 
a single, rather thick integument (outer covering layer, 
the forerunner of the seed coat) rather than the double 
integument found in so many other orders. The seed has 
no endosperm; its reserve food is stored largely in the two 
cotyledons (seed leaves) of the embryo.

The inflorescence. The secondary inflorescence of the 
Asterales {i.e., the arrangement of the flower heads) is 
typically cymose (determinate). The terminal head blooms 
first, followed by the terminal heads of the main branches. 
After that the sequence is less clear, not infrequently 
being mixed, with both cymose and racemose (indeter­
minate) components. Only rarely, and then clearly as a 
derived condition, is the secondary inflorescence racemose 
throughout, with the lowest heads blooming first and the 
terminal ones last.

The sequence of flowering within the individual heads, 
on the other hand is always racemose (indeterminate,

centripetal). The outer flowers bloom first, and there is 
a progressive spiral of flowering thence to the centre of 
the head. The head is in essence a compact shoot, with 
spiral (alternate-leaved) phyllotaxy. The involucral bracts 
are more or less modified leaves, and very often they are 
green and leafy in texture. Sometimes the flowers in the 
outermost row of the head are bome in the axils (angles) 
of involucral bracts, sometimes not.

In many members of the order, especially the relatively 
primitive tribe Heliantheae, the common receptacle (the 
short stem tip, on which all the flowers of the head are 
bome) is also provided with bracts, to which the individ­
ual flowers are axillary. The receptacle is said to be chaffy 
when these bracts are present and naked (or sometimes 
bristly) when they are not. Sometimes the receptacle is 
chaffy only toward the margin or only toward the centre. 
In some genera (notably of the tribe Cynareae) the recep­
tacle is bristly; i.e., it is set with bristles that are difficult 
to interpret in terms of bracts, although that may be their 
evolutionary origin.

Flowering head types. Individual heads of most mem­
bers of the Asterales order are said to be ligulate, radiate, 
discoid, or disciform, according to the kinds of flowers 
they contain. The simplest type is the discoid head, with all 
the flowers having a regulär, tubulär corolla, the generally 
four or five apical teeth representing the tips of the petals. 
This kind of flower is called a disk flower. Ordinarily the 
flowers in a discoid head are all perfect (with reproduc­
tive parts of both sexes) and fertile. In a comparison of 
the flower head to the individual flowers of other kinds 
of plants, the discoid head lacks the marginal, petal-like 
flowers. Thistles and ageratums are examples of Asterales 
species with discoid heads.

The radiate head has disk flowers in the centre, sur- 
rounded by one or more marginal rows of another kind 
of flower, the ray flower. The corolla of ray flowers is 
very irregulär. It is tubular at the base but prolonged on 
the outer side into a generally flat projection, the ray, or

Drawing by R. Findahl based on (A,B, radiate head, D) G.H.M. Lawrence, Taxonomy of Flowering Plants (1951), 
The Macmillan Company; and (B, involucre of bracts) J. Craighead, F. Craighead Jr., and R. Davis, A Field 
Guide to Rocky Mountain Wildfiowers, reprinted by permission of the publisher Houghton Mifflin Company
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Inflorescence types in the order Asterales.
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ligule. These rays are the petallike parts, in a comparison 
of the flower head to an ordinary flower. The ray in radi­
ate heads represents only three lobes of the corolla; often 
there are two or three minute apical teeth. The other two 
corolla teeth (those toward the centre of the head) are 
much reduced or, often, wanting.

The details of size and structure of ray flowers in a ra­
diate head vary, but the position of the ray flowers with 
respect to the disk flowers is absolutely constant. The disk 
flowers are always central and the ray flowers marginal. 
Ray flowers in radiate heads are never perfect (bisexual). 
Instead they are pistillate (with female reproductive parts 
only) or neutral (with a vestigial, nonfunctional ovary and 
no style). Disk flowers in a radiate head are usually per­
fect, but sometimes they are functionally staminate, with 
a normal pollen presentation mechanism but without a 
viable ovary.

“Double- Occasional mutant forms of species that normally have 
flowered” radiate heads have most or all of the disk flowers more
plants or less transformed into ray flowers, with only a few (or

no) normal disk flowers in the centre. These “double- 
flowered” forms do not survive long in nature, but they 
are valued and perpetuated horticulturally because of their 
more showy flower heads. The “daisy-flowered” chrysan­
themums, with only a single marginal row of ray flowers, 
have the normal type of radiate head, but the more com­
monly cultivated kinds of mums are double flowered. The 
garden dahlia is another member of the Asterales order 
that is cultivated in both normal and double-flowered 
types, with the double-flowered ones being more frequent. 
China asters, marigolds, and zinnias are also commonly 
cultivated in double-flowered forms.

The disciform head is a special derivative of the radiate 
type. It resembles the discoid head in lacking the marginal 
rays, but the outer flowers are pistillate, with a tubulär, 
rayless corolla. The corollas of these marginal pistillate 
flowers are generally very slender, in comparison to the 
normal disk corollas, and they do not have the four or five 
well-defined teeth of the disk corollas. Artemisia stelleri- 
ana, one of several plants called dusty miller, has disciform 
heads, as do plants of the genus Gnaphaüum (cudweed). 
Some species, such as Erigeron compositus, show a com­
plete series of transitions from the radiate to the disciform 
type of head, the ray part of the marginal corollas varying 
from elongate to short to very short to lacking.

Radiate, discoid, and disciform heads occur in various 
tribes of the Asteraceae family. The ligulate head, on the 
contrary, is almost entirely restricted to one tribe, the Lac- 
tuceae (Cichorieae), and is found in all members of that 
tribe. Ligulate heads consist entirely of one kind of flower, 
the ligulate flower. Ligulate flowers superficially resemble 
the ray flowers of radiate heads in having the corolla tubu­
lär at the base and prolonged on the outer side into a flat, 
strap-shaped ligule. They differ from ray flowers in being 
ordinarily perfect (with functional stamens as well as a pis­
til) and especially in the structure of the ligule itself, which 
consists of all five lobes of the corolla and generally shows 
five terminal teeth. The dandelion is a familiär plant with 
ligulate heads. The term ligulate flower is often loosely 
used to cover both ray flowers and the type here described 
as ligulate. It is helpful, however, to have separate terms 
for these two kinds of ligule-bearing flowers, and no other 
terms for them are in general botanical use.

Still another kind of flower is found nearly throughout 
another tribe, the Mutisieae. This tribe is largely tropical, 
and only one of its genera, Gerbera, is familiär in cultiva­
tion in temperate regions. Most members of the Mutisieae 
have some or all of the corollas bilabiate (two-lipped), 
with a large, three-lobed (sometimes four-lobed) outer lip 
and a smaller, two-lobed (or one-lobed) inner lip. These 
bilabiate flowers may be either pistillate or perfect. When 
pistillate, they are always extemal to any perfect flowers 
that may be present in the head. Often they are much like 
ordinary ray flowers, except that there are two small teeth 
at the top of the corolla tube, opposite the ligule. The 
Mutisieae tribe shows every degree of transition from the 
typical disk flower to the typical ray flower and the typical 
ligulate flower.

Disk corollas in the Asterales generally have an unusüal

sort of vascular system, scarcely found outside the order.
There are as many longitudinal veins as corolla lobes, 
typically five, but the veins are directed to the sinuses of 
the corolla rather than to the teeth. At the sinus each vein 
forks, one fork following along the margin of each corolla 
tooth and meeting the vein from the other side of the tooth 
at the tip. Ray flowers and ligulate flowers are similar, but 
some of the larger rays have more numerous veins, and 
many of the smaller ones have reduced or no veins.
Numbers o f flowers. A  curious feature about the flower 

heads of the Asterales is the frequency with which the 
number of ray flowers (and sometimes also involucral 
bracts) reflects the Fibonacci series, a mathematical se- Fibonacci 
ries that proceeds 1, 1, 2, 3, 5, 8, 13, 21, 34 , . . . ,  with numbers in 
each succeeding number being the sum of the two pre- composite 
vious ones. Fibonacci numbers also appear in effbrts to flower 
explain the arrangement of leaves on a stem (phyllotaxy) heads 
in angiosperms in general. The appearance of Fibonacci 
numbers as absolute numbers in heads of the Asterales is 
thought to reflect the fact that the flower head is a compact 
shoot. Given the existence of normal phyllotaxy on this 
shoot, it is easier to produce a symmetrical arrangement 
with 5, 8, 13, or 21 rays than with other numbers such as 
7, 9, 11, 19, etc. Heads with 13 rays, for example, probably 
have a 5/13 phyllotaxy (5 tums around the stem to pass 
through 13 leaf bases, before the next leaf is directly above 
the first one). Given the same phyllotaxy, a head with 14 
rays would have the 14th ray on top of the first one, and 
one with only 12 rays would have a gap in the series.

These Fibonacci numbers, when they appear, often rep- 
resent tendencies rather than fixed numbers, especially 
when the number is 13 or more. Five-rayed or 8-rayed 
heads may be very constant, with few or no examples 
of other numbers; but it is not uncommon to see within 
one local population (or on one plant) a range of 10 to 
16, with 13 as the high point of the curve of distribu­
tion. Sometimes there is even a bimodal curve, with high 
points on adjacent Fibonacci numbers, such as 13 and 21, 
or 21 and 34.

EVOLUTION
Fossil record. The fossil record of the Asterales is not 

especially useful in helping to understand the evolution­
ary history of the group. The floral structures that would 
permit Identification of the order on critical technical fea­
tures are rarely fossilized, and with few exceptions fossils 
can be referred to the group only by a close resem­
blance to modern species or genera. A fossil (Palaeanthus 
problematicus) from the Upper Cretaceous Period (about
75,000,000 years ago) in New Jersey is more or less sug­
gestive of a sunflower head, but it could equally well be 
any of several other things, and its status as a member of 
the Asterales order is dubious at best. The oldest gener­
ally accepted fossil representatives of the order are some 
dandelion-like achenes of Oligocene age (about 30,000,- 
000 years ago). There is also a recently discovered fossil 
from the Oligocene-Miocene boundary region (26,000,000 
years ago) in Montana that looks very much like a head 
of the modern genus Viguiera (tribe Heliantheae) and has 
been so interpreted in the literature. The order is poorly 
represented in Miocene (about 13,000,000 years ago) and 
even Pliocene (about 5,000,000 years ago) deposits, not 
becoming abundant until the Pleistocene (beginning about 
2,500,000 years ago), but this Situation doubtless reflects 
the difficulty of identification rather than a real absence 
of the group.
Phylogeny. Phylogenetic speculations in the absence of 

a useful fossil record are hazardous, but there is a fair 
degree of agreement among students of the Asterales 
(synantherologists) about the evolutionary trends within 
the order. The interpretation necessarily depends mainly 
on comparison of living members of the group, in the 
light of generally accepted principles of angiosperm evo­
lution. Present evidence leads taxonomists to believe that 
the currently accepted broad-scale Organization and evolu­
tionary concepts conceming the Asterales order are prob­
ably correct, but some major uncertainties remain. In the 
following discussion, as elsewhere in this artiele, the terms 
primitive and advanced refer to phyletically anterior, or
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piimary (i.e., early appearance in a group), as opposed to 
subsequent, or secondary, status and imply nothing at all 
about the adaptive significance of the features in question.
It is generally believed that the ancestral prototype of 

the Asterales was woody, perhaps a small tree. Some of 
the woody members of the group (e.g., the sagebrush, 
Artemisia tridentata) are clearly only secondarily woody, 
deriving from herbaceous ancestors within the order, but 
many more or less woody Mexican species of Heliantheae 
are considered to be piimitively woody. Many of the 
temperate zone herbs in the order, such as the common 
sunflower, develop a considerable amount of wood, but 
the stem does not persist from one year to the next.

It is believed that opposite leaves are primitive in the 
Asterales and alternate or whorled leaves derived. Numer­
ous transitional forms from opposite to alternate leaves 
occur in the Heliantheae, a tribe considered on a syndrome 
of features to be relatively primitive within the order. 
Many of the Heliantheae have the lower leaves opposite 
and the upper ones alternate. It is thought that a progres­
sive phyletic change from opposite to alternate phyllotaxy 
began in the flower heads and spread progressively farther 
down the stem until all the leaves were alternate.

Resin The presence of a well-developed resin system (a system
and latex of ducts or intercellular spaces lined with specialized cells 
systems that secrete resin, a sticky organic substance insoluble in 

water) in the vegetative parts is considered to be a prim­
itive feature in the Asterales. Reduction and loss of the 
resin system proceed from the top downward. Presence of 
a latex system, on the other hand, is secondary, and its 
phyletic development proceeds from the top downward. 
Elaboration of the latex system is usually associated with 
reduction of the resin system, but the two Systems are 
anatomically and genetically independent. A few genera 
and species have both the latex and the resin system.

Since each head represents a complete inflorescence, it 
is assumed that primitive members of the order had 
relatively few heads, each with relatively numerous flow­
ers. The cymose secondary inflorescence (the arrangement 
among the heads) is also primitive.
Synantherologists are agreed that aggregation and reduc­

tion in the inflorescence have been pervasive trends within 
the order. The culmination of these trends is the produc- 
tion of composite composites, such as in Echinops (tribe 
Cynareae) and Lagascea (tribe Heliantheae), which have 
numerous one-flowered, individually involucrate heads 
aggregated into a secondary head with its own secondary 
involucre.
Another assumption based on the premise that the flower 

head is a complete inflorescence is that the involucre 
primitively consisted of several series of green, more or 
less leaflike bracts. Involucres with dry, nongreen bracts, 
or with the bracts in only a single series, are thus con­
sidered as derived rather than primitive. The Situation is 
not perfectly simple and straightforward, however. It is 
not always easy to distinguish the outer involucral bracts 
from the uppermost leaves of the peduncle (flower stalk), 
and in diverse species in various tribes the involucre has 
evidently been augmented by modification of these upper­
most peduncular leaves into bractlike structures.
The presence of chaff on the receptacle is uniformly 

considered to be a primitive character in the order and 
its absence to reflect a loss. Only one tribe, Heliantheae, 
has more representatives with the receptacle chaffy than 
with it naked.
The discoid head, with the flowers all tubulär, has tra­

ditionally been considered the primitive type within the 
family, but this concept is now held to be too simplistic. 
Scattered throughout the several usually radiate-headed 
tribes (Heliantheae, Astereae, Anthemideae, Arctotideae, 
Inuleae, Senecioneae, and Calenduleae) are special sub- 
tribes, genera, species, infraspecific taxa (varieties, races, 
etc., within a species), and individuals with discoid heads. 
Among the radiate tribes the absence of rays represents 
a loss, and the discoid head is phyletically secondary. 
The consistently discoid tribes Cynareae, Eupatorieae, and 
Vemonieae are more difficult to explain as secondarily 
discoid, but neither is there any reason to suppose that 
they are primitive in other respects.

There is no doubt that the ray flower is, phyletically, a Evolution- 
modification of the disk flower, but its time of appearance ary appear- 
during the evolutionary development of the order is not ance of the 
known. If, as is thought by some, it occurred in pre- ray flower 
Asteralean ancestors and was transmitted to the earliest 
members of the Asterales order as a normal feature of 
the group, then the discoid tribes have lost their rays, 
and all discoidy in the order is secondary. On the other 
hand, if the change took place in the ancestors of the He­
liantheae tribe, after this group had already diverged from 
the ancestors of the present discoid tribes, then discoidy 
is primary in the discoid tribes and secondary only in the 
radiate tribes.

The Mutisieae tribe is a special case. It shows all transi­
tional stages in the development of ray flowers from disk 
flowers, and the changes evidently occurred within the 
tribe rather than in remote pre-Asteralean ancestors. The 
Mutisieae are advanced in other features, however, no­
tably the caudate (“tailed”) anthers, and the radiate tribes 
could not have evolved from them. Evolution of rays in 
the Mutisieae shows how it may have happened elsewhere 
in the order, but it is not the direct source of the rays in 
other tribes.

Synantherologists consider fertile disk flowers to be more 
primitive than functionally staminate ones. Similarly, pis­
tillate, fertile ray flowers are considered to be more prim­
itive than ray flowers that are sterile but that still have 
a style; the neutral ray, lacking even a style, is still fur­
ther advanced.

Yellow floral pigments have been considered to be prim­
itive in the Asterales, and anthocyanic pigments, which 
produce blue to red colourings in flowers and other plant 
parts, to be derived. This hypothesis has been extended to 
suggest that the sequence is from carotenoids (yellow to 
red pigments) to anthoxanthins (yellow to scarlet flavonoid 
pigments, visually similar to the carotenoids) to antho- 
cyanins (blue to purple or crimson flavonoid pigments).
T hus the m ajor Chemical change, from  carotenoids to  
flavonoids, occurs w ithout m uch influence on  the actual 
flower colour, and the m ajor change in  flower colour re­
flects a very m inor Chemical change.

The restriction of the stigmatic surfaces to parts of the 
style well back from the tip is part of the pollen presen- 
tation mechanism syndrome. The condition of the He­
liantheae tribe, in which the stigmatic lines are often not 
well differentiated from the nonstigmatic part of the style 
branches, is considered to be primitive in this regard. Both 
ray flowers and ligulate flowers generally have well-defined 
stigmatic lines extending all the way to the tip of the 
style branches, which are without a sterile appendage. This 
condition is thought by some to argue for the evolution 
of both of these floral types very early in the evolutionary 
history of the order, before the style tips were sterilized.

The Asterales, like the angiosperms in general, are so 
beset with parallel evolution (i.e., the independent appear­
ance of similar structures in related groups) that it is often 
difficult to distinguish independently evolved similarities 
from those inherited from a common ancestor. There is, 
in fact, no sharp line between these two conceptually 
different types of similarity, and close parallelism among 
phyletic lines from closely related ancestors is very com­
mon indeed. Before all the members of an admittedly 
natural group can be traced back to a common ancestry, 
it is likely that the path will lead outside the confines 
of the group. These considerations apply with especial 
force to the genera and tribes of the Asterales. A genus 
that combined all the primitive features found in various 
genera of the tribe Astereae would probably have to be 
referred to the tribe Heliantheae. The Astereae, like the 
other tribes, probably evolved as a set of closely related 
genera undergoing similar sorts of evolutionary changes, 
rather than by diversification from a single genus that had 
all the characteristic features of the tribe.

For the reasons noted above, there may never have been 
an original member of the Asterales, primitive in all re­
spects within the order but possessing all the essential fea­
tures of the group. Nevertheless, it is conceptually useful 
to consider what such a plant might have been like and 
from what other group it might have originated.
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The hypothetical ancestral prototype of the Asterales, 
subject to the limitations noted in the preceding paragraph, 
may be considered to have been a small to medium-sized 
tree, probably in or near the dry highlands of Mexico. It 
had a well-developed resin system and opposite, simple, 
exstipulate leaves with anomocytic stomates (lacking spe­
cialized supporting cells around the guard cells). It had 
relatively few heads, terminal to the branches and more 
or less cymosely arranged. Each head had more or less 
numerous yellow flowers, collectively subtended by an 
involucre of several series of herbaceous bracts. The head 
may have been radiate or less probably discoid. The rays, 
if it had them, were pistillate and fertile. The receptacle 
was chaffy, with each bract subtending a flower. The 
flowers were arranged in a close spiral, blooming from 
the outside of the spiral toward the centre. The flowers 
were epigynous (i.e., the floral parts attached to the top of 
the ovary), and the disk flowers were perfect. The pappus 
consisted of five scales. The disk-corollas were regulär and 
of five lobes, with the midveins to the teeth and lateral 
veins to the sinuses well developed. The anthers were 
joined into a tube, into which the pollen was released; 
they did not have a sterile tail. The style grew up through 
the anther tube, pushing out the pollen, and there was no 
sharp differentiation of the style branches into stigmatic 
lines and sterile appendages. The ovary was of two carpels, 
with a single basal ovule.

No presently existing genus combines all of these fea­
tures, but more of them are found together in the He­
liantheae than in the other tribes, and if such a plant did 
exist it would probably be referred to that tribe. The He­
liantheae tribe is thus generally considered to be the most 
primitive tribe in the order. The Astereae, Anthemideae, 
Arctotideae, Inuleae, and Senecioneae tribes are generally 
considered to be derived directly from the Heliantheae, 
and the Calenduleae tribe is thought to be a specialized 
derivative of Senecioneae. These several tribes collectively 
constitute the radiate tribes.

The phyletic position of the discoid tribes (Cynareae, 
Eupatorieae, and Vemonieae) is less certain, but the Arc­
totideae do provide a sort of link to the Cynareae, sug- 
gesting that this latter tribe, at least, may also be derived 
eventually from the Heliantheae tribe. The Mutisieae tribe 
is thought to be allied to the Cynareae, and it also provides 
a tenuous link to the Lactuceae, the most isolated and 
distinctive tribe of the order.

Looking backward for possible ancestors to the Asterales, 
it is found that the families Rubiaceae (order Gentianales) 
and Caprifoliaceae (order Dipsacales) come the nearest 
to providing the required features. Many authorities have 
thought that these two families are themselves closely re­
lated. Some of the other members of the Dipsacales order, 
such as the family Dipsacaceae, have often been compared 
to the Asterales; but they are already too advanced to 
serve as possible ancestors, being herbaceous and having a 
terminal rather than a basal ovule.

In the past, the Asteraceae family was often included 
in the order Campanulales, but that order is basically 
herbaceous and alternate leaved and thus can scarcely be 
ancestral to the Asterales. The small order Calycerales, 
which has involucrate heads much like those of the Aster­
ales, is also excluded by being herbaceous and alternate 
leaved. The Calycerales order, furthermore, has a termi­
nal ovule. The Campanulales and Calycerales do have 
a pollen-presentation mechanism similar to that of the 
Asterales, and this is probably the main reason that the 
Asteraceae family has often been associated with the order 
Campanulales; but a similar mechanism is also present in 
some members of the Rubiaceae family.
A comprehensive Interpretation of the evolutionary ori­

gin and diversification of the Asterales order in terms of 
adaptation and survival value is difficult and has never 
been seriously attempted. The flower head obviously acts 
as a single large flower, with the ray flowers serving the 
function of petals to make the flowers conspicuous and at­
tractive to a wide range of insects. The pollen-presentation 
mechanism, which makes the pollen available to all kinds 
of pollinators, fits well into such a scheme. The pappus in 
many genera is clearly adapted to seed dispersal. On the

other hand, the repeated reduction and loss of both the ray 
flowers and the pappus are more difficult to account for, 
although presumably there could be a series of different 
explanations for the different examples. The functional 
significance of both the resin system and the latex system 
is obscure. There is no obvious value in the change from 
opposite to alternate leaves, nor in the frequent reduction 
and aggregation of the flower heads to form clusters of 
small heads. Indeed, there would seem to be some wastage 
of energy in composite composites such as Lagascea and 
Echinops, which continue to produce apparently useless 
individual involucres around the one-flowered heads that 
make up the compound head.

CLASSIFICATION AND TAXONOMIC STATUS
The most widely accepted arrangement of the species of 
the Asteraceae family into genera and tribes dates essen- 
tially from the work of George Bentham, in 1873. Many 
new genera and species have been described since that 
time, and the limits of many genera have had to be re- 
considered, but botanists still tum  to his treatment for 
an overall view of the family and for information on the 
characteristics and limits of genera that have not been 
recently revised. Bentham recognized 13 tribes. One of 
these, the Helenieae, is now submerged by many students 
of the family in the tribe Heliantheae, but the others are 
still generally accepted, with only minor modifications.
Although the order Asterales is morphologically (struc- 

turally) and ecologically very diverse, it is absolutely 
sharply defined. There is not a single species about which 
there is any doubt as to its inclusion in or exclusion from 
the order. Botanists dealing casually with the order have 
often been so impressed by its diversity that many have 
suggested it must be an artificial rather than a natural 
group, but serious students, both past and present, are 
agreed that it is highly natural.
The great majority of species of Asterales could be in­

cluded in a single genus if the Standards of sharpness of 
distinction that are useful in some other families were 
rigorously applied. Only the tribe Lactuceae (Cichorieae) 
stands somewhat apart from the others, and it is connected 
to the rest by the tribe Mutisieae. In practice botanists 
have found it necessary, in order to have any mental 
Organization at all, to recognize genera and tribes in the 
Asterales that are imperfectly defined and are connected 
by transitional members. The tribes more nearly repre- 
sent syndromes of correlated tendencies than morpholog­
ically definable groups. Each of three tribes (Eupatorieae, 
Senecioneae, Vemonieae) is dominated by a single very 
large genus, with which most of the other genera are 
associated as satellites. A number of the smaller genera 
may prove to be misplaced, and there is need for a 
careful reconsideration of generic and subtribal groupings 
throughout the family, especially in the Heliantheae.

(A.Cr.)

Alismales (water-plantain order)

The Alismales, or water-plantain order, is a group of flow­
ering plants belonging to the monocots and containing 
three families of aquatic plants that grow in fresh water, 
either entirely submerged or partly exposed to the air. 
Although widely distributed, this group of plants is small 
in both number of species (about 100 in 18 genera) and 
population. They are of little economie value but hold 
considerable botanical interest through their relationships 
with the environment and with other aquatic plants. In 
their role as temperate-climate and tropical weeds, they 
are important factors in Conservation, navigation, irriga- 
tion, and fisheries.

GENERAL FEATURES
Economic importance. Their nutritional status in the 

present-day world is insignificant, but the underground 
storage organs are swollen with food reserves, and this 
carbohydrate source was once utilized by North American 
Indians and others. In the Orient, rhizomes (underground 
stem stmetures) of Sagittaria have been eaten both cooked 
and fresh, and it is reported that Eskimos still make bread
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from dried and powdered rhizomes of Butomus. In Java, 
juvenile plants of Limnocharis flava are highly esteemed 
as a vegetable, and this species, together with Sagittaria 
trifolia, is also collected and used as fertilizer and for cattle 
and pig fodder in tropical Africa, India, and Southeast 
Asia. Although these plants have no medicinal importance 
today, in medieval times some species were considered 
important and were featured in early herbals.

Many plants of the Alismales are decorative in form and 
have been used as ornamental models; Sagittaria trifolia, 
for example, appears as a motif in Japanese religious 
metalwork of the 16th Century. Ornamental species are 
cultivated in formal pools, and Sagittaria and Butomus 
occur frequently in landscaped water gardens. Tropical 
species are much used in tropical-fish aquariums to both 
aesthetic and biological advantage.

Size range and diversity of structure. There is some 
Variation in size among species, which range from 2 to 60 
inches (5 to 150 centimetres) in height, but none attains 
the extreme dimensions common in many plant orders. 
Members of all three families of the order are rather uni­
form anatomically. Surface hairs, for example, are absent 
in the order except for the large, simple, and branched 
ones on the undersurfaces of Echinodorus macrophyllus 
leaves. Stomata (small air pores) are present in the leaves 
of all species of the order except Wiesneria schweinfurthii. 
They usually occur in greater numbers on the upper sur­
faces of the leaves—markedly so in Hydrocleys, in which 
the upper side of the leaf is exposed to air and the lower 
side is submerged.

In all families there are species with massive leafstalks, 
which may be triangulär, horseshoe-shaped, circular, or 
elliptical in cross section. Internal tissues are largely filled 
with air spaces, which occupy 80 percent of the total plant 
volume. Vascular tissue is universally present, although 
the xylem, the water-conducting tissue, is primitive and 

Arrange- may be nearly absent in submerged species. The phloem, 
ment of or food-conducting component, is more marked. The
vascular number of vascular bundles in any plant organ can be
tissues correlated with its size and degree of elaboration. In the 

Alismales order they are not randomly scattered, in con­
trast to the condition prevailing in most monocots, except 
in the flower sterns of Butomus and Limnophyton. The 
most frequent arrangement is in arcs or circles. In every 
species, the first-formed xylem (protoxylem) disintegrates, 
forming conspicuous canals. Conducting elements in all 
parts of the plant except the root consist of tracheids, long, 
thin-walled cells that are primitive in type. Protoxylem 
tracheids may have ringlike or spiral cell-wall thickening, 
but later formed elements, called metaxylem, may have 
more complex wall sculpturing. The true vessel, a more 
advanced type of conducting cell, is confined to the root, 
where it is constantly present.

In the families Alismaceae and Limnocharitaceae, 
metaxylem elements of the leaf are arranged in a cres- 
cent-shaped are surrounding the protoxylem canal, with 
phloem similarly disposed around the metaxylem. The 
vascular strand is V-, U-, or C-shaped in section, open to 
the inside facing the main axis of the plant. In the genus 
Butomus, the metaxylem is inverted, enclosing the oval 
phloem group, with the V-arms facing outward.

Mechanical tissue is reduced in all members of the order, 
and there is a lack of cell-wall thickening in conducting 
tissue. Secretory canals exuding a type of latex are fre­
quent in aerial parts of members of the Alismaceae and 
Limnocharitaceae families but are not present in Butomus. 
Crystals and tannin occur in the cells of Butomus and 
some members of the Alimaceae but are not found in the 
Limnocharitaceae.

Some species show more than one form of leaf structure. 
Stomata, for example, are absent from submerged strap- 
shaped leaves of Sagittaria sagittifolia but are present in 
floating leaves, less frequently in the aerial arrow-shaped 
leaf. Surface cells also differ in shape.

R oot structure show s little Variation am ong m embers 
o f  the order except in  m inor details such as num ber o f  
vascular Strands, and in  general architecture it resembles 
that o f  other m on ocots and water plants. The outer layers 
contaiii m any air spaces.

Typical plants and structures of the water-plantain order.
Drawing by M. Moran

Comparing different organs of the plant, Hydrocleys is 
structurally more homogeneous than other genera, proba­
bly because all its parts are submerged. Leafstalk, flower 
stem, and runners are similar in shape and diameter and 
are almost identical in organization of their tissues, differ- 
ing only in number and distribution of vascular bundles.
In other genera the histology of different plant organs is 
more varied.
Distribution and abundance. The order is broadly dis­

tributed throughout temperate and tropical regions and 
includes many widespread and familiar water plants. All 
three families are small in size, and one (Butomaceae) has 
only a single species. Populations are small and are fre­
quently included in mixed communities. Common genera 
with larger numbers of species are widely spread; e.g.,
Alisma, Sagittaria, and Echinodorus. Sagittaria and Buto­
mus, less frequently found, are more local in distribution 
than Alisma. Butomus, native to England, where it is rea- 
sonably common, has been introduced in North America.
Alisma plantago-aquatica, the water plantain, which gives 
its name to the family and order, is the most abundant 
member of the group.
As with other water plants, those of the Alismales order 

have a great geographical range and at the same time a Geograph- 
high frequency of species confined to a particular region ical range 
only, mostly in the tropics.

Botanical importance. Although commercially unim- 
portant, the external and internal form and type of leaf 
of the Alismales order have been studied intensively from 
the earliest days of botanical research. This ancient group, 
with its key position in the taxonomie system, is significant 
in speculations about the relationships between the two 
major groups of flowering plants (monocots and dicots) 
and their past origin. The Alismales order forms a link in 
the evolutionary chain between them. Since the order is 
restricted to water habitats, its status is heightened in con-
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cepts that stress aquatic ancestry of the monocots and their 
hypothetical origin from aquatic dicots or predecessors.

NATURAL HISTORY
Reproduction is both sexual and vegetative. The latter 
method is more variable in mechanism and possibly of 
greater significance in multiplication.

Sexual reproduction. In the reproductive phase, vascu­
lar water plants betray their land-based ancestry. The form 
and structure of their vegetative organs are modified in 
relation to their aquatic habitat, but the reproductive Or­
gans are remarkably similar to those of related land plants 
in both general Organization and microscopie structure. 
The flowers are adapted to aerial life and are pollinated 
by insects or wind.

There is evidence that ability to reproduce is related to 
age, a minimum juvenile period elapsing before flowering 
takes place. In genera such as Sagittaria, with more than 
one type of leaf, flowers are typically associated with adult 
aerial foliage. In contrast, Alisma gramineum can flower 
when possessing only submerged foliage.

Inflorescences (flower clusters) arise from the junctions 
of stem and leaves, and vegetative growth of the axis is 
resumed by subsequent development of other lateral buds. 
Aerial flowers are mainly bisexual and are bome on erect 
or floating axes in whorls. The petals, though small, are 
significant and attractive, and the species of most genera 
are pollinated mainly by flies, with beetles and snails pos­
sibly playing a minor role.

The fruit develops aerially. In the Alismaceae family the 
separate female structures develop into a head of dry, 
one-seeded fruits. In the Butomaceae family the fruit is 
primitive, consisting of a cluster of pods that split open 
when mature.

Seed Seeds of many species have a prolonged dormancy. In the
iispersal single-seeded indehiscent achenes (dry, one-seeded fruits 

that do not split open along definite seams), the embryo 
is protected by a hard seed coat that is thick and tight 
fitting. Some fruits retain their viability even after being 
frozen in ice and mud for some weeks. The ovary walls of 
Alisma fruits contain large intercellular spaces providing 
buoyancy for water dispersal. Seeds of Sagittaria have lat­
eral wings containing air-space tissue. These seeds float in 
water, and the period of flotation may last several days to 
two months. In Baldellia the fruits sink immediately, but 
the young seedlings rise to the surface and float for several 
weeks before rooting.

Asexual, or vegetative, reproduction. Aquatic plants re- 
sort to vegetative reproduction more frequently than land 
plants, although methods of propagation are fairly univer­
sal. The uniform environment and abundance of carbon 
dioxide and water encourage leaf development and sustain 
vegetative growth. Vegetative reproduction is facilitated by 
fragmentation of the plant body followed by regeneration 
from any small part bearing a bud.

Multiplication by means of modified sterns such as rhi­
zomes, stolons, and runners is widespread in temperate 
species. These specialized organs also serve the purpose of 
sustaining plants during adverse conditions. In hot climates 
vegetative growth may be more continuous. Vegetative 
parts that can grow into new plants may be transported by 
water or animals, further contributing to the distribution 
of a species.

There are many instances of pseudovivipary, wherein 
asexual reproductive units replace some or all of the nor­
mal sexual flowers in the inflorescence. This method is 
common in the family Alismaceae, in which the inflores­
cence may set seed above water but bear young plantlets 
when submerged.

In many genera there is an abbreviated axis from which 
arises the crown of leaves. This rootstock becomes swollen 
with starch grains and serves as a storage organ during the 
resting period when foliage dies down. Many plants with 
underground sterns reproduce vegetatively and spread hor- 
izontally by means of runners at the soil-surface level or 
by similar underground sterns. These become erect at in­
tervals to form new plants with adventitious roots. Later, 
intermediate parts may disintegrate and the secondary 
plants become independent.

Species of Sagittaria remain alive during adverse seasons 
by the production of special terminal tubers behind the 
apical bud. These structures are one to two inches (two to 
five centimetres) long and may be brightly coloured blue 
and yellow. They remain dormant during the winter but 
sprout into a new plant the following spring.

Vegetative reproduction is of the utmost importance in 
the maintenance and spread of some species. In all three 
families of this order it is correlated with aquatic existence, 
and this perhaps accounts for its success and frequency 
in comparison with sexual reproduction, which is not 
adapted to aquatic conditions.

Ecology. Members of these families, together with other 
species, participate in water-habitat plant succession but 
do not play a particularly dominant role at any stage.
Plants with largely immersed shoots, such as Sagittaria 
and Alisma, mostly occur in silted waters just beyond or 
replacing reed swamp and in fairly shallow water. Both Typical 
belong to a mixed aquatic community, and Alisma is habitats 
a ready colonizer of fresh ponds, though not necessarily 
always present in the succession. Sagittaria occurs fre­
quently in rivers with moderate current and may domi- 
nate submerged communities in its strap-leaved form. It 
may act as pioneer for the reed-swamp community and is 
frequent in the upper Thames and River Cam in England,
Alisma also participates in reed swamp and, together with 
Sagittaria and Butomus, can form a shoreline reed swamp 
in muddy rivers that are subject to flooding.

Temperature is a factor of great uniformity in an aquatic 
environment and may partly explain the vast geographi- 
cal range and latitudinal extension of some species. The 
requirement for water itself is perhaps the most restrictive 
factor in the occurrence of these plants.

FORM AND FUNCTION
Flower characteristics. Flower structure of the Alis­

males order includes several features held to be relatively 
unspecialized. Male and female structures are found in 
the same flower. The flower parts arise at the base of the 
ovary. The ovaries are separate, and there is an absence of 
fusion in other floral parts. The Alismaceae family shows a 
trend from crowded or spirally arranged female structures 
to a single whorl. The families of the order are considered 
to be advanced in having whorled flower parts in two 
circles of three petals and three sepals. Sagittaria shows 
an interesting tendency toward unisexual flowers that are 
male in the upper and female in the lower parts of the 
flower cluster. Flowers are aerial, bome erect on floating 
axes, and are similar to those of land plants in stmcture.
Members of the family Alismaceae have nectar-producing 
structures between the flower parts.
Vegetative characteristics. The plants are nonwoody 

and persist through more than one growing season (i.e., 
they are perennial). They are characterized by a struc­
tural uniformity that adapts them to an aquatic existence.
Variations in leaf form and shape are associated with the 
degree of immersion in water, and some species have 
leaves of two or more forms. In many others it is possible 
to discern a gradation in leaf shape along the plant.

Butomus (Butomaceae) has a broad, horizontally creep­
ing, underground stem with thick, fibrous roots from 
which arise tall leaves in two vertical series. Leaves are 
linear, erect, and triangulär in section but are not differ- 
entiated into a separate leaf and blade. The leaf base is 
broadly sheathing (i.e., it wraps around the stem), and the 
tip may be slightly flattened. The whole leaf is morpholog- 
ically equivalent to the petiole (leafstalk) of other genera 
and is thus a phyllode (a flattened leafstalk that functions 
as a leaf blade).
Limnocharis (Limnocharitaceae) consists of a short root­

stock with fine basal roots. The leafy shoot is erect and 
partly emergent. Leaves are massive and grow out of the 
water with the blade and upper stalk aerial. The sturdy 
stalk is three-angled, and the blade is inclined to the 
upright, varying in shape from broadly oval to elongated 
lance-shaped.

Hydrocleys (Limnocharitaceae) is a floating form with 
runners producing small plantlets at intervals. The leaf 
is submerged. Long, rounded leafstalks float sinuously,
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and the flattened leaf blades rest horizontally near or on 
the water surface with their upper faces exposed to the 
atmosphere.

In the Alismaceae family the main plant axis is similar 
throughout, with crowded, sheathing leaf bases arranged 
in two ranks. Leaf type and shape vary according to lo- 
cality and depth of water, and there may be two or more 
forms of leaf, together with intermediates, on a single 
plant. Leaves of Sagittaria show the greatest degree of 
elaboration in the family. The leaf blade develops paired 
and pointed lateral lobes, giving rise to the typical arrow- 
head shape. Submerged leaves may be linear, transparent, 
and floating. All leaves have the parallel venation typical 
of the monocots.

E V O L U T IO N

It has been suggested that the dicotyledon group that gave 
rise to monocotyledons must have had many features 
in common with the plants of the Alismales order. The 
Nymphaeales order is such a group and itself was prob­
ably derived from some ancient, vesselless stock of the 
Magnoliales order. Nymphaeales plants are aquatics with­
out vessels and show tendencies towards cotyledon (seed- 
leaf) fusion. It is certainly feasible that an ancient stock 
of plants resembling the modern Nymphaeales order gave 
rise to the Alismales order.

Monocots are considered to be of aquatic ancestry, later 
evolving land forms that in turn secondarily gave rise to 
groups that have retumed to the water. The Alismales or­
der shows a progressive adaptation to an aquatic habitat, 
and the closely allied order Hydrocharitales has marine as 
well as freshwater species.

One of the fundamental differences between the two 
great groups of flowering plants, the monocots and dicots, 
is the difference in leaf-vein arrangement between them. 
The Alismales order is important in being positioned, in 
an evolutionary sense, near the bottom of the monocot se­
quence, and some of its members show leaf structure that 
can be viewed as showing the evolution of the parallel- 
veined monocot leaf from the dicot leafstalk. This inter- 
pretation is well supported by Sagittaria, which shows all 
the transitional stages between a normal leaf with blade 
and stalk and a linear leaf with parallel veins, all the stages 
being present within a single population. The occurrence 
of the various forms appears to depend on the water 
depth at which each is located. There is evidence that 
when present and developed, the parallel-veined leaf blade 
is derived from the secondarily expanded tip of the stalk, 
which becomes flattened and expanded through the evo­
lutionary series. Thus, in this interpretation, the monocot 
and dicot leaf blades are not homologous.
Phylogenetic trends within the order are difficult to dis- 

cem because they are masked by characters that are more 
readily correlated with ecological factors. Butomus has 
shorter and wider vessel elements in its roots than mem­
bers of the Limnocharitaceae family, suggesting that the 
latter family is more primitive. With respect to the xylem 
water-conducting elements, dimensions, and many other 
characters, the Alismaceae family appears to be close to 
and more advanced than the Limnocharitaceae family. 
The Butomaceae family seems to have diverged from the 
other two families or some common ancestor of all three, 
becoming more specialized. There are indications of possi­
ble affinities with the Scheuchzeriaceae family of the order 
Potamogetonales (also known as Najadales).

Individuals of the Alismales order, in common with other 
water plants with soft, vegetative organs, have rarely been 
preserved in fossil deposits. In the absence of woody parts, 
usually only resistant hard fruits, seeds, or pollen grains 
remain, the identification of which is uncertain.

C L A S S IF IC A T IO N  A N D  T A X O N O M IC  S T A T U S

These groups convey an overall impression of unity in 
form, structure, and habit. Within the families, the gen­
era and species are distinguished by minor characters not 
always immediately apparent to the untrained eye. Some 
authorities isolate the Butomales and Alismales as the first 
two orders of the monocot sequence. In the Butomales or­
der of those systems are two families, the Butomaceae and

Hydrocharitaceae. Other taxonomists afford order status 
to the latter family as the Hydrocharitales, near to and 
derived from the Alismales order. The Hydrocharitaceae 
family can be separated from the three families of the Al­
ismales order by its inferior ovary (located below the other 
flower parts), although there is support for the idea that 
the family may have descended from ancestors similar to 
the Butomaceae family.

The inclusion of the Limnocharitaceae family together 
with Butomus in one family, the Butomaceae, as is some­
times done, is not supported by the evidence. In the past, 
genera belonging to all three families have been combined 
under the Alismaceae family. It is clear now, however, 
that there is a great weight of anatomical, morphological, 
palynological (analysis of pollen types), embryological, and 
biochemical characters all Splitting Butomus from the gen­
era that can be included in the Limnocharitaceae family. 
This last group exhibits closer affinities with the family 
Alismaceae, Limnocharis with its large elaborate leaves 
particularly resembling Alisma and Sagittaria, whereas the 
submerged and reduced leaves of Hydrocleys are in some 
respects more reminiscent of members of the Hydrochar­
itaceae family. (M.Y.S.)

Liliales (lily order)

The order Liliales is a vast assemblage of plants whose 
flowers usually have three petals and three sepals—the 
sepals usually resembling the petals in shape and colour— 
and whose leaves are generally linear or strap-shaped with 
the veins running parallel. These characteristics—along 
with one leaf in the embryo—are common to most mono- 
cotyledonous plants. Within this large order, exemplified 
by the lily, are more than 400 genera and 8,000 species, in­
cluding erect perennial herbs, climbers, shrubs, and a few 
trees. The group contains many common garden plants 
and vegetables, such as lily, hyacinth, narcissus, amaryllis, 
asparagus, onion, and yam. Other economically important 
members include the agaves, fibre crop plants; Colchicum, 
from which the drug colchicine is extracted; and Smilax, 
from which the flavouring sarsaparilla is derived.

Contemporary authorities recognize from 5 to 20 fami­
lies in the Liliales, an indication of the lack of consensus 
among botanists as to what constitutes the order. In the 
Annotated Classification (see above), 20 families are rec­
ognized, according to a recent Classification scheine; the 
validity of this outlook is critically appraised in the section 
Alternate systems of Classification below.

G E N E R A L  F E A T U R E S

Diversity. Species of the Liliales are usually perennial 
herbs, with fleshy sterns arising from various kinds of 
underground sterns. Herbaceous climbers are found in 
the yam family (Dioscoreaceae) and in the families Al- 
stroemeriaceae and Alliaceae. Climbing shrubs are known 
from the families Smilacaceae and Petermanniaceae. The 
order also contains succulents such as the Aloe and Agave 
species. Agaves include some of the largest members of 
the Liliales: the flower stalk of the so-called Century plants 
(several Agave species) may attain 20 feet (6 metres) in 
height. Yucca and Dracaena species are often woody and 
treelike, such as the Joshua tree (Yucca brevifolid) and the 
dragon tree (Dracaena draco).

Aquatic Liliales are rare. They include erect or floating 
herbs in the family Pontederiaceae, particularly in Ponte- 
deria species and the water hyacinth (Eichhornia crassi- 
pes), and rarely in the Amaryllidaceae, notably Crinum 
thaianum, native to Thailand.
Distribution. The lily order is cosmopolitan in distribu­

tion, although most of its members are found in temper­
ate and subtropical regions. The extreme range is as far 
north as northem Greenland (Tofieldia coccinea) and as 
far south as the Southern tip of South America and New 
Zealand (Luzuriaga marginata). In numbers of species 
and individuals the order is best represented in southem 
Africa, North America, western Asia, and Australia.
Among the widest in distribution are the families Lili- 

aceae, Amaryllidaceae, and Pontederiaceae. The lily family 
is worldwide in distribution but is most abundant in tem-
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perate and subtropical regions. The amaryllis family ranges 
from Southern Africa to Asia and the Western Hemisphere; 
and the family Pontederiaceae, common in tropical fresh 
waters, ranges as far north as Southern Canada.

Importance. The lily order is notable for species pro- 
ducing food and other useful products, on the one hand, 
and its many showy cultivated ornamental plants, on the 
other.
Edible products. Among food crops, the outstanding 

ones are onion (Allium cepa), garlic (A. sativum), leek (A. 
porrum), chive (A. schoenoprasum), rakkyo, or ch’iao (A. 
chinense), and Chinese chive (A. tuberosum). The most 
important of these is the onion, the others being grown 
mostly for local consumption or in limited quantities.

Other edible crops of the lily order are asparagus (.Aspara­
gus officinalis), of the family Liliaceae, and various species 
of Dioscorea, of the family Dioscoreaceae, of which white 
yam (D. alata), negro yam (D. cayennensis), and cush- 
cush, or yampi (D. trifolia), are considered among the best. 
Used locally as important starchy food crops throughout 
the tropics, they are twining plants that produce tubers 
rieh in starch and containing poisonous alkaloids; the lat­
ter are easily destroyed by boiling.

Elephant’s-foot, or Hottentot bread (Testudinaria ele- 
phantipes), of the family Dioscoreaceae, produces a very 
large edible rhizome (underground stem structure) used 
as a food locally in Africa. Black bryony, or black 
bindweed (Tamus communis), a perennial vine of the 
family Dioscoreaceae, is occasionally cultivated and con­
sumed as a vegetable from southem and western Europe 
to Kurdistan in Asia. The roots are also used medicinally. 
Another source of starch is Otaheite arrowroot, from 
Tacca pinnatifida, the pia plant, of the family Taccaceae. 
It is used locally in the South Sea islands as food. Starch 
from the tuberous roots of Alstroemeria species, of the 
family Alstroemeriaceae, is used locally as a food by the 
Andean Indians of South America.

Sarsaparilla, the flavouring extract, is obtained from the 
dried roots of several species of Smilax native to South 
America. The elongated benies of species of Gethyllis 
and Apodolirion, of the Amaryllidaceae, known as kuku- 
makrankas, are collected and consumed locally in South 
Africa. In China and elsewhere, the buds of daylilies (Hem- 
erocallis species) are harvested and used as a vegetable.
Industrial products. The 300 species of Agave, rang­

ing from the United States to tropical South America, 
and the related 30 species of Furcraea provide important 
commercial fibres, obtained by processing the leaves. Sisal 
hemp is obtained from Agave sisalana, native to Yucatan; 
henequen from Agave fourcroydes, Mexico; Mauritius 
hemp or flax from Furcraea gigantea, the tropics; and 
Ceylon bowstring hemp, from Sansevieria zeylanica, Sri 
Lanka.
Many other Agave species are cultivated or harvested 

from native stands mostly for local fibre needs or for 
fermented beverages. Several species are used in making 
pulque, the national drink of Mexico; the alcoholic liquor 
mescal is distilled from pulque.

The water hyacinth, with its bladderlike leaf bases, has 
been recommended as a source of cellulose for papermak- 
ing and other uses.
Dracaena cinnibari, a tree native to the island of Socotra, 

in the Indian Ocean, is the source of a red resin called 
dragon’s blood, or Socotra resin, which is used in var- 
nishes and also as an astringent and to stop hemorrhage. 
Dracaena draco, a tree native to the Canary Islands, is the 
source of a red resin, also known as dragon’s blood, which 
is used in the vamish industry, for pigment in papermak- 
ing, and in medicine.

Drug products. Dmg products include many crude 
drugs used locally. Aloe juice, obtained from various Aloe 
species, is used as a purgative. The flowers of lily of the 
valley (Convallaria majalis) are used as a cardiac tonic in 
place of digitalis; squill, from the bulbs of Urginea scilla, 
is, among other things, a cardiac stimulant. White helle- 
bore (Veratrum album), min-mun-tung, from the tubers 
of Ophiopogon japonicus, and China root, from the dried 
rhizomes of Smilax china, have been used medicinally in 
China since ancient times. The seeds and corms of the

m eadow  saffron (Colchicum autumnale) are used to  treat 
gout. T he active Chemical is the alkaloid colchicine, w hich  
is one o f  the m ost efficiënt Chemicals yet discovered for 
causing the doubling o f  chrom osom es in  cells; it has played  
an im portant role in plant and anim al Science since 1937.

Ornamental plants. The lily order is outstanding for its 
many ornamental plants, cultivated from most of the 20 
families; the more important ones, however, are found 
in the following families: Liliaceae (e.g., tulip, hyacinth, 
crocus, lily, daylily, aloe); Amaryllidaceae (e.g., Amaryllis, 
Narcissus, Lycoris); and Agavaceae (e.g., Agave, Yucca, 
Hosta, Dracaena, Cordyline, Sansevieria).

In The Netherlands there is a considerable export busi­
ness based on certain bulbous and cormous plants of the 
Liliales. In the United States, particularly in Oregon, lily 
(Lilium) breeding for the domestic and export trade has 
developed into a considerable industry. Locally, the grow­
ing of plants of the lily order is active in season, particu­
larly the forcing and marketing of lilies, tulips, hyacinths, 
narcissus, amaryllis, and others for holidays.

NATURAL HISTORY
The life cycle of members of the Liliales is similar to 
that of other monocotyledonous plants (plants with one 
seed leaf). Pollination is usually by insects or by other 
small animals, but cleistogamy, a condition in which 
self-fertilization takes place within unopened flowers, oc­
curs in the genera Heteranthera and Hydrothrix, of the 
Pontederiaceae.

Food and water storage. One of the outstanding features 
of a large number of the Liliales is the manner in which 
they have adapted to the seasonal peculiarities in different 
parts of the world. The most primitive Liliales are usually 
herbaceous perennials having short rhizomes with fibrous 
roots; they are adapted to humid climates. Organs for 
moisture and food storage have been evolved to carry the 
plant over unfavourable periods when growth is inhibited 
by dry or cold weather. These include creeping rhizomes, 
specialized thickened sterns on or just below the ground 
surface, as in daylilies (Hemerocallis) and lily of the valley 
(Convallaria)', bulbs, as in Lilium, Allium, and Amaryllis; 
corms, swollen bases of the stem, as in Brodiaea, Milla, 
and Tecophilaea; tubers, short underground sterns, as in 
Gloriosa; and tuberous roots with buds at the stem end, 
as in Alstroemeria and Dioscorea.

In the agaves and aloes, the problem of surviving in 
a dry desert climate has been successfully solved by the 
evolution of tough, thick succulent leaves and a tough, 
thick stem for food and moisture storage. The American 
Agave species, family Agavaceae, have assumed the out­
ward shape, within limits, of the thick succulent-leaved 
African Aloe and allied genera of the family Liliaceae. It 
is interesting to note that the related genera, Hosta, na­
tive to humid parts of China and Japan, and Polianthes 
(tuberöse), native to Trinidad and humid Mexico, have 
not developed the succulent habit.
Extreme drought resistance is exhibited by such amaryl- 

lids as Leucocoryne, native to the extremely dry Atacama 
Desert of Chile, where scant rainfalls occur years apart. 
When limited rains do occur after prolonged droughts, 
the bulbs, dormant for years, quickly sprout, come into 
flower, and produce seed. Another interesting adaptation 
to an arid climate is found in certain species of Vellozia, 
in which the upper parts of the sterns are covered with 
fibrous sheaths of the leaves, and the lower parts with a 
covering of aerial roots inches deep. When water falls on 
the aerial roots, it disappears as if into a sponge. The plant 
is thus able to supply itself with moisture in the form of 
dew and occasional light rainfall as well as from moisture 
Condensed on the aerial roots.

Reproductive adaptations. In many species of the 
Amaryllidaceae, the seeds soon lose their viability, but 
some, such as Chlidanthus boliviensis and C. fragrans, 
which grow in dry mountain habitats, retain their germi- 
nating power over a period of years. Amaryllis petiolata, 
native to the forests on the riverbanks in southem South 
America, produces no viable seeds but has evolved a novel 
means of dispersal. The parent bulb produces many small, 
nearly round bulblets on the bulb scales. They remain
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Representative plants from three major families of the 
order Liliales.
Drawing by M. Moran

dormant almost a year. During the spring floods they are 
carried long distances.

Apoga- Apogamy, a form of parthenogenesis (reproduction in
mous which seeds are developed without fertilization), occurs
repro- in such genera of the Amaryllidaceae as Habranthus and 
duction Zephyranthes. Copious seed production by such means 

has allowed certain species of these genera to spread over 
very large areas of Texas and northern Mexico.

Vivipary, in the sense of bulblets sprouting from buds in a 
flower cluster (inflorescence) almost to the total exclusion 
of the regulär florets in the inflorescence, is found in some 
Allium species. European wild garlic (Allium vinealé) by 
such means has been naturalized as a noxious weed over 
wide areas in North America and elsewhere. Protandry, 
the maturing of the stamens before the pistil, is found to 
a slight degree in many Alliaceae and Amaryllidaceae and 
to an extreme degree in Alstroemeria species, of the family 
Alstroemeriaceae, in which the stamens mature and shed 
their pollen before the pistil begins to enlarge and mature. 
These processes favour cross-pollination.

M iscellaneous adaptations. The Pontederiaceae are 
adapted for life in an aquatic habitat. In Eichhornia cras- 
sipes, for instance, the swollen petioles enable the plant to 
float; and floating has led to very wide distribution of this 
species. In species of the family Smilacaceae, the prickly 
shrubs and climbers are protected to some extent against 
animals. Seeds of many species in the order Liliales are 
winged, enabling them to be carried by the wind.

FORM AND FUNCTION
The rootstock varies from creeping rhizomes, bulbs, corms, 
and tubers, all of which are modifications of the stem, to 
thickened storage roots with buds at the stem end. The 
plants are usually perennials, very rarely annuals, rang-

ing from herbs to shrubs and climbers or very rarely to 
types with a woody stem that is branched and treelike.
The leaves are usually linear or strap-shaped, with lon­
gitudinal veins; rarely, the leaves are broader, and with 
stalk (petiole), with longitudinal veins separated by netted 
venation. Latex-bearing vessels (laticifers) are present in 
the Alliaceae.

The flower varies from small and in loose clusters to Floral 
large, solitary, and showy, with the showy perianth (petals variations 
and sepals collectively) usually six-parted, rarely three- 
parted or less; the perianth segments are similar and are 
sometimes united below into a tube. Occasionally there 
is a floral structure called the paraperigone, consisting of 
inward extensions of the lower part of the perianth tube; 
or scales or bristles may be present at the base of the 
filaments* The stamens usually number six, rarely three or 
less; each stamen consists of an anther—in which pollen 
is produced—and a filament, or stalk. The filaments may 
be variously modified, united into a tube below or into 
a conspicuous staminal cup. The pistil—usually one to a 
flower—consists of a three-parted ovary formed of three 
greatly modified leaves (carpels) and a stalk (style) capped 
by a pollen-receptive tip (stigma). Pollination is accom- 
plished by small animals, including birds, insects, and 
arachnids. Fertilization—the union of a sperm cell and the 
egg cell—follows pollination. Most of the Liliales depend 
on cross-pollination, and thus fertilization follows flower 
opening; rarely are the flowers cleistogamous, a condition 
in which there is fertilization without opening of the flow­
ers. The fruit is usually a dry, three-parted (rarely a one- 
celled) capsule, sometimes a fleshy berry, very rarely a 
nut; the seeds are sometimes winged.

EVOLUTION
In the absence of a fossil record, any estimate of the 
evolutionary relationships must be based on the character­
istics of the living species. The evolutionary course within 
the Liliales, as well as in the superorder Lilianae, which 
includes several other orders as well, is only partly un- 
derstood; enough is known, however, so that the general 
evolutionary course may be described to a limited extent 
on the basis of gross morphology, chromosomal comple­
ment, anatomy, and biochemistry.

M orphological evidence. The general evolutionary 
course of some prominent morphological features in the 
Liliales is listed in Table 2.

Table 2: Evolutionary Course in the Liliales

organ original form evolved form

Stem stem with taproot and fi­ rhizome, bulb, corm, tuber,
brous secondary roots or storage root with buds 

at the stem end
herbaceous shrubby or climbing, rarely 

woody, rarely treelike 
and branched

Leaves linear, with longitudinal secondary petiolate leaves,
veins (originally evolved with longitudinal veins,
from petiolate leaves) and reticulate veins between

Flower perianth segments six, perianth segments three or
free fewer; perianth segments 

united below into a tube, 
with six or three segments 
above

perianth tubular perianth tubular with accessory 
structure (paraperigone)

carpels free carpels partially or fully united
ovary three-parted ovary with single compart- 

ment or two
ovary superior ovary inferior
stigma three-parted stigma three-lobed, capitate, 

or pointed
stamens six, free functional stamens four or 

fewer, filaments modified 
in various ways

Chromosomal evidence. Evidence from the chromo­
somal makeup of the cells has helped to solve difficult 
problems in phylogeny. The basic chromosome set, with 
a few large and many small chromosomes, in the Yucca- 
Agave group is very stable. The chromosome complement 
in Hosta is similar, on which basis it has been suggested 
that Hosta be recognized as the type of a separate tribe,
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Hosteae, to be placed next to the tribe Yucceae (Yucca 
and its allies) in the family Agavaceae. The evolutionary 
course is irreversible, and the chances that such a unique 
chromosome complement originated a second time are 
remote. The Suggestion is therefore valid, indicating that 
these two tribes originated from the same ancestral stock. 
The difference in gross morphology can be attributed to 
differences in habitat: Hosta evolved in humid parts of 
China and Japan; Yucca and its allies in the arid parts 
of south western North America. Later, apparently, a few 
species of Yucca spread to the more humid Southern 
United States and the West Indies, but only after leathery 
leaves and other characters had evolved in the arid climate.

The presence of laticifers in the Alliaceae indicates the 
distinctness of this family and its presumed early evolu­
tionary divergence from the rest of the Liliales.

Biochemical evidence. Biochemistry and other scientific 
disciplines have yielded evidence that suggests relation­
ships among the flowering plants. On the basis of the 

The presence of one substance—saponin—the Liliales may be
»ignificance divided into two groups:
}f saponins 1. Families in which the plants usually contain saponin 

compounds, including the Liliaceae and its allies, Xanth- 
orrhoeaceae, Alphyllanthaceae, Philesiaceae, Smilacaceae, 
and Asparagaceae; the Dioscoreaceae and its allies, Ste- 
monaceae, and Taccaceae; the Agavaceae; and the Alli­
aceae.

2. Families in which the plants lack saponins, in­
cluding the Pontederiaceae and its ally Philydraceae; 
and the Amaryllidaceae and its allies, Alstroemeriaceae, 
Haemodoraceae, Hypoxidaceae, and Velloziaceae.

Chelidonic acid is present in many families of the Liliales. 
Alkaloids are present in a number of families, including 
the Amaryllidaceae. Thus, this group is singled out as a 
very distinct entity. Alkaloids have also been reported for 
Dioscorea species, Tacca chantrieri, and Stemona species. 
Colchicine has been extracted from Colchicum, Meren- 
dera, and Gloriosa species of the Liliaceae. The occur­
rence of these and other distinct biochemical compounds 
in Liliales suggests the potential value of this apnroach in 
solving outstanding phylogenic problems.
Most authorities on the monocotyledons place the order 

Liliales in a central position from which other orders have 
arisen. A hypothetical, now extinct, group with nutritive 
tissue (endosperm) in the seeds, two-celled pollen grains, 
and separate or partially united carpels and numerous 
stamens presumably gave rise to three main lines.
The Liliales, Iridales, Zingiberales, and Orchidales are de­

rived directly from the Liliales ancestral stock. The order 
Iridales is probably derived from the subfamily Melan- 
thioideae of the Liliaceae. The order Zingiberales was 
probably derived directly from the Liliales and is claimed 
to have much in common with the Amaryllidaceae and 
the subfamily Asphodeloideae of the Liliaceae. The order 
Orchidales shows closest Connections with the family Hy­
poxidaceae of the Liliales, especially the genera Hypoxis 
and Curculigo. The connecting link between these and the 
Orchidaceae is the most primitive subfamily of the Orchi- 
daceae, the Apostasioideae. The Liliales stock may have 
given rise to two additional superorders, the Juncanae and 
Commelinanae.

CLASSIFICATION AND TAXONOMIC STATUS 
The Distinguishing features. In the past, the position of the
hift in ovary with respect to the perianth was considered very 
liagnostic important in distinguishing groups within the Liliales, but 
satures it is no longer considered as reliable in delimiting larger 

groups. Currently, the number of chromosomes, the pres­
ence of such intemal features as laticifers (vessels bearing 
latex), and the presence of Chemical compounds such as 
saponins and alkaloids are considered of greater signifi­
cance in grouping of families within the Liliales.

Alternate systems of Classification. The Classification 
presented above is the product of several Contemporary 
botanists, prominent among them being A. Cronquist, an 
American, and A. Takhtajan, a Soviet Citizen. It is the 
nature of a taxonomie System that it can be improved, 
and, as new data are amassed, it is expected that changes 
will be made in the disposition of the families.

The interrelationships of the families listed above are 
determined to a considerable extent on the basis of gross 
morphology, as offered by earlier workers (see in the Bib- 
liography the works of Engler and Prantl, Hutchinson, 
and others). This approach has yielded important results 
but is now being enlarged by data from other disciplines, 
including (1) chromosome number and morphology, such 
as the presence of a unique and stable basic chromo­
some complement in the Agavaceae, (2) evidence from 
anatomy, such as the presence of laticifers in the Alliaceae, 
and (3) evidence from biochemistry, such as the presence 
or absence of saponins, alkaloids, and other compounds.
In view of these data, the 20 families listed above may 

be accommodated as follows (see also in the Bibliography 
the works of Traub, Sterling and Huang, and others): the 
families Tecophilaeaceae and Cyanastraceae have been 
placed under the new order Tecophilaeales, which is trans­
ferred to the subclass Iridae, leaving 18 families—plus 2 
new families under the new order Alliales—again making 
20 families to be accommodated under subclasses Liliidae 
(saponin-containing) and Amaryllidae (saponin-free).
Subclass Liliidae

Order Liliales, laticifers absent, chromosomes not of Yucca- 
Agave type; families Liliaceae, Xanthorrhoeaceae, Aphyllan- 
thaceae, Philesiaceae, Smilacaceae, and Asparagaceae. Order 
Dioscoreales, laticifers absent, unique alkaloids present; families 
Stemonaceae, Discoreaceae, and Taccaceae. Order Agavales, 
laticifers absent, unique and stable basic chromosome comple­
ment of Yucca-Agave type present; family Agavaceae. Order 
Alliales, laticifers present, and unique alliaceous scent usually 
present; families Hesperocallaceae, Milulaceae, and Alliaceae.
Subclass Amaryllidae
Order Pontederiales; families Pontederiaceae and Phily­

draceae. Order Amaryllidales; families Amaryllidaceae (unique 
alkaloids present), Alstroemeriaceae, Haemodoraceae, Hypoxi­
daceae, and Velloziaceae.

(H.P.Tr.)

Iridales (iris order)

The flowering plant order Iridales is composed of 4 famL 
lies: the Iridaceae with 58 genera and about 1,500 species, 
the Burmanniaceae with 16 genera and about 130 species, 
the Corsiaceae with 2 genera and 10 species, and the 
Geosiridaceae with 1 genus and species.
The order derives its name from the iris family, Iridaceae, 

which is of economic importance for its ornamentals.
Many species are known for their commercial and medic­
inal uses. The families Burmanniaceae, Corsiaceae, and 
Geosiridaceae are primarily of academie interest.

GENERAL FEATURES
Size range and distribution. The order Iridales is mostly 

composed of herbaceous annuals—short-lived, nonwoody 
plants or long-lived perennials that inhabit the tropics, 
subtropics, and temperate zones of the world. A few South 
African genera (Aristea, Klattia, and Witsenia) of the fam­
ily Iridaceae are shrubs. The genus Geosiris is interesting 
from a distributional viewpoint because it is restricted to 
Madagascar.

Utility and economic importance. Horticulturists have 
for many years cultured and bred members of the Iri­
daceae, particularly the genera Iris and Gladiolus. Numer- Cultivated 
ous hybrids and cultivated varieties exist, and newcomers iris and 
appear almost every year. The hybrids and varieties, with gladiolus 
the many different shades of their falls and Standards—the hybrids 
outer and inner members of the perianth, corresponding 
to sepals and petals, respectively—have become so populär 
that many of the less showy nonhybrid species are ignored 
by all but professional botanists.

The iris varieties are generally categorized as bearded (re- 
ferring to a hairy region on the upper surface of the falls), 
beardless, and bulbous forms. The bearded forms are ei­
ther tall or dwarf. Examples of the beardless form include 
the Japanese Iris kaempferi and the Siberian I. sibirica.
The Dutch, Spanish, and English varieties are bulbous, 
and the so-called German iris is a tall, bearded form.
Iris and Gladiolus have become the flowers of specialists, 

and national societies sponsor periodical exhibitions of the 
flowers in some Western countries.
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Poisonous
substances

Other plants of the family Iridaceae that are populär 
among gardeners are the genera A ntholyza, Belam canda, 
Crocus, F reesia, Ixia, M oraea , N em astylis, N eom arica, 
R om ulea, S isyrinch ium , T igridia, and Tritonia (M ontbre- 
tia), among others.

The dried rhizomes—horizontal, creeping, rootlike 
sterns—of Ir is  floren tina, I. pallida , and I. germ anica  
have a sweet odour that is associated with volatile and 
nonvolatile oils. The dried material is orrisroot, which is 
widely used commercially; for example, it is utilized in the 
manufacture of perfumes, powders, soaps, and dentifrices. 
Orris oil is used in flavouring candies, soft drinks, and 
gelatine desserts; however, because it apparently contains 
allergy-causing components, its use for these purposes 
has been discouraged. Orris also possesses mild medicinal 
properties and is used in the treatment of disorders such 
as bronchitis and dropsy and those involving the liver. In 
the form of a powder or in poultices, it is applied to sores.

The stigmas, feathery extensions of the female flower 
parts, of C rocus sativus, the saffron of commerce, yield 
a yellow dye. Saffron, which is valued for its flavouring 
and colouring properties, is used to colour butter, cheese, 
confections, and medicines. It is used as a remedy for 
catarrhal affections (inflammation of mucous membranes) 
of children, for melancholia (mental depression), and to 
treat enlargement of the liver. It is a nerve sedative and 
also promotes menstrual discharge. Bulbs of the saffron 
crocus are toxic to animals, and overdoses of the stigmas 
are narcotic.

B elam canda  chinensis, the leopard lily, is a remedy for 
tonsillitis in Chinese medical practice. It is also used to 
treat ehest and liver complaints. The leaves of Iris ger­
m anica  contain ascorbic acid (vitamin C); they are also 
used to treat frozen feet.

The leaves of Ir is kum aon en sis and I. ensata  are used 
as animal feed. Those of the latter, the plants of which 
are reported to be fibrous, are also used for thatching, 
matting, and basketwork.

Starchy corms—bulblike stem structures—and rhizomes 
of some members of the iris family are edible. On the 
other hand, fatal cases of iris poisoning of cattle have been 
reported from Canada. The rootstocks of the blue flag, Iris  
versicolor, contain a poisonous irritating substance (iridin) 
that affects the digestive organs and gastrointestinal tract. 
Poisoning is, however, rare, as the rootstocks are seldom 
eaten in large quantities. Some allergie individuals suffer 
skin rashes as a result of handling certain irises.

NATURAL HISTORY
Life cycle. The order Iridales (except for the family Iri­

daceae) and the order Triuridales are saprophytes, plants 
that obtain their food from dead organic matter rather 
than by photosynthesis. In addition, they are mycotrophic, 
which means that their roots are in close association 
(mycorrhizal association) with the mycelia (filamentous 
bodies) of a fungus that generally helps the plant to ab- 
sorb nutrients and receives some benefit from the plant in 
return. The plants, in keeping with their saprophytic and 
mycotrophic modes of nutrition, have reduced scalelike 
leaves and an undifferentiated embryo contained in a very 
small seed. These are also features of the orchid order, the 
most highly evolved group of petaloid monocotyledons— 
plants with one seed leaf and parallel-veined leaves whose 
flowers have sepals that are showy and look like petals 
(see O rchidales).
The family Iridaceae is autotrophic—it produces its own 

food by photosynthesis—and exploits the growth habits 
characteristic of the families Liliaceae and Amaryllidaceae, 
in which the underground food-storage parts are rhizomes, 
corms, or bulbs. The roots have a velamen, a thick corky 
epidermis or covering, as in the Liliaceae, the Amarylli­
daceae, and the Orchidaceae. Members of the iris family 
propagate vegetatively, although they also reproduce by 
seeds. In many species, germination of the seed is slow and 
irregulär; the seeds of some species also require a moist- 
chilling treatment prior to planting.
The saprophytic and mycotrophic families Burmanni­

aceae, Corsiaceae, and Geosiridaceae grow in the shade 
of forests and require a fungal symbiont-partner at an

early stage in development. Only in some species of the 
Burmanniaceae that grow in open situations are the leaves 
green and capable of photosynthesis.

Most flowers of the order are brightly coloured and 
are generally pollinated by insects. Interesting pollination 
adaptations that impede self-pollination and ensure cross- 
pollination are present in the Iridaceae. The shape of a 
flower, for example, bears a close relation to its insect 
visitor. Pollination in F reesia refracta and in some species 
of G ladiolus is by the moth. The flower is adapted to the 
flight of the moth, which hovers while its tongue probes to 
the base of the floral tube. Pollen deposited on the moth 
during the process is transferred to another flower on the 
next visit. The flowers of L apeyrou sia  have a long floral 
tube and are adapted to pollination by a long-tongued fly. 
The blue-flag beetle makes many punctures in the nectary 
of Ir is  versicolor, and the nectar that flows out attracts 
many other insects, especially flies, which may provide 
pollination services.

The pollination mechanism in Ir is  pseudacoru s (water 
flag) is unique. The flowers are pollinated by a hover fly 
or a bumblebee. When the flowers open, the styles, the 
upper parts of the female pistils, stand about 0.4 inch 
(1 centimetre) above the falls (the outer members of the 
perianth, corresponding to sepals), facilitating pollination 
by the bee alone. As the flower ages, the petallike styles 
gradually come to lie close to the falls, thereby leaving a 
narrow passage insufficiënt for the bee. The fly pollinates 
such flowers.

Members of the Iridaceae are susceptible to diseases and 
pests. S eptoria  gladio li, a fungus, attacks the leaves and 
the corms, causing hard rot; i.e., the corms wrinkle and 
harden. The leaves of many Ir is  species are subject to 
leaf-spot and rust diseases that are caused by the fungi 
D id ym ellin a  m acrospora  and Puccinia iridis. F usarium  
wilt is another fungus-caused disease resulting in the yel- 
lowing of leaf sheaths. Bacterial soft rot caused by E rw in ia  
caratovora  is a foul-smelling rot of the rhizome; it is 
spread by the iris borer. Small gladiolus thrips suck the 
juice from leaf sheaths and flower buds. Most of these 
diseases and pests are, however, easily controlled by con- 
ventional methods.

Ecology. The three mycotrophic families usually grow 
under the shade of tropical and subtropical rain forests, 
and most favour acid soils. The family Iridaceae is com­
posed of tropical and temperate plants. Its species prefer 
sunny habitats and also grow in temperate deserts and 
alkaline soils. The evolution of the cormous and the bul­
bous habits has enabled the members of the iris family 
to grow in some of the most arid regions of the world. 
Areas in the Mediterranean region in which forests have 
been destroyed are rapidly colonized by the sunny habitat 
genera of the family—e.g., Ir is and Crocus. The water 
flag, Ir is pseudacorus, forms part of the swamp flora along 
waterways and is characteristic of sedge-reed zones and 
boggy poolsides.

Members of the Iridaceae are prone to hybridization, 
which enables them to become established in different 
ecological habitats. This appears to have contributed to 
their wide distribution and evolution.

The minute size of the seeds of the mycotrophic families 
affords wide dispersal by wind. The need for the specific 
fungal symbiont on which the plants are physiologically 
dependent, however, has resulted in a comparatively lim­
ited geographical range for the members of these families.

FORM AND FUNCTION
Vegetative and floral characteristics. Plants of the or­

der Iridales are caulescent or acaulescent—stemmed or 
stemless—herbs with radical (basal) or distichous (in two 
vertical rows), parallel-veined leaves.

The flowers are mostly bisexual (both sexes in one 
flower) and radially or bilaterally symmetrical; they have 
a petaloid perianth—the sepals and petals look alike or 
are both showy and petallike (that is, generally united at 
the base). There are three (less commonly, six) stamens 
(male pollen-producing structures) that are attached to the 
upper surface of the tepals (the showy petallike sepals and 
petals when considered together, as in this case, in which

Insect
pollination

Hybridi­
zation as 
an aid in 
habitat 
exploita- 
tion
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the attachment may be with the sepals or petals or with 
both when the stamens are six in number). The anthers, 
or pollen-bearing parts of the stamen, are two-celled; the 
pollen grains are mostly binucleate. The ovary in most 
species is inferior—i.£.,enclosed within the basal portions 
of the sepals and petals; it is three-celled, and the ovule at­
tachment is axile or along the central axis. In some species 
the ovary is one-celled, in which the ovule attachment is 
parietal (to the inner ovary walls). The fruit is a capsule.

Physiological and biochemical features. Many species 
in the order respond to environmental factors; for exam­
ple, high intensities of light are necessary for well-devel- 
oped flowers in Gladiolus. Temperature has an effect on 
the flowering of the Wedgwood iris; at extremely high or 
low temperatures no flower formation occurs. It is possible 
to make the irises bloom year round by lifting the bulbs 
prematurely and storing them at a controlled temperature.

The opening and closing of the flowers of the crocuses 
are dependent on temperature. This is because of the 
differential growth rate of certain inner cells of the tepals 
according to temperature. Crocus is sensitive to even as 
small a change as 0.5° C (0.9° F).
Among the known Chemical components of the family 

Iridaceae, the glycosides (sugar-containing compounds), 
resinoids (gummy substances insoluble in water), antho- 
cyanins (reddish or purplish pigments), fiavonoids (base 
compounds of certain yellow pigments), volatile and non- 
volatile oils, and seed fats rieh in linoleic acid are worthy 
of note. The blue flag Iris versicolor contains the resinoid 
iridin (which should not be confused with the glyco- 
side, also called iridin, found in I. floren tina). The floral 
pigments are mostly anthocyanins. Coumarin glycosides 
(compounds with a vanilla-like odour sometimes used in 
flavourings) are present in some species—e.g., I. wattii. 

Chemical Chemical similarities among related species is of diagnos- 
similarities tic value in the genus Iris. The species in the pogoniris and 
among evansia  sections of the genus, for example, do not con- 
related tain leuco-anthocyanins or flavonols (organic compounds 
species containing the ring-structured molecule phenol); in those 

of the sib irica  and californica groups, however, both the 
compounds are consistently present. Species of the subsec- 
tion spuria  have only leuco-anthocyanins. It is of interest 
that the two isoflavones, iridin and tectoridin, that are 
found in species of the pogon iris  and evansia  groups, re- 
spectively, have not yet been found in any other plant.

EVOLUTION
In earlier Classification system s, the fam ily Iridaceae was 
considered to  be derived from the Am aryllidaceae, a view

chiefly based on the common character of the inferior 
ovary. The importance given to the position of the ovary 
has been questioned, however, and, even though the Tas- 
manian genus Isoph ysis  has a superior ovary, it has been 
transferred from the family Liliaceae (order Liliales) to the 
Iridaceae; the genus therefore is iridaceous in all respects 
except the superior ovary. Furthermore, it is now widely 
believed that, although the families Amaryllidaceae and 
Iridaceae are similar, they have evolved separately from 
the Liliaceae.

The tiny seeds with an undifferentiated embryo and 
mycotrophy are features that the family Burmanniaceae 
shares with the orchids. The two families are closely allied, 
and the orchids, in older Classification systems, are con­
sidered to be derived from the Burmanniaceae. Current 
phyletic appraisals, however, have resulted in the shift- 
ing of the Burmanniaceae from the orchid order to the 
order Iridales, or, in some Classification systems, to the 
order Liliales.
Evidence based upon variations in the development of 

the stomatal complex (i.e., the stomates, the microscopie 
pores in the leaves, and the cells near them) among 
the monocotyledons is valuable in considerations of phy- 
logeny. All the studied plant groups of the order have a 
stomatal complex with two guard cells (the cells that con- 
trol the size of the stomate opening) and no subsidiaries 
(cells that surround the guard cells). This type is regarded 
to have arisen only once in the evolutionary history of 
the monocotyledons. Furthermore, the plant groups with 
this type of stomatal complex usually are closely related.
Floral features are thought to have developed along one 
or, at most, only a few related and parallel lines of in- 
creasing specialization, starting with the more primitive Relation to 
order Liliales. According to recent authorities the families iris order 
of the iris order are derived from the family Liliaceae.
Furthermore, the Burmanniaceae and the Corsiaceae are 
now considered to represent a parallel evolutionary line 
with the orchids.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The most important distin­

guishing features that are useful in delimiting the families 
of the iris order include the growth habit of the plants, 
the nature of the leaves, the symmetry of the flowers, the 
arrangement of the sepals in the bud, the number and 
position of the stamens, and the number and structure 
of the seeds.

Alternate system s o f  Classification. T he Classification 
adopted in this artiele is a recent one; however, the inclu-

Drawing by M. Moran; (far right) from J. Hutchinson, Families of Flowering Plants, © 1959 by The Clarendon Press, Oxford, reprinted by permission

Representative plants and structures from three of the four families of the iris order.
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sion of autotrophic and mycotrophic families in the iris 
order is a Situation about which there is no unanimity of 
opinion among botanists at present.

In an older Classification system, the family Burmanni­
aceae and the family Orchidaceae were placed together in 
a single order, the Microspermae. The genus G eosiris was 
removed from the Iridaceae and included in the Burman­
niaceae. The family Iridaceae of that system then formed 
a suborder, Iridineae, under the order Liliiflorae.
Eventually each of the three tribes of the family Burman­

niaceae (Euburmannieae, Thismieae, and Corsieae) was 
raised to the rank of a family. A new order was proposed 
for them—the Burmanniales. The family Iridaceae was 
also elevated to the level of an order representing a dis­
tinct group.

Other authorities included the tribes Euburmannieae and 
the Thismieae in a newly circumscribed family, Burman­
niaceae, and treated the tribe Corsieae as a separate fam­
ily, Corsiaceae. The genus G eosiris was also raised to the 
rank of a family.
All four families are now placed in the order Liliiflorae 

of one widely accepted Classification system. The Burman­
niaceae and the Corsiaceae are included in the suborder 
Burmanniineae of that system, and the Iridaceae and the 
Geosiridaceae are placed in the suborder Iridineae. A dif­
ferent, also widely accepted Classification system places the 
Iridaceae in the order Liliales and the three mycotrophic 
families in the order Orchidales. In the scheme adopted 
here, the four families compose the order Iridales.

The above taxonomie and phylogenetic controversies re­
sult, at least in part, from the nonavailability of allegedly 
primitive and critical genera and species for morphological 
study. Studies in the vegetative and floral anatomy, embry- 
ology, and cytology (structure and function at the cellular 
level) of the various groups of the order are necessary for 
detailed phyletic and taxonomie appraisals. (R.M.P.)

Zingiberales

Zingiberales (formerly known as Scitamineae) is an order 
of monocotyledonous flowering plants. The order includes 
8 families, 89 genera, and about 1,800 species. Plants of 
the order are abundant and conspicuous throughout the 
wet tropics, and some are also found in the seasonally 
dry tropics. They are herbaceous perennials in the sense 
that most of them have little or no woody tissue, but 
the plants and their leaves are, in many cases, very large; 
and in the wet tropics they are evergreen. Because their 
sterns lack the power of secondary growth in thickness, 
their possible growth habits are restricted, but within these 
limits they are remarkably varied. The family Musaceae 
provides the cultivated bananas and Manila hemp (M usa  
tex tilis). All species of the family Zingiberaceae are more 
or less aromatic, and the family provides several kinds 
of spices, among them ginger, turmeric, and cardamom; 

Economic some species also have medicinal uses. The family Maran- 
products taceae includes arrowroot, a source of fine starch; and the 

allied family Cannaceae, to a more limited extent, provides 
edible rhizomes (rootlike stem structures). Though many 
species of all families have other minor uses (e.g., flower 
buds and leaf sheaths for food, leaves for wrapping food 
and for thatching, etc.), the remainder are chiefly notable 
for the decorative character of their leaves and flowers, 
and many are cultivated for this reason. The only genus, 
however, in which considerable breeding for production of 
fine decorative varieties has been attempted is Canna. In 
recent years work on banana breeding in the West Indies 
has resulted in a great extension of knowledge of the wild 
species of M usa, which have been used, or studied for 
possible use, in the breeding program. The only plants of 
the order that are hardy in north temperate regions are 
species of R oscoea  (Zingiberaceae) from the Himalayas.

GENERAL FEATURES
Size range and diversity of structure. The largest plants 

of the order are the traveller’s tree (R avenala m adagas- 
cariensis), which has a woody trunk about 30 feet (9 
metres) or more tall and a fan-shaped array of 20 or more 
leaves 13 to 16 feet (4 to 5 metres) long, and the gigantic

M u sa  ingens of New Guinea with its false trunk about 30 
feet (9 metres) tall. M u sa  are actually herbaceous, non- 
woody plants whose rolled leaf bases and sheaths form 
what looks like an aerial stem. The smallest Zingiberales 
are the lowly herbs of K aem pferia  (Zingiberaceae) and 
some members of the family Marantaceae that raise their 
upward facing leaves only a few centimetres above ground.
The leaves of M u sa  and C anna  spread in all directions 
from the stem, but most other genera have them in two 
ranks; variety in appearance is caused by close or wide 
spacing of the leaves, size of leaf blades, short or long 
leafstalks, vein pattems, and (especially in Marantaceae) 
colour variegation of leaves. The inflorescence (flower 
cluster) is always terminal on an erect stem, but sometimes 
these sterns are very short and are separate from the leafy 
ones. Flower clusters are located in the axils (the angle 
between two organs) of the main inflorescence bracts and 
vary from very compact to spreading with well-spaced 
flowers. In many species the cluster is reduced to a single 
flower. Similarly, the size of flowers and the relative size 
of their parts show great differences as between the vari­
ous families, though all have the same basic pattem. The 
pattem is further complicated by a reduction of the basic 
number of six stamens (the male parts of the flower) and 
the replacement of some of them by petallike staminodes 
(sterile stamens). At the extremes are the large and spec- Variation 
tacular blossoms of the bird-of-paradise flower (S tre litzia ) among 
with two erect much-modified petals and only one stamen flowers 
missing, and the very small flowers of some Marantaceae 
species, which have staminodes of four different shapes 
and only half a functional stamen. M aran ta  flowers are 
thus asymmetrie, and as if to compensate for this lack 
of symmetry, they are produced in pairs, each flower a 
mirror image of the other.

Distribution and abundance. Though the order is repre­
sented by conspicuous plants throughout the tropics, the 
distribution of the constituent families is diverse. Probably 
the woody members of the order (in the family Strelitzi- 
aceae) are the oldest in an evolutionary sense, and they 
have a curiously discontinuous distribution. The family is 
thought formerly to have contained more species than at 
present and was probably more widely distributed. Two 
of the genera (R avenala  in Madagascar and Phenakosper- 
m u m  in South America) have each only one species; the 
third genus, Stre litzia , has five species in southem Africa.
Musaceae species are confined, as wild plants, to the Old 
World tropics, with a centre of distribution in the region 
of Myanmar (Burma), Thailand, and Malaya, but culti­
vated bananas have been carried by man to all parts of the 
tropics and some subtropical regions. The only genus of 
Musaceae in Africa (Ensete) has no part in the production 
of edible bananas but provides food in Ethiopia from its 
leaf sheaths. The family Heliconiaceae mainly occurs in 
tropical America, but there is one variable species in the 
western Pacific (New Guinea to the Samoa Islands), some 
forms of which have been widely cultivated for decorative 
purposes. Zingiberaceae, the largest family in number of 
species, is found throughout the tropics but is predomi- 
nantly Asian; the related family Costaceae, also worldwide 
tropical, is most numerous in America. Marantaceae, the 
second family in order of size, is most diversified in the 
New World but also occurs in the Old (the American 
species have been better studied and are the only ones 
in cultivation). The family Cannaceae is confined to the 
Americas. The family Lowiaceae consists of six little- 
known species in the forests of Malaya and Sarawak; its 
short-lived, foul-smelling flowers are orchidlike but have 
five stamens. The family Zingiberaceae is still very imper- 
fectly known, and many species have been described only 
from imperfect dried specimens; over much of its range 
this family needs a new study based on living material 
for a better understanding of generic concepts, which are 
still confused.

NATURAL HISTORY
Growth habits. With the exception of the genus Ensete, 

all plants of the order have the same basic growth habit, 
but this is disguised by differences in foliage and the 
presence of varying development of rhizomes. Each erect
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(Left) Floral structures of two families and (right) growth habits in the order Zingiberales.
In the right-hand figure a diagrammatic Interpretation of the evolution of the various growth 
habits is shown by the stem structures (not to scale). The arrows indicate the direction 
of evolution according to the concept that woody plants were primitive in the order.
(A) Phenakospermum, with a short woody stem and terminal inflorescence. New sterns occur 
at the ends of rhizome elements. (B) Ravenala, with tall, woody stem and lateral inflorescence. 
New sterns appear as suckers near the parent stem. (C) Musa, with stem consisting of a 
large, fleshy corm bearing a terminal inflorescence and suckers. (D) Ensete, with growth habit 
as in Musa but lacking suckers. (E) The nonwoody rhizomatous habit of Zingiber, of the family 
Zingiberaceae, and most other members of the order.
Drawing by M. Pahl based on (Musaceae) Curtis's Botanical Magazine (1898), (Zingiber ortensii) R.E. Holttum, Plant Life in Malaya 
(1953); Longman Group Ltd., (Ravenala madagascariensis, Musa paradisiaca) A.B. Rendle, The Classification of Flowering Plants 
(1967); Cambridge University Press, (A-E) Evolution (1962)

leafy stem is of limited growth because it has no power of 
increasing in thickness; the main root is similarly limited, 

Limited but many additional roots are produced from basal stem 
manner of nodes (the “joints” of the stem). New growth comes from 
growth a bud in the axil of a basal leaf, and this new growth 

has to start horizontally to become clear of the parent 
stem. If its end tums up close to the parent stem, the 
new shoot is called a sucker; if horizontal growth is ex- 
tended, it is called a rhizome or stolon. In either case the 
horizontal part and the base of the new erect stem bear 
new roots at the nodes; thus every new leafy stem has its 
own new complement of roots. The first erect shoot of a 
seedling is usually small, successive ones becoming larger 
until the mature size is reached, after which the pattern 
is repeated indefinitely, the rhizomatous species at least 
being potentially immortal; how long individual plants 
live in nature is, however, unknown. This kind of growth 
is called sympodial; a horizontal rhizome may ultimately 
appear continuous, but it is built up from a series of ele­
ments, each of which grows upward at its tip. Musa and 
Ravenala plants produce suckers that grow up close to 
the parent stem; some species of the family Zingiberaceae 
have quite long rhizome elements, and the leafy shoots 
are far apart. This sympodial growth is common to most 
monocotyledons, though often it is more modified than 
in the order Zingiberales.

Ecology. The majority of species are shade plants of the 
rain forest of evergreen tropical regions, though some grow 
mainly on forest margins or in Clearings or on riverbanks. 
Within a single genus (e.g., Musa, Costus) some species 
may grow only in shade while others grow in more open 
places. In Malaya many members.of the family Zingiber­
aceae that have tall leafy sterns produce their flowers on 
separate, short, sheath-covered sterns that arise from buds 
on the rhizome; the flowers are protected by overlapping

bracts, the whole inflorescence often being shaped like a 
pinecone. In species having long rhizome elements the 
inflorescence may appear some distance from the nearest 
leafy stem. In the genus Achasma the inflorescence shoots 
are so short that they do not emerge from the ground and 
all that can be seen is a circlet of flowers with bright red 
labella (prominent petallike structures) radiating outward, 
the flower tubes and ovaries being below ground level.
Fruits ripen below ground and the seeds are thought to
be dispersed by wild pigs or other animals. The leafy
shoots may be 10 to 16 feet (3 to 5 metres) tall, so that
the leaves are high in the air, even though the flowers
are partially buried in the ground. In the genus Hornsted-
tia the inflorescences are wholly just above ground level,
with firm empty outer bracts forming a spindle-shaped
structure out of the top of which the flowers emerge, one
or two at a time. In one Malayan Hornstedtia, however,
the whole rhizome is raised 20 inches (50 centimetres) or
more above the ground by thick red stilt-roots so that the
flowers are also raised. In nearly all such inflorescences the
overlapping bracts (leaflike structures attached just below
an individual flower, or below a flower-bearing branch of
the inflorescence) hold water in which flower buds and,
later, fruits develop. Altematively, moisture may be pro- Water-
vided by the rotting of main bracts (e.g., in some species storing
of Amomum) so that fruits develop in a mass of black structures
putrescence maintained in a wet state by frequent rains.
In species that flower at the top of leafy sterns, the main 
inflorescence bracts are often small or lacking and the 
flowers are fully exposed. The inflorescence develops in­
side the tube of overlapping leaf sheaths and appears at the 
top of the plant with flowers fully formed; the leaf sheaths 
thus take over the protective function of the main bracts.
All members of the family Zingiberaceae have brightly 
coloured flowers and slender flower tubes full of nectar,
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and they are probably mostly pollinated by butterflies. 
Flowers are, in all cases, short-lived, often lasting only 
a few hours.

The small flowers of Marantaceae, usually white, have a 
curious mechanism that is little understood but is doubt- 
less connected with pollination by smail insects. The style 
develops an intemal tension but is held straight by the 
hooded staminode; when the latter is touched, the style 
escapes and instantly bends so that the stigma (the sticky 
pollen receiving surface) faces downward. Pollen is de- 
posited from the ripe stamen on the style below. the stigma 
before the flower opens and may be removed by a visiting 
insect, but self-pollination is impossible.

M u sa  flowers are individually not conspicuous but the 
large main bracts are so; the bracts curl back in tum to 
expose the flowers they have protected while in bud. M u sa  
species (including cultivated bananas) with pendulous in­
florescences and dull purplish bracts have flowers with a 
rank odour and copious nectar; they open at night and are 
visited by bats. An important character of the cultivated 
bananas is that fmits develop without pollination; and if 
pollinated by bats (as they often are) they do not form 
seeds. Other species of M u sa  have erect inflorescences and 
brightly coloured bracts; such appear to be bird-pollinated, 
though the flowers are also visited by bees for pollen. The 
large flowers of S tre litz ia  are thought to be bird-pollinated.

The curious genus O rch idan tha  consists of rather small 
plants found in Malayan forests. One species has quite 
large flowers with dull purplish sepals and creamy white 
labellum, both as long as 5 inches (12 centimetres). The 
flowers have a strong unpleasant odour and probably at­
tract flies, but no observations on pollination have been 
made and few fmits have been found. The ovary (female 
flower part) has a long solid neck to which the other parts 
of the flower are attached.
The species of the order that occur in seasonal parts of 

the tropics are adapted to withstand drought. Some of 
them (e.g., K aem pferia , Curcum a, and Z in giber species) 
lose their leafy parts and survive the dry season as under­
ground rhizomes. Some Curcum a  and K aem pferia  species 
also produce tuberous roots, which act as an additional 
store of food and water. Many such plants produce their 
inflorescences in the latter part of the dry season before 
the new leafy shoots appear. An African species of C ostus  
produces downward-growing rhizome branches that func­
tion as tubers (underground storage organs) and do not 
end in leaf shoots. R aven a la  plants grow in open places 
in Madagascar but are evergreen; they may be helped to 
withstand dry seasons by the water they produce and store 
(not rain water) in their closed sheathing leaf bases, about 
a litre in each. P henakosperm um  is a swamp plant.
Epiphytes (plants that are not rooted in soil but grow 

upon the branches of other plants or in other aerial 
locations) in the wet tropics, like plants of seasonally 
dry climates, need to have some method of withstand- 
ing drought, because their roots are exposed. The few 
species of Zingiberaceae that grow epiphytically (at least 
two species of H edych iu m  in Malaya) have thick fleshy 
roots not unlike the tubers of some K aem pferia  species, 
but their function is probably storage of water rather than 
food. The plants are evergreen and do not grow in places 
exposed to strong sun and wind.

FORM AND FUNCTION
Vegetative characters. Leaves normally consist of a 

broad blade with a conspicuous midrib and a stalk that 
grades into a long sheathing base, but leaves at the base of 
a new shoot consist of sheaths only. One of the common 
characters of all members of this apparently diverse order 
is the arrangement of tissues seen in a cross section of a 
leafstalk. This arrangement typically includes prominent 
arcs of vascular bundles and air canals. Each new leaf 
grows up inside the sheath of the preceding one. In this 
position its blade has to be tightly rolled, one half being 
rolled inward, the other being rolled entirely outside the 
inner one; this is another peculiar character common to 
all members of the order. As a consequence, the halves of 
a fully expanded leaf are often slightly unequal, or the base 
of the blade is asymmetrie. There are also other anatomi­

cal characters common to all members of the order, as well 
as some peculiar to each family. Each leaf in the family 
Marantaceae, for example, has a peculiar firm specialized 
tissue called a pulvinus at the junction of the blade with 
the midrib or stalk; this consists of elongate cells arranged 
obliquely to the surface, and it serves to fix the angle 
between blade and stalk. In the family Cannaceae, which 
on other grounds also shows relationship to Marantaceae, 
there are similar cells on the lower surface only.

In almost all members of the order, the long leaf sheaths 
overlap, so that the true stem bearing them is not exposed. 
The stem is slender and lacks firm tissues, the leaf sheaths 
(inner ones very long) providing the necessary rigidity. In 
consequence, the only fully exposed sterns occur where 
the flowering stalk projects above the false stem of leaf 
sheaths. Exceptions to this rule are found in the genera 
C ostus and C anna  and in some species of the family 
Marantaceae. Plants of D o n a x  (Marantaceae) in Malaya 
have one stem section 7 to 10 feet (2 to 3 metres) or 
more tall from the ground to the first bladed leaf; these 
slender, firm structures are much used locally for mat 
making and basketmaking and are known by the Malay 
name bem bans.
Inflorescence. The inflorescence terminates the growth 

of a stem in most members of the order. The exceptions 
are the axillary inflorescences of R aven ala  and some S tre­
litz ia  species and those of the family Zingiberaceae in 
which the leafy shoots bear no inflorescence. The basic 
inflorescence type consists of an erect axis bearing main 
bracts (specialized leaves, unlike the regulär leaves, located 
immediately below a flower or flower cluster), in the axil 
of each of which is a monochasial cyme (a flower cluster 
whose first flower is located at the end of the axillary shoot 
attached to the main axis of the plant, the second flower 
arising in the axil of a bract located on this shoot below 
the first flower, the third flower similarly arising below the 
second, and so on for many additional flowers). In some 
cases there may be branch inflorescences, each like the 
top of the main one, in the axils of lower main bracts. 
This arrangement can produce a great variety of different 
floral displays. The main bracts may be large or small, 
absent (some Zingiberaceae) or reduced to one (S tre litzia  
reginae), closely overlapping or widely spaced, green or 
brightly coloured. Some species are cultivated because of 
their decorative bracts (H elicon ia  and species of N icola ia  
known as torch gingers). The cyme within each main bract 
may be very Condensed so that its branching is hardly de- 
tectable, or it may be reduced to a single flower; in other 
cases (A lpin ia  and G lobba  in the family Zingiberaceae) 
the cyme is extended and its branching conspicuous. In 
M u sa  the flowers are functionally unisexual (the stamens, 
although present in the female flowers, lack pollen), and 
the cyme within each main bract lacks all minor bracts, 
but a careful study of the sequence of development of 
flower buds shows that the arrangement is cymose (i.e., 
the terminal flower matures first). The terminal part of the 
inflorescence, usually pendulous, bears only male flowers, 
in which ovaries and stigmas are reduced and nonfunc­
tional; this male inflorescence tip is cut off and often 
cooked for food.

Flowers and fruits. Zingiberales flowers have three 
sepals (calyx), three petals (corolla), up to six stamens 
(male structures) in two whorls of three each, some being 
represented by sterile structures of varying form, and three 
carpels (constituting the ovary), the members of succes- 
sive whorls altemating. The female structure, or ovary, is 
enclosed by the united basal portions of the other flower 
parts, which thus appear to arise at the upper end of the 
ovary, a condition called inferior ovary. The calyx is al­
ways different in shape and size from the corolla, and the 
sepals are free from each other in all families except Zin­
giberaceae, which has a tubular calyx with small free lobes. 
The flowers are mostly bilaterally symmetrie (zygomor­
phic), but in some cases they are asymmetrie. There are six 
stamens in the genus R aven ala  only, the rest of the order 
exhibiting either five stamens (four families) or one func- 
tional stamen, the other stamens represented by a varying 
array of petallike sterile stamens called staminodes, which 
form the conspicuous part of the flower (four families).
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Variations on the basic flower structure pattem exist in 
the families with five and with one stamen. In the former, 
sepals and petals are the conspicuous parts of the flower; 
they are often large, and the paired petals are larger than 
the median one except in Musa and the family Lowiaceae. 
The families with one stamen and a varied number of 
petallike staminodes show a great range of floral form. 
The most conspicuous part of the flower in the family 
Zingiberaceae, usually called the labellum (though it does 
not consist of the same floral parts as the labellum in the 
family Lowiaceae and in orchids, in which it is a petal) 
represents two or three united stamens, and in many 
genera there is a pair of smaller but conspicuous petallike 
staminodes, each representing one stamen (in the genus 
Zingiber they are joined to the labellum); the result is 
a flower of orchidlike aspect, but the parts concerned in 

Character- orchid and ginger flowers are different and undoubtedly 
Stic shape the two have developed along quite different evolution- 
}f flowers ary lines. In the families Marantaceae and Cannaceae the 

single stamen is only half functional, the other half being 
more or less petallike. In both families the staminodes 
are of varying size and shape, so that their status is not 
easily decided, and there have been differences of opinion 
about them. In the family Costaceae the large labellum 
represents a union of all five nonfunctional stamens, and 
in some cases it can be seen to be five-lobed.

The fruit is usually dehiscent (Splitting open along def­
inite lines), except in Musa and Heliconia, with several 
seeds that have attached growths, called arils, of various 
forms (in the family Marantaceae the arils assist the de­
hiscence of the fruit). Reduction in the number of seeds, 
in a few cases to one, occurs independently in the family 
Heliconiaceae, in various subdivisions of Zingiberaceae, 
and in Marantaceae. The seeds have abundant endosperm 
(food storage tissue). The hard seed coat has a little plug 
opposite the radicle (the portion of the embryo that will 
become the root) of the embryo, and in germination the 
base of the cotyledon (the so-called seed leaf) elongates 
far enough to bring the aerial bud clear of the seed, the 
cotyledon tip remaining in the seed as an absorbing organ.

EVOLUTION AND PALEONTOLOGY
The order Zingiberales is a group of monocotyledons 
that has not invaded temperate regions, but its species 
have spread to seasonal parts of the tropics where they 
have evolved adaptations involving a period of rest during 
seasons when growth is impossible because of drought. 
Other groups of monocotyledons have evolved further 
by the development of resting organs (rhizomes, corms, 
and bulbs) that can withstand cold, the result being that 
monocotyledons of temperate regions (except grasses) are 
often thought to be characterized by such storage organs 
and by an adaptation to seasonal growth altemating with 
rest. It seems probable that monocotyledons began their 
existence in the wet tropics and that continuous growth on 
a sympodial pattem is their basic life form. Zingiberales 
show how this life form can be the basis for evolution of 
resting organs; there can be no doubt that this order began 
its diversification in the wet tropics, where it has left no 
certain fossil record.

It has been stated that the order Zingiberales shows 
resemblances to the subfamily Asphodeloideae of the Lil­
iaceae (order Liliales). The members of that subfamily, 
however, are temperate or subtropical plants, mostly geo- 
phytes (plants that overwinter below the ground surface) 
of seasonal growth; furthermore, they do not share any of 
the peculiar characters common to all Zingiberales species. 
Evidence has been produced that the woody species of the 
family Strelitziaceae represent the most primitive element 
in Zingiberales; if that is so, a common ancestor with the 
family Liliaceae must go back further than the beginning 
of the present great diversity of Liliaceae. Some authori­
ties have also suggested that the possibility exists that the 
monocotyledons as a whole have descended from treelike 
ancestors. It is, however, equally possible that the woody 
Strelitziaceae, the palms, and the pandans are indepen­
dent evolutionary developments exhibiting woody stmc­
ture and that the original monocotyledons were ancient 
herbaceous (nonwoody) dicotyledons similar to the family

Nymphaeaceae (order Nymphaeales) but more primitive 
and less reduced.

Examples of fossil Zingiberales are not certainly known, 
though there are fossil leaves that may belong to this 
order. The most likely records are fossil fmits and seeds 
from Eocene and Oligocene deposits (about 30,000,000 to
50,000,000 years old) in southem England and elsewhere 
in Europe; these have been given the name Spirematosper- 
mum. The fmits are somewhat like small bananas, but 
the inflorescence is more like that of some members of 
the family Zingiberaceae allied to Alpinia; the seeds are 
also Alpinia-like. Musa-like leaves have been found in the 
same formations as these fmits.

CLASSIFICATION AND TAXONOMIC STATUS
D istinguishing features. Flowers provide the basis for 

division of the order into families, though growth habit and 
inflorescence stmcture are often also distinctive. Within 
the family Zingiberaceae, the form of staminodes separates 
two tribes. Within both Zingiberaceae and Marantaceae 
it is held by some authorities that inflorescence stmcture 
is more important than flower stmcture in distinguishing 
genera.

Taxonom ie problem s. The families with five stamens 
have, until recently, all been included in the family 
Musaceae, and the family Costaceae has formerly been 
included in Zingiberaceae.

Recent studies of the family Musaceae have been under- 
taken in connection with banana breeding, but accounts 
of wild species are still inadequate. In the only existing 
monograph of the family Zingiberaceae (1904) the genera 
were not clearly defined and several generic names were 
misused, causing subsequent confusion. Much field work 
remains to be done throughout the Malayan region, but 
there is a real danger that many species may be extermi- 
nated by clearing of forests before this is accomplished.
The genera of Marantaceae in the Old World are also not 
yet clearly defined. (R.E.H.)

Orchidales (orchid order)

Orchidales is an order of monocotyledonous flowering 
plants considered by most authorities to contain only one 
family, the Orchidaceae, or orchid family. The small family 
Burmanniaceae has sometimes been included within the 
orchid order, however, and the subfamily Apostasioideae, 
included here, has sometimes been considered as a sepa­
rate family (Apostasiaceae) in the order Hemodorales.
The orchid family is regarded by most botanists as the 

largest family of flowering plants, although it is not yet 
possible to give an accurate estimate of the size of the 
family. Educated guesses range from 15,000 to 35,000 
species in 400 to 800 genera, but the lower estimates 
usually fail to consider the diversity of the family in the 
tropical regions.

GENERAL FEATURES
Discussions about orchids, whether among professional 
botanists or amateur orchid enthusiasts, often leave the 
impression that orchids are “somehow different” from 
other plants. As a group, they are different from other 
plants but only in the morphological (structural) charac­
ters that tend to distinguish them. These characters are 
associated with the flower and its organization. Even the 
special characters of orchid flowers, such as the masses 
of pollen called pollinia, the joining of the stamens (male 
organs) and pistil (female organ) to form the column, and 
the tiny seeds without endosperm (starchy nutriënt tissue) 
or organized embryos, are found individually in other 
groups of flowering plants. Therefore, no single character 
distinguishes the orchids; however, through the combina­
tion of several characters, a family of flowering plants, the 
Orchidaceae, emerges.

D iversity o f  structure. Orchids are primarily herbaceous Growth 
(nonwoody), although some species may be vines, vine- forms 
like, or somewhat shrubby. The plants may be free-living 
or, in a few cases, saprophytic (i.e., obtaining their food 
from the organic matter of dead and decaying plants), 
and they may be terrestrial or epiphytic (not rooted in
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Diversity among orchids.
(Top left) Odontoglossum triumphans. (Top centre) Oncidium falcipetalum. (Top right) Spider 
orchid (Brassia brachiata). (Centre left) Odontoglossum crispum. (Bottom left) Moth orchid 
(Phalaenopsis violacea). (Bottom centre) Odontoglossum grande. (Bottom right) Renanthera 
imshootiana.
(Top left, top centre) G.C.K. Dunsterville, (top right, centre left, bottom left) A to Z Botanical Collection— EB Inc., (bottom centre) 
Sven Samelius, (bottom right) Walter Chandoha

soil but living among tree branches or on other aerial 
supports). They may even be parasitic on fungi. Orchid 
flowers vary tremendously in size from the minute flowers 
of some species of the genus Pleurothallis, which are no 
more than 0.1 inch (about 2 millimetres) in diameter, to 
the large ones of B rassia , which may be more than 15 
inches (about 38 centimetres) from the tips of the lateral 
sepals (petallike structures) to the tip of the dorsal sepal. 
Although vegetatively orchid plants are somewhat uniform 
and do not show the wide range of diversity that may be 
found in some other families, the plants do offer a num­
ber of different growth types. Growth habits vary from 
those in which the plant is reduced to no more than roots 
(.D endrophylax) to saprophytic plants apparently lacking 
Chlorophyll (C ora llo rh iza) to gigantic plants (Arundina) 
that superficially resemble a bamboo.

The diversity of structure among orchid flowers can be 
attributed mainly to the methods of pollination found in 
the family or to the fact that the family is adapted for the 
utilization of a number of different types of pollinators 
(animals that carry pollen from one flower to another).

Orchids range from above the Arctic Circle to the tropics, 
but the majority of species are found in the latter.

Importance. The orchid family is probably one of the 
most important of plant families from a horticultural point 
of view. Nevertheless, of the 400 or more genera in the 
family, only about 50 genera are commonly cultivated. A 
plant group as large as the orchid family might be expected 
to contain enough different types of plants to satisfy any 
horticultural desire, but in the past 100 years more than 
60,000 orchid hybrids (crosses between different species) 
have been produced. A number of these hybrids are used

in the cut-flower trade, and a large number of the plants 
are grown and exhibited with the flowers intact. The large 
number of corsage orchids and flowers for the cut-flower 
trade, however, derive from only about 150 species. Sev­
eral species from distinct genera are grown as hedges in 
tropical areas, and a number of species are used as oma- 
mentals in warmer regions.

Other than the horticultural uses to which orchids are 
put, the family is notably lacking in species from which 
products are derived. The only commercially important 
product derived from orchids is vanilla. Most vanilla is 
produced from one species, Vanilla planifolia , although 
two additional species are also cultivated commercially ( V. 
p o m p o n a  and V. tahitensis). In recent years the use of ar­
tificial vanilla has even reduced the use of natural vanilla.

The principal vanilla-growing areas are Madagascar, 
Mexico, French Polynesia, Réunion, Dominica, Indonesia, 
West Indies, Seychelles islands, and Puerto Rico. Vanilla 
is grown from sea level to about 2,000 feet (600 metres) 
in elevation. The plant is a climbing vine that is indige- 
nous to the tropical regions of the Western Hemisphere. 
Although the flowers of vanilla are attractive, they fade 
quickly and are not useful for the floral industry.

Primitive peoples throughout the world use various other 
orchids for a variety of folk medicines and eures. In the 
West Indies, the bulbs of B letia  purpurea  are boiled, and 
the liquid is thought to eure poisoning from fish. In 
Malaya, women take a drink made from the boiled leaves 
of N ervilia  aragoana  to prevent sickness after childbirth. 
In Malacca, boils are treated with a poultice made from 
the entire plant of O beron ia anceps. In Chile, Spiran thes  
d iuretica  is known to be a strong diuretic. In certain parts

Folk uses 
of orchids
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Large, attractive orchids: wild and cultivated.
(Left) The yeiiow lady’s siipper (Cypripedium caiceoius) is one of the iargest northern 
temperate orchids. (Right) Cattleya, a genus with thousands of hybrids, contains many 
populär ornamental and corsage orchids.
(Left) Sven Samelius, (right) Derek Fell

of Ecuador, the mucilage from C atase tu m  is thought to 
be good for broken bones. In various parts of the world, 
certain orchids are also used for food or food Supplements. 
In Malaya, the leaves of one species of A noectochilus are 
sold as a vegetable, and the leaves of D en drob iu m  salac- 
cense are cooked as a seasoning with rice. In certain parts 
of the Asian tropics, the tubers of some species of Gastro- 
d ia  are eaten like potatoes. Throughout the world several 
species of orchids are used as a glue substitute. In most 
cases the glue is derived from the pseudobulbs. Salep is 
derived from the tubers of several species of Orchis. The 
tubers are boiled, then dried and powdered. The resulting 
preparation is often used as a flour substitute.

FORM AND FUNCTION
The flower. The primary characters that distinguish the 

orchids as a group are found in the flower. At the bottom 
of an unspecialized non-orchid flower is the stem that 
supports it, called the pedicel. Directly above, and at the 
base of the flower itself, is a whorl of green, leaflike organs 
called sepals. Above and inside the sepals is a second whorl 
of coloured petals. These are the asexual parts and are 
developed to protect the flower or to attract pollinators. 
Inside (also arranged in whorls) are the sexual portions 
of the flower. First are the male stamens, which consist 
of a filament (the slender stalk that supports the anther) 
and an anther (usually an arrangement of four sacs filled 
with loose pollen grains). There may be several whorls of 
stamens. In the centre of the flower is the female pistil, 
which is composed of an enlarged portion (the ovary) 
topped by a stalklike style with a stigma at its apex. The 
pollen in the anther is powdery and is usually carried from 
the anther of one flower to the stigma of another flower 
by a pollinating agent.

The previous description is of a generalized flower, and 
it must be kept in mind that many types of variations 
may be found. Even though it is a generalized flower, it is 
not to be considered a primitive flower. The generalized 
orchid flower is also supported on a pedicel. The ovary, 
however, with its ovules seems to be an integral part of the 
pedicel because it is embedded within the upper portion of 
the pedicel below the attachment of the petals. The orchid 
flower is thus said to have an inferior ovary. The sepals 
and petals are usually similar, often highly coloured, and 
in sets of three. One petal is developed as a landing plat­
form for the pollinator and is called the lip (or labellum).

S ex u a l organs. The sexual portions of the orchid flower 
are quite different from other generalized flowers, and they 
tend to characterize the family. The filaments, anthers, 
style, and stigma are reduced in number and are usually

fused into a single structure called the column. In one 
relatively small group (the lady’s slippers), two anthers are 
present, one on each side of the column (some members 
of the primitive subfamily Apostasioideae have three an­
thers). The majority of the orchids, however, retain only a 
single anther at the apex of the column.
In the orchid the ovary is composed of three structures 

called carpels. The carpels have fused so that the only 
outward evidence of their existence is the three ridges on 
the outside of the seed pods. The mature seed pod does 
not open along the lines of juncture but rather down the 
middle between the lines of juncture. The ovules, which 
are arranged along the ridges inside the ovary, do not de­
velop until some time after the flower has been pollinated, 
thereby contributing to the long delay between pollination 
and the opening of a ripened pod.

O rchid peta ls. In most monocots the sepals and petals 
are so similar that they are not distinguished but fall under 
the collective term perianth. In the orchids, however, they 
are usually quite distinct and therefore retain their sepa­
rate identification. The petal opposite the fertile stamen is 
the one called the lip, or labellum. Often two, or even all 
three, of the sepals are joined, and the lip, petals, or the 
sepals may be joined to the column for some distance. One 
of the characteristic differences between the orchid family 
and other advanced monocots is that the fertile stamen or 
stamens (that is, the one or more that are not completely 
reduced) are all on one side of the flower opposite the lip. 
This makes the flower bilaterally symmetrical.

The lip is oriented upward in the bud, but as it later 
develops, twisting takes place in the pedicel or ovary so 
that the lip is usually oriented downward by the time the 
flower opens, a process called resupination.
The presence of the labellum as a landing platform for 

insect pollinators and the reduction of the stamens and 
pistil of a flower to a single structure, the column, is 
certainly the apex of floral adaptation to insects as polli­
nating agents. Once achieved, this combination provides a 
foundation for all kinds of specializations for attraction of 
specific pollinators. The development of the stränge and 
complex reorganizations found in the flowers of many or­
chid genera are directly attributable to evolutionary forces 
interplaying on the basis of such a pre-existing foundation.

N ectar-producing organs. There are several types of 
nectaries in the orchids, including extrafloral types that 
secrete nectar on the outside of the buds or inflorescence 
(flower cluster) while the flower is developing. Shallow 
cuplike nectaries at the base of the lip are common. 
Some nectaries are in long spurs produced either from 
the joined sepals or from the base of the lip. Members
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of the E piden dru m  complex have long tubular nectaries 
embedded in the base of the flower alongside the ovary. 
Nectaries on the side lobes of the lips are known, and 
general nectar secretion along the central groove of the lip 
is common. The nectaries of many species of the Liliales 
order, a possible ancestral group, are within the septa of 
the ovary, but the nectaries of the Orchidales are present 
on the sepals or petals, if they are present at all.

In most of the orchids, the stamen and style are fused 
completely into a single organ—the column; however, in 
C ypriped ium , A postasia , and some higher orchids such as 
Spiranthes, they are only partially united. In some cases an 
extension of the base of the column with the lip attached 
at its apex forms the column foot. In many instances this 
structure exudes nectar.

A nth ers a n d  pollen. In most of the orchids the anther is 
a caplike structure located at the apex of the column. The 
anther of some of the more primitive orchids is superfi- 
cially similar to that of a lily or amaryllis. In H abenaria  
and its allies the anther projects beyond the apex of the 
column but is thoroughly attached. Sometimes the two 
halves of the anther are widely separated and have led 
some botanists to believe that they represent two anthers. 
In one subfamily, Cypripedioideae, two anthers do occur 
and are attached on each side of the column. These or­
chids are usually considered to be primitive.

In most orchids the pollen grains are bound together by 
threads of a clear, sticky substance (viscin) in masses called 
pollinia. Two basic kinds of pollinia exist: one has soft, 
mealy packets bound together to a viscin core by viscin 
threads and is called sectile; the other kind ranges from 
soft, mealy pollinia, through more compact masses, to 
hard, waxlike pollinia. G oodyera, H abenaria, and Spiran­
thes have the former, and the latter are found in Sobralia, 
Phajus, C attleya , and O n cid ium  (becoming harder in that 
sequence). The hard, waxy pollinia usually have a small 
amount of mealy pollen with viscin Strands that attach the 
pollinia to each other or to a viscidium. This portion of 
the pollinium is termed the caudicle.
The stigma is usually a shallow depression on the inner 

sides of the column. It is composed of the three stigmatic 
lobes found in the typical monocot flower, but the three 
lobes are grown together. Faint lines often can be seen on 
the surface of the stigma, dividing it into three parts.

In the majority of the orchids, a portion of one of the 
three stigma lobes is specialized and forms a structure 
called the rostellum. The rostellum projects down in front 
of the anther in the form of a flap. As the visiting insect 
begins to back out of the flower, it brushes the rostellum, 
which is covered with sticky stigmatic liquid. The pollinia

are then picked up from the anther and stick to the body 
of the insect. Some primitive species have no rostellum, 
and the pollinia simply stick to stigmatic liquid that is first 
smeared on the back of the insect. A further specialization 
occurs in more advanced orchids in which the caudicles 
of the pollinia are already attached to the rostellum and a 
portion of it comes off as a sticky pad called a viscidium. 
In the most advanced genera a strap of nonsticky tissue 
from the column connects the pollinia to the viscidium. 
This band of tissue is called the stipe and should not be 
confused with the caudicles, which are derived from the 
anther. Orchids that have a stipe also have caudicles that 
connect the pollinia to the apex of the stipe. The pollinia, 
stipe, and viscidium are called the pollinarium.

S eed s a n d  their dependence on fungi. Orchid seeds are 
extremely small and contain an undifferentiated embryo 
that lacks endosperm. A single seed pod produces a large 
number of small seeds, which are ideally suited for dispers­
al by wind. Orchid seeds need the presence of a fungal 
mat in order to germinate and grow in nature. This mat 
is called a mycorrhiza. The fungus apparently penetrates 
the seed and contributes to the growth of the seedling by 
producing or supplying some of the necessary nutrients 
for growth. It has not yet been firmly established whether 
or not the fungus is necessary for the continued growth of 
the mature plant, but it appears likely that the presence of 
the fungus aids in the uptake of nutrients and prevents the 
leaching of nutrients from the root material of epiphytic 
species. Although it is possible to grow and germinate 
some orchids without the fungus in artificial cultures, it 
is thought that a fungus is necessary for germination and 
growth in nature.

In some cases the presence of a specific species of fungus 
is necessary, while in other cases several fungi may have 
the ability to become involved in the process. The fungi 
that are involved with mycorrhiza in orchids are of two 
taxonomie groups: the Fungi Imperfecti (Deuteromycetes) 
and the Basidiomycetes (fungus order Agaricales), the lat­
ter group being that to which the familiär mushrooms 
belong. Although most, if not all, orchids have mycor­
rhiza, mycorrhiza are not limited to the orchid family but 
are found in a large number of other plant families.

Growth habits. The majority of the tropical orchid 
species are epiphytes; that is, they grow on trees without 
Connection with the ground. Nearly all of the orchids in 
the temperate zones, however, are terrestrial.

The predominant growth form in a wide range of mono­
cots has been shown to be a type known as the sym- 
podium, and this may reasonably be considered to be the 
primitive condition in the orchids. Sympodial growth is a
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(Left) C. Foord— EB Inc., (right) W.H. Hodge

Extreme variations employing habitat.
(Left) Neottia nidus-avis, bird’s nest orchid, is a nongreen saprophytic orchid. (Right) 
Taeniophyllum zollingero is epiphytic, with flattened green roots that act as organs of 
attachment and in place of leaves for photosynthesis.
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creeping habit, and it consists of an axis that appears con- 
tinuous but is, rather, made up of a succession of elements 
that each originate not from a terminal bud but as a fork 
of a dichotomy, the other fork being weaker in growth or 
suppressed entirely. The usual form of a sympodium is 
a horizontal rootlike stem structure called a rhizome that 
tums up at the ends of each “branch.” Most primitive 
orchids have a rather ordinary monocot appearance with a 
short rhizome stem and erect, nonthickened annual sterns 
having scattered, spirally arranged leaves and a terminal 
inflorescence (flower cluster).

Another major type of growth form found in the or­
chid order is the monopodial habit, in which the stem 
has unlimited apical (terminal) growth and roots are not 
restricted to its basal portion. In some systems of Classi­
fication this has been considered to be a distinguishing 
mark of the subtribe Sarcanthinae; however, the monopo­
dial habit occurs in the subtribes Vanillinae, Cymbidiinae, 
Maxillariinae, Pachyphyllinae, Thelasiinae, and Oncidi- 
inae and possibly in other groups as well. In some of these 
groups there exists a graded series from sympodial plants 
to related monopodial types.

A great many orchids, especially the epiphytic groups, 
show variously thickened sterns, or “pseudobulbs.” While 
these structures are quite diverse in form, they fall into a 
limited number of morphological types and seem to show 
some evolutionary trends. One of these seeming trends 
is from pseudobulbs (or corms, bulblike stem structures) 
of several or many intemodes (nodes are stem regions 
at which leaves attach, intemodes are the stem areas be­
tween such nodes) to pseudobulbs of a single intemode 
(as in B ulbophyllum  and the subtribes Maxillariinae and 
Oncidiinae). Thickened stem bases may be found in either 
terrestrial or epiphytic groups, but pseudobulbs of a single 
intemode are restricted to primarily epiphytic groups.

Saprophytic orchids, those that obtain their food from 
dead organic matter instead of by photosynthesis, are 
found in at least 12 subtribes of orchids. The majority of 
orchids pass through a saprophytic seedling stage, which 
may last for months, especially in terrestrial species. Thus, 

sapro- the evolution of a completely saprophytic life cycle in 
Dhytic different groups of orchids is not surprising. The wholly 
orchids saprophytic orchids pose special Classification problems.

The adaptations for saprophytism drastically change the 
vegetative features of the plant, thus obscuring some of 
the characteristics normally used for determining relation­
ships. Even the reproductive features may be affected by 
these adaptations. In the genus C orallorh iza, for example, 
the pollen-bearing stmctures are more simple than in the 
related genera O reorchis and Tipularia. In the absence 
of these two closely allied genera, C ora llo rh iza ’s relation­
ship to the Cyrtopodiinae subtribe would be much less 
clear. The saprophytes are difficult to cultivate and are 
poorly represented by herbarium specimens, which fur­
ther complicates their study. Autogamy (self-fertilization) 
is frequent, and an autogamous saprophyte is nearly the 
ultimate in taxonomie difficulty.

NATURAL HISTORY
Life. The life cycle of an orchid is not essentially dif­

ferent from that of any other flowering plant. When the 
pollinator leaves the pollinia on the stigma (the pollen- 
receiving stmcture of the female flower parts), the pollen 
tubes germinate and grow down the centre of the col­
umn to reach the ovary. This often causes the sides of 
the stigma to swell around the stigma and the enclosed 
pollinia. When the pollen tubes reach the ovules (this of­
ten takes six weeks or more, during which time the ovules 
have been developing), one or more enters and the sperm 
unites with the egg. The fertilized egg, or zygote, begins 
to divide to form the mass of cells destined to become 
the embryo. Most other plants have a slightly different 
development from that of the orchid. There is usually a 
double fertilization, one of which forms the zygote and the 
other an endosperm that nourishes the developing plant 
upon germination until the plant is able to manufacture 
its own food.

)rchid The orchid seed, however, has no endosperm. The seed
eeds consists of a simple, dry, outer coat enclosing a small

mass of undifferentiated cells that form a pro-embryo.
This extremely small and light unit can easily be car­
ried in air currents and may travel long distances before 
coming to rest. The number of seeds in a single orchid 
capsule is nearly astronomical: close to 2,000,000 seeds 
have been reported from a single capsule of C atasetum .
These extreme numbers undoubtedly are correlated with 
the unlikelihood of a seed’s falling in a favourable spot.

Ecology. Orchids have a wide ecological distribution 
when the entire family is considered. Although the family 
is primarily tropical, a number of species are found in 
the northern and southem temperate zones. At least four 
species have been reported from north of the Arctic Cir­
cle. A number of species of the north temperate zone are 
found in bogs, prairies, grasslands, and hardwood forests.

Several species of Spiranthes, H aben aria , and other or­
chids are found in roadside ditches, often in wet, boggy 
situations. In some areas of the United States, H aben aria  
ciliaris might almost be considered a weed. The intro­
duced Asian species Z eu x in e  stra teu m a tica  in southem 
Florida is now widespread and may be considered a weed.
Orchids grow from sea level to at least 15,000 feet (4,600 

metres) in elevation. The greatest number of orchid species 
is found in cloud-forest associations in tropical regions.
These are usually on forested mountainsides where the 
clouds brush the mountain day and night. Such forests are 
literally covered with mosses and lichens, and the inclina- 
tion of the ground permits sunlight to penetrate through 
the Vegetation to the ground. This is a perfect habitat for 
epiphytic orchids as well as aroids (family Araceae), fems, 
gesneriads (family Gesneriaceae), and numerous other epi­
phytic groups of plants.

Contrary to populär belief, rain forests on generally flat 
terrain are poor localities for orchids. At Iquitos, on the 
Amazon River in Peru, only about 125 species of orchids 
have been reported, and many of these are quite rare.
Orchids that do occur in rain forests tend to be in the tops 
of large trees with little Variation in each tree. Often great 
quantities of a single species inhabit a tree, while another 
nearby tree may have only one or two additional species.
The tropicai-deciduous seasonal hardwood forests of the 
tropics, where marked wet and dry periods occur, often 
have numerous orchid species; however, this also tends to 
be the best farmland, and therefore forests do not last long 
after colonization by man.
A wide range of ecological tolerance is shown by orchids.

In addition to those species that are found above the 
Arctic Circle, a few species of orchids are found in desert 
conditions; for example, in the dry areas of northem Peru, 
several species of orchids are found epiphytic on cacti. Desert- 
On the Santa Elena Peninsula in western Ecuador, two dwelling 
species of O ncidium  as well as one species of B rassia  are orchids 
found on cacti. In parts of Central America one species of 
B rassavola  is found growing on mangrove roots, often at, 
or only slightly above, the level of high tide. In Jamaica 
several species are found growing on bare rocks. In the 
Everglades, on the other hand, one species of H abenaria  
is almost aquatic. In western Mexico, one species of Pleu- 
rothallis is epiphytic on lichens.
Orchids vary from those species that are very widespread, 

such as the species found throughout most of the tropical 
regions of the Western Hemisphere (e.g., Ion opsis utric- 
ularioides), to some species that seem to be restricted to 
a single mountain (some species in the subtribe Pleuro- 
thallidinae). In the West Indies, each of the major islands 
seems to have a fair number of such restricted species.

Pollination. The total orchid flower is an instrument 
adapted for exact modes of pollination. The function of 
pollen deposition is centralized precisely in the median 
plane opposite the lip, or labellum (the large central petal 
of the flower). Being directed back toward the centre of 
the flower, the anther deposits pollen on the most ad- 
vantageous side of the visitor, considering efficiency in 
reception and deposition. This precision is also expressed 
by a tendency of orchids to deposit the pollen as one 
mass, the pollinarium.
The published data are insufficiënt to establish accurately 

the relative importance of pollinating agents in the family; 
however, a rough estimate may be given as in Table 3.
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Table 3: Pollinator Spectrum of the Orchid Family*

Hymenoptera % other agents %
Wasps 5 Moths 8
Lower bees 16 Butterflies 3
Carpenter bees 11 Birds 3
Euglossine bees 10 Flies 15
Social bees 8 Mixed agents 8
Mixed bees 10 Self-pollination 3
♦The numbers represent an estimate of the relative 
importance of various pollinating agents in terms of 
the percentage of orchid species pollinated by each 
group.

Such extreme divergence in pollinators testifies for youth, 
continuing evolution, and adaptive radiation in the family.
Orchids as a group have nectar as the major attractant, 

whereas pollen, sought by pollinators among lower plant 
families as a protein-rich food, has been withdrawn. This 
is tied to the exactness of the mechanics of pollination, but 
it also means that orchids can no longer provide the only 
source of sustenance for the pollinator, and other flowers 
must be present in the biosphere to maintain visitors.
Nectar in orchids is provided in tubular nectaries (B ras- 

savola, A ngraecum , C om parettia , and other genera), in 
grooves on the labellum (L iste ra , E pipactis, etc.), and at 
the base of the column and lip (D endrobium , Scaphyglot- 
tis, etc.). It has been estimated, however, that as many 
as 8,000 species of orchids, one-third of the family, are 
nectarless. These orchids have developed other means of 
attracting pollinators, largely consisting of deceptive at- 
tractants in one form or another.

Many orchids produce pseudopollen for the attraction 
of pollinators. A powdery mass resembling pollen occurs 
on the labellum of a number of species of M axillaria  
and P olystachya. Sometimes the grains are detached out- 
growths called papillae, and sometimes they are disinte- 
grated multicellular hairs that are filled with starch. It 
has been demonstrated that this pseudopollen is collected 
by bees at least from the orchid genus M axillaria . It has 
been noted that in none of the species producing such 
pseudopollen is nectar produced.

B ee pollination . Flowers pollinated by bees tend to pro­
duce agreeable odours, to have bright colours, to be open 
during the day, to provide a landing platform, to have 
nectar guides in the form of coloured lines running into 
the depths of the flower, and to have concealed nectaries. 
The basal portions of the orchid lip are usually formed 
into a tunnel with the column forming its upper side. The 
bee enters the tunnel to get at the nectary, and, as the bee 
backs out, some of the stigmatic fluid may be rubbed on 
its back. As the bee backs farther, the pollinia become at­
tached to the sticky material and are carried with the bee 
to the next flower. In more advanced orchids the pollinia 
may be attached to a sticky pad, the viscidium, which 
becomes detached from part of the stigma and sticks to 
the pollinator.

Some species of orchids are pollinated by bees that are 
attracted by means of deception. The flowers of the large 
genus O ncidium , for example, are pollinated by male 
G entris bees in what appears to be a case of pseudo-antag- 
onism. The flower seems to simulate an enemy insect, 
which the male bee tries to drive away from his territory. 
As the bee strikes at the flower, the pollinia are attached 
to the head of the bee.

The most exciting and unusual examples of deceit, traps, 
and manipulation of pollinators are to be found in those 
orchids that are pollinated by male euglossine bees (species 
of the bee tribe Euglossini). The syndrome of flowers that 
are pollinated by male euglossini is based on the attraction 
of the male bees to the odour of the flower. In no case 
does the male euglossine bee receive food from the orchid 
that it visits for the purpose of collecting odour. So far as 
has been determined, all members of the orchid subtribes 
Stanhopeinae, Catasetinae, Lycastinae, and Zygopetalinae 
are pollinated by male euglossine bees, as also are certain 
genera of the subtribes Oncidiinae and Ornithocephalinae.

The euglossine male bees visit other nectar-producing 
flowers for their food, but, when the male bees visit the

non-nectar-producing orchid flowers, they rub the surface 
of the lip with their front feet and collect in special tarsal 
brushes the odour that is produced there. The bees then 
launch themselves into the air and transfer the odour 
to their hind tibiae (leg segments), which have become 
noticeably swollen. It is in the process of transferring 
the odour to the hind tibiae that the bee is manipulated 
by the orchid.

The pollination phenomena of the Stanhopeinae subtribe 
are based on the same principles as in the Catasetinae, but 
with the Separation of sexes in the flower being in time 
rather than in space. Self-pollination in the Stanhopeinae 
subtribe is averted by differences in the maturing time of 
the male and female reproductive parts, whereas in the 
Catasetinae there are separate flowers of each sex. The 
stigma is narrow when the bee first visits, and the pollinia 
are thick before drying and therefore cannot be inserted 
into the stigma of the same flower. Powerful fragrances for 
attraction are present. In the Catasetinae, the male flowers 
are organized to position the bee perfectly so that when the 
pollinarium is discharged the viscidium becomes attached 
at a specific location on the bee. In this manner it will fit 
properly in the stigmatic cleft of the female flower when Manipu- 
the bee visits it. In most species of the Stanhopeinae, the lation of 
flowers are organized to take advantage of the erratic flight bees by 
habits and slowed reflexes of the male bees that are col- orchid 
lecting odour components. Their pollination mechanisms, flowers 
in the more spectacular forms, manipulate the bees so as 
to make them fall either through a chute, down a slide, or 
into a “bucket” of water.

In the genus Stanhopea, for example, some species face 
downward with the lip and column pendent while the 
sepals and petals are reflexed upward. The base of the lip 
is saccate (baglike) and is separated from the arched col­
umn. The bee enters at this place rather than at the apex 
of the lip and column, which are close together, form­
ing a chute. The rostellum (beaklike apex of the female 
flower parts), with the attached viscidium, projects into 
the chute. After the bee has landed and brushed at the 
base of the lip in order to collect the odour, it attempts to 
fly out of the flower. The column interferes with its flying 
equilibrium, and it falls, abdomen first, down through the 
chute, picking up the viscidium under its body (metatho- 
rax) as it passes.

Calaway H. Dodson

Manipulation of pollinators.
(Left) Coryanthes albo-purpurea has a water bucket into which 
a visiting pollinator bee falls. The pollinarium is deposited 
on the abdomen of the bee as it exits by way of a special 
tunnel, and pollination occurs when the bee visits another 
plant. (Right) After rubbing for odour at the base of the lip, a 
visiting bee (Eulaema meriana) falls through the specialized 
chute of Stanhopea gibbosa and either picks up or delivers 
the pollinarium.

Another Variation of pollinator manipulation by orchids 
is found in the genus C oryanthes. The flowers are very large 
and might even be considered grotesque. The sepals and 
petals fold back out of the way when the flower opens— 
like sails on a boat—revealing the strangely formed lip. 
The lip is divided into three parts: a globular- or hood- 
shaped portion called the hypochile above; an elongate, 
sometimes fluted part, the mesochile; and a bucket-shaped 
epichile. The epichile is partially filled with water during 
the last few hours before the flower opens and for a short 
time afterward by two faucetlike organs located at the base 
of the column, which drip water. Male euglossine bees are 
attracted by the strong odour produced by the hypochile, 
where they scratch. In trying to launch into the air to 
transfer the odour to their hind legs, the bees occasionally
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fall into the water-filled bucket. The sides of the bucket 
are vertical and are very waxy, so that the bee is not able 
to climb out of the bucket. The only way for the bee to 
get out is through a small tunnel formed by the apex of 
the column and the apex of the epichile of the lip. As the 
bee forces its way out of the tunnel, the pollinarium is de- 
posited on its thorax. The pollinia may then be deposited 
in the stigma of another flower on a next visit, provided 
the original pollinia of that flower have already been re- 
moved and the stigmatic cleft has opened sufficiently to 
become receptive.

M oth  a n d  butterfly pollination . Moths normally fly at 
night and are attracted to flowers that produce strong 
odours and are white or light-coloured. Moths that visit 
flowers are usually strong fliers and are capable of hover­
ing in front of the flower while extracting the nectar. The 
typical moth-pollinated flower has a long, slender nectar 
tube containing abundant nectar. The fragrance produced 
is typically sweet or musky, and the flowers usually are 
horizontal or hanging. Butterflies, on the other hand, are 
day fliers and go to highly coloured flowers that may 

"harac- or may not be fragrant. Butterflies tend to be somewhat 
ïristics of erratic fliers and, lacking the ability to hover, usually land 
utterfly- on the flower. The flowers are, therefore, usually erect and 
ollinated provide platforms for landing. Often the platform simply 
rchids consists of a head of erect, densely packed flowers. Butter­

flies detect colours well, and butterfly-pollinated flowers 
are usually brightly coloured with red, orange, or yellow 
predominating. Nectar is commonly abundant and is hid- 
den in deep nectar tubes.

In an often cited case, Charles Darwin, the English 
evolutionist, predicted that a moth with a 10-inch- (25- 
centimetre-) long proboscis would eventually be found on 
the island of Madagascar as the pollinator of the orchid 
A ngraecum  sesquipedale, since a moth would need a long 
tongue to reach the nectar hidden in the very long nec- 
tary of this species. Such a moth has been found but 
has not yet been observed to pollinate the flowers of this 
amazing orchid.

The nectar tube of A ngraecum  sesqu ipedale  is formed 
by the base of the lip. In most of the moth-pollinated, 
butterfly-pollinated, as well as bird-pollinated orchids, the 
nectar tube is arranged to guide the tongue or beak in 
such a manner that the pollinia are correctly attached to 
the pollinating organism.

B ird  pollination . Flowers adapted to pollination by 
birds are usually brightly coloured, with reds, blues, and 
yellows predominating. They are usually tubular in form, 
often with a long nectary, and nectar is almost always 
present. Birds have little or no sense of smell, and bird- 
pollinated flowers tend to lack odour; however, the bright 
colours serve to attract the birds. Bird-pollinated orchids 
tend to follow the pattem of other bird flowers; however, 
in some cases they diverge considerably. Many orchids 
of the Western Hemisphere appear to have adapted to 
bird pollination as an extension of butterfly pollination, 
and, as in the case of E piden dru m  secundum , birds 
and butterflies act as copollinators. In such cases, or­
chid flowers already adapted to butterflies are not greatly 
changed morphologically. On the other hand, orchids that 
have adapted directly to hummingbirds from bee-polli- 
nated ancestors have changed fundamentally. The genera 
C ochlioda, Sophronitis, E lleanthus, Isochilus, C om paret­
tia, H exisea , and M eiraqyllium  are all bird pollinated and 
are remarkably similar in certain aspects. All have bright 
colours, tubular form, and a callus or hump in the interior 
of the tube, on the lip, which acts to force the beak of the 
bird against the column.

F ly  pollination . Some flies are important pollinators of 
flowers, and certain families of flies (e.g., the Syrphidae 
and Bombyliidae) are restricted to flowers for their food. 
Unspecialized flowers may attract flies to nectar, which 
is present in open, shallow nectaries and may emit sweet 
odours. The flies eat the nectar and do not store it as do 
bees. More specialized fly flowers may attract flies through 
deception, imitating decaying substances, düng, or car- 
rion. Many kinds of flies are then attracted and act as 
effective pollinators. Fly-pollinated flowers have often de­
veloped traps for catching and holding unadapted visitors.

They commonly have large landing surfaces and “tails” 
produced from the flower parts, which function as guides. 
Their colours are usually checkered or blotched and tend 
toward dull green, brown, purple, or red. The odours 
produced are commonly putrescent. Orchids pollinated 
by flies are common throughout the world. In most fly- 
pollinated orchids, special adaptations have developed— 
superimposed on the basic pattem of the bee-pollinated 
orchid flower—to guide the somewhat poorly oriented 
flies. Certain of the five petals may be long and taillike (as 
in Bulbophyllum  and M a sd eva llia ) or joined to form a flat 
radial flower (as in Stelis). The flowers themselves may 
be arranged to form a larger radial, compound “flower” 
(as in Cirrhopetalum ). The petals or lip may be fringed 
with motile clublike hairs that vibrate in the wind and 
attract the flies (B ulbophyllum  and C irrhopetalum ). Often 
the sepals are joined or the lip is saccate to form a trap 
(P ragm opediium  and P terosty lis) into which the flies fall 
and from which they must crawl by way of a tunnel that 
passes the stigma and anther. A common contrivance by 
which orchids exploit flies is a hinged, balanced lip that 
tips with the weight of the fly and launches the pollinator 
into the flower.

In orchids it is often difficult to decide when simple fly 
pollination ends and deception that is based on carrion 
mimicry begins. Many genera have some species whose 
pollination is based simply on attracting various kinds of 
flies by means of sweet odours and nectar production, 
while others attract flies on the basis of rotten odours but 
provide no food.
Three major groups of orchids have become predom- 

inantly fly-pollinated: the subtribe Pleurothallidinae in 
tropical America, containing about 1,000 species polli­
nated by flies; the B ulboph yllu m  group of about 1,000 
species found mainly in the Old World; and the large 
genus P terosty lis and its relatives in Australia.

Several reports of fly pollination in species from genera 
otherwise known for bee- or moth- and butterfly-polli­
nated flowers have been made. E piden dru m  fim b ria tu m  is 
pollinated by flies of the family Tachinidae. In the north­
em United States, several species of H aben aria  have been 
shown to be pollinated by mosquitoes.

Self-pollination in orchids. Self-pollination occurs in a 
significant number of orchids. Several degrees of this phe- 
nomenon may be found in a single genus, from species 
in which accidental self-pollination results in fertilization 
to those in which the flowers never open, yet are capable 
of producing fertile seed. In many orchids, self-fertiliza- 
tion is not possible because of genetically controlled self- 
incompatibility, in which pollen from a plant having a 
particular combination of genetic factors will not fertilize 
its own ovules or those of any other plant having the same 
combination.

In most species the pollen is kept separate from the 
stigma by a stmcture called the rostellar flap. This phys- 
ical barrier is normally quite effective; but, in some 
species, forms occur in which the rostellum degenerates or 
becomes stigmatic, and self-pollination results when the 
pollen germinates on the stigmatic fluid. In most of these 
forms, normal plants are also found in the same popula­
tion. Self-pollination may also occur as a result of simple 
falling of old pollinia, a means of averting sterility at the 
end of a long normal period when the flower is open but 
no pollinator arrivés.
A kind of mechanical self-pollination occurs in some 

orchids in which the tissues connecting the viscidium and 
the pollinia bend downward and carry the pollinia into 
place on the stigma. Generally speaking, self-fertilization 
in orchids seems to be a means of averting extinction 
in plants growing under conditions adverse for normal 
pollination relationships. Examples include some species 
of Orchis in Europe and several orchids in Florida, such 
as E pidendrum  nocturnum , E ncyclia  cochleata, and Ble- 
tia  purpurea, all of which have cross-pollinated forms in 
other areas. Seeds blow into Florida from the Caribbean 
area where normal pollinators exist, but those plants that 
survive tend to be self-pollinated because they lack their 
customary pollinators, which are not found in Florida.

Probably more than 200 species of orchids have been
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reported to be more or less regularly self-pollinated, and 
undoubtedly many more exist.

M im ic ry  a n d  decep tion—pseudocopulation . Flowers of 
the genus O phrys deceive and manipulate pollinators 
mainly through odours, imitating those produced by the 
abdominal glands of female bees or wasps. Flower shapes, 
colours (including ultraviolet reflection), and tactile stim­
uli by the hairs on the lip operate on the sensory organs of 
the visiting males leading ultimately to the same behaviour 
as that observed during the initial phases of copulation 
with female bees. No ejection of sperm occurs, however, 
but the supernormal olfactory Stimulation ensures that the 
male will remain for a long stay on the flower.
This act of pseudocopulation takes place in such a way 

that the pollinia are carried off and redeposited on a dif­
ferent plant. Four genera of solitary bees and wasps appear 
to be the principal pollinators. The species of O phrys that 
are pollinated by the wasps Trielis, Gorytes, and the bee 
E ucera  induce the insects to attempt copulation with the 
apex of the lip. Those pollinated by A ndrena  appear, for 
the most part, to stimulate the bee to reverse its position 
and copulate with the base of the lip. In the former group 
the pollinarium is affixed to the head of the pollinator, 
while in the latter it is attached to the abdomen. Only 
the introductory behaviour is necessary for pollination of 
the flower, and the bees do not encounter structures that 
lead to ejection of sperm. The behaviour is elicited by 
tactile Stimulation from the hairs on the labellum, but 
the male “suitor” requires simultaneous and continued 
olfactory Stimulation. The glistening pseudonectaries ap­
parently imitate the eyes of the female bee. Metallic-blue 
mirrorspots similar to those found in the females enhance 
the effect. Dimensions of the flowers in the various species 
of O ph rys help in determining specificity and success.
Australian orchids of the genus C ryptostylis are polli­

nated by ichneumon wasps of the genus L issopim pla . The 
wasp, after backing into the stigma, attempts to copulate 
with the flower by bending its body into an arch, with the 
base of the lip of the flower held by the claspers of the 
wasp. The upper side of the apex of the abdomen comes in 
contact with the viscidium, and the pollinarium becomes 
cemented in place. The wasp, after a short pause, then 
flies to another flower, and the same behaviour delivers 
the pollinia to the stigma.

Orchid The South American orchid Trichoceros antennifera
flowers has flowers that simulate the female flies of the genus 
resembling P ara g ym n o m m a  to a remarkable degree. The column and 
female base of the lip are narrow, barred with yellow and red­
flies brown, and they extend laterally to simulate the extended

(Top) G.C.K. Dunstervüle, (right) Walter Dawn, (bottom) Robert L. Dressier

Deception of pollinators.
(Top) Pleurothallis raymondi and (bottom) Trichoceros 
antennifera resemble female insects and attract the 
corresponding males, which carry out pollination while 
attempting to copulate with the flowers. (Right) Calopogon 
pulchellus has false stamens that act as an attraction to 
pollen-eating insects.

wings of a sitting fly. The base of the lip has no partic- 
ular similarity to the head and thorax of a fly, but this 
is probably not necessary to complete the illusion. The 
stigma of the flower is located more or less at the apex of 
the “false abdomen” of the flower and reflects sunlight, as 
does the genital orifice of the female fly. The viscidium, 
extended over the stigma on the slender rostellum, pro­
jects up through the bristles and becomes attached to the 
basal portion of the abdomen of the fly. The viscidium 
is flat and padlike in this genus. The male flies, deceived 
by the simulated female fly and stimulated by the Signal 
from the genital-orifice-like stigma, strike the flower for 
only a moment and then pass on to other flowers in the 
same area. The action is sufficiënt, however, to pick up 
the pollinarium. The long, slender stipe of the pollinarium 
bends down slightly and is forced into the stigma when 
the fly visits a succeeding flower.

Insects a ttra c ted  fo r  protection . A number of species of 
orchids have developed nectaries located in places other 
than the flower. These seem to act to attract ants, which 
in tum  scare away bees that would otherwise rob the 
flower of its nectar by cutting into the back of the flower. 
Such extrafloral nectaries also attract wasps, which also 
function in scaring away insects that might steal the nectar 
from the flower. These ants and wasps are also thought to 
keep away grasshoppers, crickets, Caterpillars, and other 
insects that eat the flowers. The symbiotic relationship 
(i.e., two organisms living together with mutual benefit) 
between ants and the orchids that grow only in ant nests 
(e.g., C oryan th es and some species of Gongora, E p iden ­
drum , and Schom burgkia) may depend on this defensive 
mechanism. The plants and flowers of these orchids are 
extremely susceptible to damage by chewing insects if the 
ants are destroyed. The ants involved in this relationship 
do not pollinate the orchids; indeed, no ants are known 
to pollinate orchids.

EVOLUTION
There are two extremes in the Variation patterns shown 
by living plant groups, apparently depending on rates of 
evolution and amount of extinction. At one end of the 
Spectrum stand such families as the Magnoliaceae, An- 
nonaceae (both of order Magnoliales), and Nymphaceae 
(order Nymphaeales). These families have the appearance 
of being “old” groups, in which evolution is proceeding 
at a leisurely pace and extinction has greatly affected the 
pattem of Variation. The delimitation of genera and tribes 
within the Magnoliaceae or the Nymphaeaceae is not dif­
ficult; however, students of evolution are at a loss in trying 
to understand relationships or phylogeny (evolutionary 
descent) in these groups.

The orchids are near the other end of the Spectrum. 
They show little evidence of great age, show signs of 
relatively rapid evolutionary diversification in geologically 
recent time, and give much less evidence of extinction. 
Genera are often difficult to define, and higher categories 
within the family often seem even more difficult. These 
hazy boundaries between tribes and subtribes, however, 
may give clues to the patterns of phylogeny within the 
family. This is not to say or imply that living groups are 
derived from other living groups, but excellent evolution­
ary series can be found for nearly every morphological 
feature within the orchids. In recent years there has been a 
healthy skepticism conceming phylogenetic schemes. Even 
when a good morphological series can be found in some 
feature, it is often difficult to decide in which direction or 
directions evolution has occurred. This problem is not so 
serious in a highly derived group such as the orchid order. 
In comparing the genera C ephalanthera  and O ncidium , 
there can be little doubt as to which is derived and which 
is primitive. In nearly every feature in which these two 
differ, it is C ephalanthera  that is the ordinary monocot, 
easily comparable with other monocot families, while O n­
cid ium  is so advanced that it can scarcely be understood 
without comparing it with the less specialized members 
of the family.

In dealing with the primitive orchids and their evolution 
from groups now extinct, the bewildering parallelisms to 
be found in the more advanced groups must be bome in

Rapid 
evolution 
in orchids



746 Angiosperms

mind. It is probable that the subfamilies Neottioideae, Or- 
chidoideae, and Epidendroideae evolved from a series of 
related species or genera having partial union of filaments 
and style, androecial zygomorphy (bilateral symmetry in 
the male parts), and a close association of the stigma 
and the median anther—all features that would predis- 
pose the groups to parallel patterns of evolution. Some 
of the ancestral populations may have been quite similar 
to the subfamily Apostasioideae, while others were simi­
lar to the genus Selenipedium, and yet others were quite 
unlike either. The orchid family is not “unnatural” or 
polyphyletic (derived from more than one ancestral group) 
in the strict sense, since the ancestral group was, itself, 
a natural and closely interrelated group, even though it 
may have differed from the modern orchids in a number 
of features. It is fairly certain that the stipe, the divided 
pollinia, and the viscidium have evolved independently 
in different groups of orchids. It is quite possible that 
the rostellum has evolved independently in two or more 
separate lines and that the reduction to a single median 
anther is similarly polyphyletic in the unusually “natural” 
family Orchidaceae.

Norris H. Williams

E x tre m e ly  s m a ll o rc h id s .
The flowers of (top) P le u ro th a ll is  p e rtu s a  and (bottom) 
L e p a n th e s  are only a few millimetres long.

None of the living tribes of orchids could readily be de­
rived from another living tribe, but their derivation from 
similar or common ancestors is easily visualized. The 
subfamily Cypripedioideae (lady’s slipper orchids) is not 
very closely related to any other group, its relationship to 
the subtribe Limodorinae of the Neottioideae subfamily 
being perhaps quite as marked as its few resemblances to 
the subfamily Apostasioideae. The lady’s slippers clearly 
diverged early from the main lines of orchid evolution. 
The Apostasioideae subfamily more nearly approaches the 
hypothetical ancestral type, the median anther being func- 
tional in Neumedia. It, too, represents a small relic group 
of somewhat isolated phyletic position, though perhaps 
closer to the other orchids than to the Cypripedioideae. 
The Orchidoideae subfamily presumably is derived from 
Cephalanthera-like types, but it would stand quite isolated 
if it were not for the relic subtribe Epipogiinae, which 
shows some relationships to both the Neottioideae and 
the Epidendroideae subfamilies. The Epidendroideae sub­
family might be derived from somewhat Neottioideae-like

ancestors, but it shows more primitive seed structure in 
the Vanillinae subtribe than any living species of Neot­
tioideae, and the two subfamilies apparently diverged at an 
early stage in orchid evolution. The subtribes of the Neot­
tioideae subfamily that are grouped with the Limodorinae 
subtribe are primitive and would constitute a relic group 
were it not for the great evolution of this group in Aus­
tralia, where several striking specializations occur.

The subfamily Epidendroideae has the most examples of 
adaptive radiation to various types of pollinators. Appar­
ently evolution in this subfamily has been accentuated by 
adaptive radiation to different types of pollinators. In this 
subfamily are found all types of pollinator classes with the 
exception of bat, rain, and wind pollination.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The Orchidales order may be 

separated from the Liliales, a closely related order, on the 
basis of their having an undifferentiated embryo and little 
or no endosperm, very tiny seeds, the stamens reduced to 
one (rarely two or three), the fertile stamen adnate (fused) 
to the style to form a column, the flowers usually strongly 
zygomorphic (bilaterally symmetrical), the pollen usually 
coherent in masses called pollinia, and the ovary inferior 
always. The relationships between the subfamilies of the 
Orchidaceae are based on the number of fertile stamens, the 
character of the leaves, the consistency of the pollinia, 
the number of pollinia, and the associated structures of 
the pollinarium.
Taxonomie problems. T he Classification in  this artiele 

(see above, Annotated Classification) is one o f  w ide ac- 
ceptance am ong orchid taxonom ists. Each subfam ily is 
broken dow n into tribes, and in those cases in  which m ore  
than one subtribe is foun d  in  a given tribe, the tribe is 
broken dow n into subtribes.

A lthough this Classification is a recent one, there is still 
som e need o f  exam ination  o f  relationships in  the orchids. 
The evolu tion o f  sim ilar vegetative and floral structures 
in different orchid groups (convergent evolution), leading  
to the exploitation o f  the sam e types o f  pollinators, has 
resulted in a Situation in  w hich m any groups appear to  be  
superficially similar. T his sam e adaptation to pollinators 
has often obscured the actual relationship o f  num erous  
other groups. (C.H.D.)

Poales

Poales is an order of flowering plants consisting of a single 
family, the grass family, called the Gramineae or Poaceae. 
The family Gramineae probably is the most abundant 
family of vascular plants, considered in terms of numbers 
of individuals; it dominates great areas of the Earth’s sur­
face, including prairies, steppes, savannas, pampas, and 
paramos (all types of grassland). The family is also fairly 
sizable in its number of species, with an estimated 600 to 
700 genera containing 6,000 to 10,000 species. It ranks 
about fifth among the angiosperms (flowering plants) in 
total number of species. The family is of prime importance 
to the world’s agriculture because it contains all the im­
portant cereal grains. Moreover, a large number of species 
furnish the principal sustenance of grazing livestock and 
wild herbivores. The group was intimately involved in the 
evolution of man’s domestic animals and very likely of 
man himself.
A great diversity of products are derived from grasses, but 

grain is the most important single category. Scarcely less 
important but more difficult to evaluate are the cultivated 
and wild forages obtained from grasses. The bamboos, 
which are highly specialized woody grasses, provide not 
only building and handeraft material but also paper pulp 
and edible shoots.

GENERAL FEATURES
Structural diversity and habitat range. Grasses are found 

in all parts of the land surface of the earth, and their 
ecological diversity is tremendous. The greatest number 
of species is found in the tropics, as is true of most plant 
families. The family as a whole ranges from the tropics to 
the high Arctic, with two species occurring on the northern
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Habitats extremity of the Antarctic continent. Although the greatest 
occupied abundance of grasses occurs on open lands, such as the
by grasses prairies, steppes, and paramos, some species are adapted

to many specialized habitats, such as saltwater and fresh- 
water marshes, running or still water, rain forests, deserts, 
and Alpine or Arctic tundra. Because of their manifold 
adaptations to varying climates and habitats, the grasses 
have become an extremely successful family, and, conse- 
quently, there are probably more individual grass plants 
than there are of all other vascular plants combined.

Grasses range from minute forms, such as the annual 
bluegrass {P oa annua) and the high Alpine P hippsia al- 
gida, which are only a few centimetres tall, to the giant 
timber bamboos, which may reach 100 feet (30 metres) in 
height. The stem width is also extremely variable. Small 
grasses have sterns only a millimetre (0.04 inch) or two in 
diameter, while the larger bamboos have sterns as much as 
10 inches (25 centimetres) thick. Such large sterns are pro­
duced only by very old dumps that have a large amount 
of stored food in their underground parts.
Grass leaf blades are commonly thought of as being 

ribbon shaped and with parallel veins. While the great 
majority of grass leaf blades are of this shape, some of 
the tropical forest grasses have broadly oval blades. One 
remarkable grass genus, Pharus, has broad leaf blades 
with the veins diverging from the midrib. The leaf blade 
is attached to a petiole (leafstalk, not a true one in this 
case), which has a 180° twist, so that the leaf blade is 
actually upside down. Certain broad-leaved grasses of the 
genus R a d d ia  have short sprays of crowded leaf blades 
that mimic the appearance of the compound leaves of 
certain legumes (members of the pea family, Leguminosae 
or Fabaceae). In this case, the leaf blades even fold up at 
night as legume leaves do. The leaves of desert grasses, 
however, are stiff, harsh, and frequently inrolled. In some 
species they become bristly and are probably unattractive 
to grazing animals. Aquatic grasses are also known, and 
some of these are able to float on the surface of the water 
because of inflated leaf sheaths or waxy, water-repellent 
leaves.

Economie importance. The grasses are surpassed in 
numbers of species by the orchids, composites (sunflowers, 
asters, etc.), legumes, and members of the coffee family. 
No other plant family, with the exception of the legumes, 
however, remotely approaches the grasses in agricultural 
importance. Their principal areas of utility include ex- 
ploitation for cereal grains, sugar, timber and paper pulp, 
hay, pasturage, native forage, and numerous other lesser 
known products.

C erea l grains. Grains, which form the staple foodstuffs 
for much of mankind, are all derived from grasses. The 
more important of these are rice, wheat, com (maize), 
oats, barley, rye, sorghum, and millets.

Rice (O ryza  sa tiva ) is an Asiatic tropical grass and is the 
only semi-aquatic species among the cultivated cereals. 
Cultivation is widespread in all warm temperate and trop­
ical climates where sufficiënt moisture is available. Rice 
is traditionally thought of as a crop grown under flooded 
conditions, but certain strains will grow under moist con­
ditions without flooding. Such strains are called upland 
rices, and they generally yield much less grain than does 
flooded rice. Although statistics are inexact, rice is prob­
ably the world’s leading grain crop. Recent introduction 
of semidwarf strains with high productivity has greatly 
increased rice yields and is helping to make former rice- 
importing regions self-sufficient.

Wheat (T riticum  aestivum  and other species) originated 
in the Middle East and has spread to all temperate and 
cool temperate areas of the Earth, being cultivated widely 
in Southern Europe, the U.S.S.R., the United States, 
Canada, Argentina, and parts of India, China, and Aus­
tralia. Wheat grain, containing an abundance of the elastic 
protein gluten, is the only cereal capable of producing a 
satisfactory light bread. In quantity of production, it prob­
ably ranks second to rice.

Com Corn, or maize (Z ea  m ays), is the only cereal of Amer­
ican origin. Discovered in the primitive wild state by the 
early Indians of Mesoamerica and developed extensively 
by them, com became the principal foodstuff of the great

Indian civilizations of Mexico, Central America, and the 
Andean countries. Although corn is of tropical origin, man 
has selected strains that are adapted to temperate climates 
with warm summer seasons. lts culture is now extended 
to all the inhabited continents. The principal use of com 
is as animal feed, but great amounts are used as human 
food or as a source of starch, syrup, and alcohol.

Oats (Avena sativa), like wheat, are native to Eurasia 
and probably originated in the Mediterranean Basin. They 
are widely cultivated in the cooler temperate portions of 
the Northem Hemisphere and, to a limited extent, in the 
Southem Hemisphere. The grain is much used for animal 
feed, with lesser amounts going for human consumption.
Cultivation of oats has decreased in recent years, however, 
probably because of farm mechanization and the decline 
in numbers of draft animals. Although the grain lacks 
gluten and cannot be used to make bread, the protein 
quality is excellent, and the quantity is susceptible to being 
increased by selective breeding. In Latin America, pulver- 
ized oatmeal is frequently mixed with water and used as 
a cold drink, called avena.

Barley (H ordeum  vulgare) is another small grain of Mid­
dle Eastem origin. It is adapted to about the same areas 
and climatic conditions as is wheat, but barley has notable 
tolerance to drought and cold. Much of the grain is used 
in animal feed except in less developed countries. One of 
the principal uses of barley is the production of malt for 
use in brewing beer.

Rye (Secale cerealé) is a comparative neweomer among 
the cereals, and its cultivation is largely confined to areas 
of cold climates. As a breadstuff, it scarcely competes 
with wheat. The grain is also used in the preparation of 
alcoholic liquors, and the straw is used in hats. Rye is the 
host plant for the fungus that produces medicinal ergot.
In the United States, rye is much used to stabilize the 
shoulders of new roads because of its ability to grow on 
poor subsoil.

The sorghums (Sorghum  bicolor, S. sudanense, and oth­
ers) are the most diverse of the grains, in both aspect and 
usages. They are of African and Middle Eastem origin and 
thrive best in warm, often subhumid climates. The various 
types fumish feed grains, silage, temporary and perennial 
pasture, syrups, and broomcom.

The term millet generally applies to various minor and Lesser 
usually inferior grains, mostly grown in less advanced agri- grains 
cultural areas or as emergency crops. The most common 
types are foxtail millet (Setaria  ita lica ), proso millet (Pa- 
nicum  m iliaceum ), pearl millet (P ennisetum  glaucum ), and 
ragi, or coracan millet (E leusine coracana). Millet grain is 
used in animal feeds, birdseed, and for human food.

Sugar. Sugar derived from grasses is mostly the product 
of sugarcane (Saccharum  officinarum ). Smaller amounts, 
nearly all in the form of syrup or molasses, are produced 
from certain types of sorghum.

T im ber an d  pa p er pulp. These are the principal prod­
ucts of the bamboos (subfamily Bambusoideae). Certain 
types of soft construction board, such as Celotex, are often 
produced from sugarcane refuse (bagasse).

H ay, pasturage, a n d  native range. The total production 
of these vegetational types is difficult to estimate, but land 
devoted to them aggregates more total area than all culti­
vated cropland. Many of these areas can be economically 
productive only through harvest of forage by grazing an­
imals. The species prevalent in a given area differ greatly 
among various climatic regions. In the temperate zones Principal 
some of the principal hay and pasture grasses include tim- hay and 
othy (Phleum  pra tense), smooth brome (B rom us inerm is), pasture 
orchard grass (D actylis g lom era ta ), redtop (A grostis alba), grasses 
alta fescue (Festuca arundinacea), and Bermuda grass 
(C ynodon dactylori). The widespread Kentucky bluegrass 
(Poa pratensis), a Eurasian species, has assumed the aspect 
of a native in North America, fumishing large amounts 
of pasture, as well as being the principal lawn grass in the 
cooler regions.

In the western Great Plains and the Southwest of the 
United States, great areas are still populated by native for­
age grasses, including buffalo grass (Buchloë dactylo ides) 
and species of B outeloua  (grama grasses) and H ilaria  (to- 
bosa and galleta grasses). Species of Panicum , Andropogon
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(bluestem grasses), Spartina, and Sorghastrum  are impor­
tant in tallgrass areas.

In subtropical and tropical areas of the world, most of the 
wild and cultivated grasses belong to the subfamilies Era- 
grostoideae and Panicoideae. Species of E ragrostis (love 
grasses), C ynodon  (Bermuda grass), C hloris (finger grass), 
Panicum , P aspalum , D ig ita r ia  (crabgrass), A xonopu s, An- 
dropogon, and their allies are important in cultivation.

U nusual products. A number of tropical Asiatic grasses 
produce sufficiënt quantities of aromatic compounds to 
merit use in perfumes. The roots of the vetiver (Vetive- 
ria z iza n io id es) of India yield an excellent perfume after 
drying. The lemon-oil grass, C ym bopogon citratus, has a 
strong lemon scent, and its foliage is widely used in the 
tropics for tea or medicine. The grass is grown on a 
commercial scale for production of lemon oil, which is 
distilled from the leaves. Citronella oil is similarly distilled 
from the foliage of C ym bopogon nardus and is used as 
an insect repellent, as a perfume in soaps, and in the 
synthesis of menthol. The sterns of sugarcane are covered 
with quantities of finely powdered wax that gives them a 
bluish hue. This wax may be recovered in the processing 
of cane sugar and is used in the manufacture of coatings 
for carbon paper.

Paper is made from a variety of grasses, including many 
bamboos and the North African esparto (S tipa  tenacis- 
sirnd) and alfa (L ygeum  spartum ). The straw of wheat and 
rye is used in the manufacture of straw hats. In many 
parts of the world, hay or straw is used for the thatching 
of roofs, which last for many years when properly laid. 

pecial The tropical peoples of the world use the bamboos in a
ses of great variety of ways, in addition to their common usage
amboo as a timber substitute. Fishing poles and props for banana 

plants are commonly made from bamboo sterns. Larger 
canes are reamed to remove the partitions at the joints 
and then serve as water pipes. Thin peelings from the ex- 
terior of the sterns are used in basketry and mat weaving. 
Elegant sereens of fine bamboo fibres are used to filter the 
suspended pulp used in the making of paper, and the pulp 
itself is frequently made from bamboos. Young shoots of 
certain bamboos are used for food and are commonly 
found in Oriental cookery. Tabashir, a fine, white pow- 
der (colloidal silica) found in the hollow sterns of some 
bamboos, has been used in Oriental folk medicine. Other 
bamboos are grown as ornamentals for their graceful, 
wandlike manner of growth or as clipped hedges.

One of the most widespread tropical grasses is Job’s tears 
(C o tc lacrym a-jobi). The hard, bony sheaths that surround 
the female flowers are excellent natural beads and are 
extensively used for necklaces and rosary beads.

Brooms are fabricated of many materials, but one of the 
most common materials is the stiff straw from the seed 
heads of the broomcom, a variety of sorghum. The im- 
mature seed heads are dried and threshed to provide the 
common broomstraw of commerce.

D eleteriou s grasses. A considerable number of grasses 
are regarded as pests by man. Most of these are weeds that 
invade clean-tilled croplands, although there are various 
species that invade ranges and pastures; they are disliked 
because they are mechanically injurious or of lower feed 
value than the species they displace. Some species are 
invaders of lawns, where they are objectionable because of 
colour, texture, or growth habits.

The majority of grass weeds are annuals of rapid growth, 
not easily suppressed by the ususal tillage methods or by 
the herbicide 2,4-D. Chemicals, however, are increasingly 
being used to control such grasses. The following list in­
cludes some of the more important annual and short-lived 

nportant perennial grass weeds of temperate North America, listed 
eedy with the crops or habitats in which they are important: 
asses species of A ristid a  (needlegrasses, in deteriorated ranges 

and wasteland); species of A vena  (wild oats, in spring 
wheat or on dry rangelands of the Southwest); species 
of B rom u s (ripgut grasses, cheatgrasses, and bromegrasses, 
in grain crops or on deteriorated Southwestern ranges); 
species of Cenchrus (sandburs, in disturbed light soils); 
species of D ig ita r ia  (crabgrasses, in lawns, gardens, and 
crops); species of E chinochloa  (barnyard grasses, in crops, 
especially in moist areas); species of H ordeum  (wild bar­

ley, along roadsides, in pastures and native ranges); and 
species of Setaria  (foxtail grasses, in crops).

Long-lived perennial grass weeds (those that live through 
more than one growing season) of importance are far 
fewer. In the northem United States and Canada, quack- 
grass (Agropyron repens), a persistent European weed 
that spreads extensively by rhizomes (underground leafless 
creeping sterns) is the most important species. In the south 
of the United States, Johnson grass (Sorghum  halepense), 
a tall perennial with thick, widely spreading rhizomes, is a 
major competitor with cotton agriculture. Bermuda grass 
(C ynodon dactylon), while extensively planted for lawns 
and pasturage, is also a severe pest when it invades fields 
and gardens. Several species of A ndropogon, notably A. 
virginicus (broomsedge), are invaders of abandoned fields 
and have low apparent forage value.

NATURAL HISTORY
Life cycle. The fmit of the grasses is a single-seeded 

dry grain—the caryopsis, as it is known botanically; it is 
characteristic of the family. Grains of many grasses are 
capable of immediate germination, but other species have 
dormant seeds that require afterripening or chilling to 
permit germination. Such dormancy has adaptive value in Value of 
preventing germination in the fall or during dry periods, seed 
when the seedling would have little chance of establish- dormancy 
ment. Cultivated types of oats (A vena sa tiva ), for example, 
are capable of germination immediately after the grain is 
harvested. Probably because of this trait, the plants are 
virtually unable to maintain themselves in nature. The 
wild oat (A. fa tu a ), which is a probable parent of many 
cultivated types, has seed that is dormant when mature.
Thus the grain is able to survive the winter without injury 
and then germinate in the spring. As a consequence, A. 
fa tu a  is a widespread weed. Similar examples of dormancy 
are widespread among grasses.

In germination, the embryo ruptures the thin ovary wall 
and any enclosing structures. The first visible signs of ger­
mination are the emergence of the tubular sheath (coleop- 
tile) surrounding the young shoot and a similar sheath 
(coleorhiza) surrounding the primary root. The primary 
root breaks through the coleorhiza, and then one or more 
roots (seminal roots) may arise near the attachment of the 
embryo to a shield-shaped mass of tissue, the scutellum.
The coleoptile and the structures it conceals are pushed 
through the soil by the elongation of the embryonic neck 
(mesocotyl) until the tip of the coleoptile is exposed to air 
and light. It is then burst by the emergence of the young 
leaves. The shape of the first leaf differs in the various 
subfamilies. In the common grass subfamily Festucoideae 
of the temperate zone, for example, it is very slender and 
elongated and tends to be vertical. In the subfamily Pani­
coideae, whose members are common in warmer climates, 
the first leaf is short, broad, and horizontal. The young 
seedling may continue to produce basal leaves for a time, 
without signs of a visible stem, or it may rapidly produce 
a flowering stem (culm). Except in rare instances, some 
form of vegetative multiplication soon becomes evident.
Some species, especially perennials, may produce stolons 
(creeping leafy sterns) or rhizomes. Grasses lacking these 
usually produce new sterns by basal branching (tillering), 
to form larger and larger clumps. Old clumps may decäy 
in the centre, and the segments of the growing periphery 
become isolated, forming new, small clumps.

The sexual reproductive cycle in grasses is initiated with Initiation 
the development of the embryonic rudiments of a flower of 
cluster hidden within the sheathing leaves at the tip of a flowering 
culm or one of its branches. The first evidence of incip- 
ient flowering may be the swelling of the upper sheath, 
or “boot.” The young inflorescence (flower cluster), with 
tightly appressed erect branches, begins to emerge, and 
the branches spread by means of swellings, the pulvini, at 
their bases (axils). Flowering usually begins at the tip of 
the inflorescence and proceeds downward and from the 
branch tips toward their bases. Reversais or alterations of 
this flowering sequence also occur. The spikelets of the 
inflorescence mature and begin to flower after emergence 
from the boot. Some species bloom early in the morning, 
others at various times of the day.
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Cleistog-
amy

Pollination. Practically all grasses that have open flowers 
are exclusively wind pollinated, although a few instances 
of insect visits to grass flowers are known. The great 
prevalence of grasses in the world is a strong indication of 
their evolutionary success in adaptation to wind pollina­
tion. Structural specializations contributing to this success 
include the clustering of the tiny, naked flowers into scaly 
spikelets and the aggregation of the spikelets into large 
compound inflorescences, the presence of large anthers 
(pollen containers) and abundant light, fluffy pollen, and 
the relatively enormous and extremely feathery stigmas, 
which are the female structures that receive the pollen. All 
these factors and the colonial habit increase the chances 
of pollination.
After pollination has occurred, the open florets (a floret is 

a flower plus the two modified leaves that enclose it) close 
once again, and rather rapid development of the caryopsis 
(grain) occurs. When the caryopsis is mature, the spikelets 
dry and the grains are dispersed from the parent plant. 
In many instances, the spikelets break up into individual 
florets, each enclosing a grain, but, in many other grasses, 
entire spikelets or spikelet groups fall from the parent 
plant and serve as means of distribution.

Many grasses have florets that do not open because 
the lodicules (swollen motor structures at the base of 
the flower) do not function or because the spikelets are 
hidden within the sheaths or even, in rare instances, are 
underground. Such flowers that fail to open are said to be 
cleistogamous. They are of necessity self-pollinated. There 
are both evolutionary advantages and hazards in this type 
of reproduction. If a grass is predominantly or nearly en­
tirely self-pollinated, the population becomes increasingly 
inbred. At times, this inbreeding may bring out unde- 
sirable traits and cause the death or low fertility of the 
individuals exhibiting them. In other cases, the inbreed­
ing may cause the expression of traits highly desirable in 
fitting the species into a specific limited type of habitat, 
and the species may become extremely successful. The 
homozygous, or inbred, condition of such a species or the 
individual populations of which it is composed, however, 
may make it so inflexible that it cannot change rapidly 
enough to cope with alterations in the environment. Most 
cleistogamous species, however, have a small percentage 
of open-pollinated flowers, allowing some Crossing. Cleis- 
togamy is especially prevalent in annual grasses, which 
have to produce a seed crop every year to survive well. 
A number of species of the genera Sporobolus (dropseed 
grass), Panicum , A m phicarpum , and D anthonia  (poverty 
oats), among others, have well-developed cleistogamous 
reproduction. In some species, highly specialized hidden 
spikelets (cleistogenes) occur. Usually these are quite dif­
ferent in appearance from the normal spikelets of the 
same species and may be hidden within the sheaths. In 
the genera T riplasis and D anthonia, the cleistogenes are 
concealed in the lower sheaths. At maturity the culms dis- 
articulate at the nodes (joints), and the segments of sterns, 
carrying the cleistogenes concealed within the sheaths, 
serve as disseminules (means of dispersal). In a few ex­
treme cases, grasses produce underground spikelets on 
the tips of slender rhizomes. This process occurs in the 
genera C hloris and A m phicarpum . Despite the apparently 
considerable advantage of having “preplanted” seeds, such 
grasses are rare and restricted in range.

Cleistogamy is the dominant mode of reproduction in 
wheat, oats, and barley. Since there is little open polli­
nation and, hence, little opportunity for Crossing, strains 
of these crops tend to remain pure, even though they 
are grown in close proximity to one another. Rye (Secale  
cereale), on the other hand, is open-pollinated and crosses 
so freely that few selected strains exist.
Asexual production of seed. In certain grasses, no sex­

ual fusion of egg and sperm occurs in the production of 
the seed. The embryo arises from a vegetative cell of the 
ovule, and the offspring are genetically identical with the 
matemal parent. Pollination may be necessary in some 
species to initiate the development of endosperm (the 
starchy food stored outside of the embryo), even though 
no fertilization of the egg occurs, and in many cases no 
egg, as such, is produced. Such asexually produced seed is

said to be apomictic, and this process of seed production 
is called apomixis. The process is of great importance in 
the grass family and occurs in many only distantly related 
grasses. There is a general tendency for apomixis to be 
more frequent in grasses with high chromosome numbers. 
It is particularly prevalent in the large temperate-zone 
genus P oa  (the bluegrasses) but occurs as well in many 
tropical grasses, including species of Panicum , Paspalum , 
and the numerous relatives of the bluestems (Andropogon  
and related genera).

Like cleistogamy, apomixis has both evolutionary advan­
tages and drawbacks. Since an apomictic plant produces 
offspring exactly like the matemal parent in genetic com- 
position, it may generate a highly uniform stand, with 
all individuals adapted to the same conditions and all 
susceptible to the same diseases. If conditions of climate 
or growth change radically, the population may be unable 
to adapt rapidly enough to accommodate to the environ­
mental changes and may be destroyed. It is rare, however, 
that a species is completely apomictic, and generally a 
small percentage of sexually produced seed is generated 
as well. Thus the apomictic mechanism may serve as a 
stabilizing procedure, serving well to adapt a species to 
a relatively constant environment, while the occasional 
sexually produced seed allows the introduction of new 
Variation into the population. Along with cleistogamy and 
vegetative reproduction, apomixis tends to preserve par­
ticularly advantageous genetic combinations but to slow 
down the rate of evolutionary change.

Grasses are predominantly plants that tend to form large, 
treeless communities, usually composed of only a few 
species. Such open areas were undoubtedly responsible 
for the evolutionary development of the grazing herbi- 
vores, and the grasses themselves bear the evidences of 
evolutionary specialization to accommodate themselves to 
being grazed. Among these specializations are the great 
predominance of vegetative reproduction, by stolons, rhi­
zomes, or tillering. Frequently, heavily grazed grasses may 
survive for years by vegetative spread, where other types 
of plants that reproduce only by seed are practically elim- 
inated. Certain savanna grasses, growing in areas where 
fires occur frequently, have survived because they have 
evolved deep-seated corms (hard, bulblike stem bases) that 
are immune to fire damage. Many grassland communities 
occur in areas that are dry at some period of the year. 
Perennial grasses of such areas are well adapted to sur- 
viving seasonal drought by mechanisms that cause folding 
or rolling of the leaves or by the dormancy of the plants 
during drought periods.

The slender, erect culms of grasses are often subject to 
being knocked down or “lodged” by the wind. Sterns that 
have been lodged are often able to erect themselves by 
the Operation of a swollen region of the stem or sheath 
at the nodes. This swollen area, the pulvinus, is sensitive 
to position changes, and when a normally erect stem is 
laid in a horizontal position, the pulvini begin to grow 
more rapidly on the lowermost side and cause the sterns 
to right themselves.

The grass leaf blade has a growing zone (meristem) near 
its base, which permits regrowth when the leaf tip is 
cropped or mowed. This feature of the blades, plus the 
abundance of basal buds possessed by grasses, serves to 
permit their survival under intensive grazing or mowing.

Dispersal mechanisms. A great variety of mechanisms 
has been exploited by the grasses in providing for the 
dispersal of the plants. Vegetative reproduction is often 
extremely efficacious in promoting dispersal by means of 
rhizomes, stolons, or the gradual spread of old clumps. 
Circumstantial evidence suggests that many colonies of 
rhizomatous perennial grasses may be hundreds of years 
old. Grasses of severe habitats, such as the sand binders 
of Coastal dunes (A m m ophila , E lym us, Uniola, Jouvea, 
and others) and of Continental sand dunes (C alam ovilfa , 
R edfield ia , Sw allen ia) may reproduce almost entirely by 
rhizomes or stolons in an environment hostile to the es­
tablishment of seedlings. Of all the grasses, the bamboos 
have most fully exploited vegetative reproduction. Many 
large colonies of bamboos appear to have originated as 
single individual plants from one seed (such colonies are
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called clones), as is evidenced by the fact that they remain 
vegetative for many years, and, when flowering finally oc­
curs, the entire colony blooms simultaneously over great 
areas. The bamboos may produce short, thick rhizomes 
and hence produce dense clumps, or they may produce 
very long, slender rhizomes that spread the plants over 
considerable distances.

Another dispersal mechanism that is essentially vegeta­
tive is the production and release of vegetative bulbils in 
the inflorescence. These are modified spikelets that func­
tion in place of seed. Bulbous bluegrass (Poa bulbosa), a 
European species occasionally found in the United States, 
possesses such bulbils. Most grasses, however, produce 
normal seed on a regulär basis, and the dispersal of the 
grain, either naked or with accessory structures, is the 
common method of spread.

Some grasses, such as the cereals wheat and rye, re­
lease naked caryopses (grains) from the spikelets. Grains 
as large as these have great appeal to birds and rodents 
and apparently are not very efficiënt disseminules. Many 
fine-seeded grasses, such as the love grasses (E ragrostis), 
however, produce an abundance of fine grains that have 
no special means of dispersal. The success of these plants 
indicates that specialized means of transportation are not 
always necessary to accomplish dissemination.

In a few cases, especially in the genus Sporobolus 
(dropseed grass), the ovary wall of the mature grain be­
comes gelatinous and swollen when wet, and such grains 
often adhere to passing animals. Sporobolus indicus, a 
highly successful pantropical weed, uses this dispersal 
method.

In most grasses, dispersal is effected by the movement 
of florets, entire spikelets, or groups of spikelets. In many 
species, individual florets are released from the plant and 
may be light or hairy enough to be dispersed easily by the 
wind. The tremendous range of the common aquatic reed 
(P hragm ites australis) is testimony to the effectiveness of 
this type of wind dispersal of the hairy florets: In the 
manna grasses (species of G lyceria), which usually grow in 
or around water, the iwht florets float upon the water sur­
face. Wild rice (Z iza n ia  aquatica), which grows in water, 
is similarly dispersed.

A small number of grasses have spikelets enclosed in hard, 
bony structures that may be disseminated in various ways, 
including ingestion by animals that cannot digest them. 
The hard beads of Job’s tears (C o ix  lacrym a-jobi) and the 
hardened fruit cases of M an isu ris and T ripsacum  are ex- 
amples of these structures. Similarly, the female spikelets 
of buffalo grass (B uchloë d a c ty lo id es) are enclosed in a 
bony husk that not only retards germination but also pro- 
tects the grain. Ants may harvest these structures and carry 
them away. Certain grasses have spikelets that either form 
or are enclosed in spiny burs that adhere to animals and 
clothing. The sandburs (Cenchrus) are the most common 
example of this. In the genus Tragus, the glumes (outer 
bracts of the spikelet) are covered with hooks that adhere 
to the wool of sheep, so that this genus is a commensal of 
the animals. In the bristly foxtail (Setaria  verticilla ta), the 
sterile branches of the spikelike flower clusters (panicles) 
have minute backwardly directed barbs, so that the whole 
inflorescence may be carried away by passersby.

In open areas, some grasses have become tumbleweeds— 
their entire panicles break loose from the mature plant and 
roll with the wind, dispersing seed as they go. Witchgrass 
(P anicum  capillare) is a common example.

Elaborate self-planting devices have been evolved in cer­
tain grasses. Sometimes these work all too well, causing 
puncture wounds in grazing animals. In the wild barleys 
(species of H ordeum ) the mature spike breaks up into 
individual joints, or intemodes, each bearing a triad of 
spikelets at its apex. The intemode has a sharp chisel 
edge, and the awns, or beards (needlelike projections), of 
the spikelets have minute, upwardly directed barbs. This 
combination ensures that spikelet groups placed upon a 
rough surface tend to move only in one direction, forc- 
ing the chisel edge into crevices of the soil or sometimes 
into animal tissues. Even more elaborate is the ratchet 
drill device of the genus S tip a  (porcupine grass, needle 
and thread). Its lower end, or callus, is extremely sharp-

pointed and is provided with upwardly directed bristles. 
When this pointed callus has penetrated any object, be 
it soil, clothing, or animal für, it is extremely difficult to 
remove. The upper end of the floret bears a long awn 
with a highly hygroscopic (water-absorbing), twisted lower 
segment. As moisture changes occur, this twisted segment 
winds up (when drying) and unwinds (when moistened). 
These changes cause the bent awn to flail about until it 
lodges against an obstacle and then cause the floret to 
screw itself into the soil or into the unfortunate animal. 
Similar devices, although fabricated of different anatom­
ical structures, occur in distantly related genera, such as 
H eteropogon  and Trachypogon.

Finally, some grasses have adapted themselves as para­
sites of man’s agriculture. Two of these are especially no­
table—chess (B rom us secalinus) and goat grass (Aegilops). 
These annual grasses tend to grow with wheat. They ma­
ture at the same time wheat does, are harvested along with 
the grain, and, unless great care is taken with cleaning the 
crop, will be replanted along with the next year’s seed.

Ecology. Great grasslands exist on all the continents 
with the exception of Antarctica. In such widely sepa­
rated areas, climatic, physiographic, and soil differences 
are great, but in general it may be said that grasses 
occupy areas where there is at least one period of the 
year with scant moisture (usually the winter). With higher 
and more evenly distributed rainfall, forests hold dom- 
inance over grasslands, although man, fire, and grazing 
animals have apparently caused the replacement of forest 
by savanna or grassland in many areas, especially in the 
tropics. Grassland verges into desert as rainfall becomes 
increasingly inadequate, while forests penetrate the grass­
lands in especially favourable situations, as along major 
streams. Within grassland regions, areas of high rainfall 
tend to be occupied by sod-forming, often rhizomatous 
grasses, while scattered bunch grasses live in drier parts. 
Even in deserts, scattered grasses occur. The so-called six- 
weeks grasses, including various short-lived annuäl species 
of Festuca  (Vulpia), B outeloua, and A ristida , may appear 
in profusion after heavy rains in semidesert areas.

Other grassland types occur above timberline on moun­
tains. The Alpine tundra of high mountains in temper­
ate North America contains many dwarf species of Poa, 
Festuca, Trisetum , C alam agrostis, A grostis, and Phleum . 
There is a gradual transition between these Alpine grass­
lands and the Arctic tundra of low elevations, which 
includes many of the same genera. The high-elevation 
grasslands of the American tropics are often designated as 
paramo. Such areas contain many grass genera that are 
typically temperate-zone inhabitants and frequently dwarf 
bamboos as well.

In addition to the grassland species, there are many grasses 
that live as secondary or primary components of other 
vegetational types. In the temperate zone, grasses form a 
characteristic component of the herbaceous understory of 
deciduous forests. In temperate North America, various 
species of the following genera may be found in such 
forests; A grostis, B rachyelytrum , B rom us, Cinna, E lym us, 
Festuca, H ystrix , M elica , M uhlenbergia, O ryzopsis, Poa, 
Panicum , and Schizachne. In tropical climates, a number 
of primitive grasses are found in the rain forests. Some 
of these have broad leaves, very unlike those of typical 
grasses. Included in this group are such genera as Strep- 
tochaeta, Pharus, L ep tasp is, O lyra, R a dd ia , and others. 
In open areas of tropical-forest margins or where forests 
have been destroyed, the bamboos, which are merely gi­
ant woody grasses, may form dense, nearly impenetrable 
stands. In Coastal areas, salt marshes are often populated 
by dense stands of various species of Spartina  or D istich- 
lis. Coastal or inland dunes are stabilized by species of 
Uniola, A m m oph ila , Jouvea, Sporobolus, E lym us, R edfiel- 
dia, C alam ovilfa, and others.

The grasses are primarily a group of plants adapted to 
land habitats, and they are replaced in wet areas by sedges 
(family Cyperaceae) or rushes (family Juncaceae). A few 
specialized grass species, however, occur in or around wa­
ter. The most widespread is the common reed, Phragm ites  
australis. The genera L eers ia  and G lyceria  are also usually 
confined to wet habitats. Rice (O ryza  sa tiva) and wild rice
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(Z iza n ia  aquatica) have previously been noted as aquatic 
grasses. In many of the major groups of grasses, a few 
species adapted to moist or wet habitats are to be found. 
The most truly aquatic of all grasses are H ydroch loa ca- 
rolin iensis and L u zio la  fragilis . Both of these species have 
bases rooted in the mud of ponds or streams. The weak, 
slender culms allow the foliage leaves and inflorescences 
to float on the water surface.

At the other ecological extreme, there is a wide variety 
of grasses adapted to extremely dry habitats. The gen­
era A ristida , B outeloua, M uhlenbergia, H ilaria, Schism us, 
and others occur commonly in desert areas of the Amer­
ican Southwest. The desert grasses are predominantly of 
two contrasting types. Some, such as the six-weeks grasses, 
are small, shallow-rooted, short-lived annuals, surviving 
unfavourable periods in the seed stage. The remainder are 
harsh perennials with narrow, fibrous, often rolled leaves, 
propagating largely by rhizomatous spread or by the basal 
growth of clumps, and are capable of remaining dormant 
for long periods during drought.
At least 30 percent of the land surface of the world was 

once grassland, although much of this area has now been 
put into cultivation. Soils that developed under temperate 
grasslands are uniquely fertile and form some of the most 
productive croplands. Grassland areas of great extent are 
found on all the continents of the world except Antarc­
tica, and, even there, two of the three species of flowering 
plants that occur are grasses of the genus D escham psia. 
(For descriptions, maps, and other material relating to 
these areas see biosphere: G rasslands.)

FORM AND FUNCTION
Vegetative characteristics. The adult grass plant consists 

of a jointed axis or stem, usually with solid nodes (joints) 
and hollow intemodes (stem regions between nodes). At 
each node a single leaf, with a sheathing base, is borne. 
The leaves are arranged distichously (in two vertical rows, 
180° apart). Fibrous roots (called adventitious roots) may

be borne at the basal nodes of the sterns, forming the 
majority of the root System. Leafy, rooting portions of the 
stem (stolons) may creep along the surface of the earth. 
Beneath the soil surface, scaly, leafless sterns (rhizomes) 
occur. Both stem types (stolons and rhizomes) serve for 
vegetative reproduction and food storage. Aerial sterns, 
or culms, bear foliage leaves, each of which consists of 
a sheath (tubular sheathing portion), usually with over­
lapping edges, that surrounds the stem, and an elongated 
blade with parallel veins. A hairy or membranous collar, 
the ligule, arises at the juncture of the sheath and blade. 
At the base of the intemode, inside of the midrib of the 
sheath, a bud is bome that may give rise to a branch. 
Between the branch and the main stem, a peculiar two- 
keeled modified leaf, the prophyllum, occurs. All other 
vegetative or floral structures of the grass plant may be ho- 
mologized with one or another of the foregoing structures.

Roots of grasses are usually of small diameter and are 
much branched, forming the so-called fibrous root system. 
Except in small, short-lived annual grasses, the primary 
root and other roots arising directly from the embryo 
are soon lost, and the remainder of the root system is 
entirely adventitious (growing from other than the usual 
place, such as on sterns) from the lower stem nodes. 
In perennials, much of the root system is replaced each 
growing season.

Rhizomes are extremely important in the economy of 
many grasses, providing the principal means of reproduc­
tion, in addition to storing much food. Creeping leafy 
sterns lying above the soil surface, the stolons, function 
similarly. Short, leafy basal shoots, without visible sterns, 
are called innovations. Their leaf area may be important 
in fumishing forage or adding to the quality of lawns. Ken­
tucky bluegrass (Poa p ra ten sis), for example, has many 
such innovations, which are responsible for the density of 
the grass sward. Erect sterns of grasses, which ultimately 
bear inflorescences (flower clusters), are called culms. The 
culm terminates in an inflorescence borne on a more or

Drawing by M. Moran

G ra s s  s tru c tu re s .
(A) Left, grass inflorescence (panicle); right, culm bearing leaves. (B) A common type of grass 
spikelet (from A ven a ). (C) A grass flower (R a ttraya  species). (D) Grass lodicules (rudimentary 
perianth parts) from the four largest grass subfamilies. (E) A mature caryopsis, or grain 
(longitudinal section).
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less exserted (extended beyond the rest of the plant) stalk 
or peduncle.
Inflorescences. Inflorescences are of many types, but 

panicles (much-branched flower clusters) are by far the 
most common. Grass flowers are extremely reduced in size 
and structure and are always borne in small, scaly-bracted 
spikes called spikelets. The spikelet, not the individual 
flower, is the unit of the grass inflorescence. The spikelet, 
which is basically homologous with a leafy stem bearing 
branches (the flowers), may be specialized in many diverse 
ways. Practical Identification depends largely on character­
istics of the spikelets and other parts of the inflorescence, 
although these characteristics have proved inadequate for 
the production of an evolutionary system of Classification 
for the family Gramineae.
The spikelet is usually supported on a stalk conven- 

tionally called a pedicel. The central axis, or rachilla, of 
the spikelet bears at its base two empty bracts (scalelike 
leaves), the glumes. These, like all the subsequent bracts 
of the spikelet, are distichous (arranged in two rows), as 
are the foliage leaves. Above the glumes each node of the 
rachilla bears a bract, the lemma, hidden inside of which 
a flower arises. At the base of the flower and actually on 
the flower branch is another bract, the palea, homologous 
with the prophyllum at the base of a vegetative branch. 
The palea is a two-keeled structure, somewhat H-shaped 
in cross section, having one vascular bündle near each 
keel but no midrib. The flower is enclosed between the 
lemma and the palea.

Flowers. Grass flowers are extremely small and simple, 
usually only a few millimetres long at the time of flow­
ering. The perianth (surrounding flower parts, calyx and 
corolla) consists of a single cycle of small flattened or 
fleshy bodies, the lodicules. The number and structure of 
these vary in the different subfamilies of the grasses. In 
the bamboos and the subfamily Olyroideae, for example, 
three lodicules are present, two being placed between the 
ovary and the lemma and one between the ovary and the 
palea. The lodicules of bamboos are thin and flat, narrow 
and pointed, and they have several vascular bundles. In 
other grasses, two lodicules ordinarily are present, and 
these are located at the base of the lemma. In grasses of 
the subfamily Festucoideae they are pointed, nonvascular, 
and capable of swelling near the base. In the subfamilies 
Eragrostoideae and Panicoideae, the lodicules are square- 
tipped and fleshy and contain several vascular bundles. 
The sole surviving function of lodicules in grass flowers 
is to become engorged with water at the time of maturity 
of the flower, thereby forcing the lemma outward and 
allowing the anthers (pollen sacs) and stigmas (pollen re- 
ceptors) to emerge.

In the great majority of grasses, 3 stamens (male repro­
ductive structures) are present. Bamboos, however, char­
acteristically have 6 stamens, and one genus (O chlandra) 
has up to 120. The stamens show high evolutionary spe- 
cialization toward wind pollination. The filaments (stalks 
of the anthers) are long and lax, permitting the anthers 
to dangle well out, exposed to air currents. The centrally 
attached anthers are proportionally very large and liber- 
ate enormous amounts of pollen. A field of rye (Secale  
cerealè) during flowering, for example, can be seen to 
liberate clouds of yellow pollen. Plants of maize (Z ea  
m ays) often become noticeably dusted with pollen. Be­
cause of its abundance, grass pollen is a frequent cause 
of allergies, often but wrongly' called rose fever. This vast 
excess of pollen is characteristic of wind-pollinated plants 
in general. The pollen, which is light and fluffy, consists 
of individual grains that are simple spheres with a single 
pore and no surface sculpturing. Each pollen mother cell 
produces four independent pollen grains.

The pistil (female reproductive organ) of grasses is com­
posed of three united segments, or carpels, but produces 
only a single ovule and one seed. In bamboos and related 
grasses, three stigmas are usually present but in other 
grasses only two. In maize the two stigmas have become 
united, forming the silk. The stigmas are extremely feath- 
ery, serving to “comb” pollen out of the air. Despite the 
great waste of pollen, the combination of large anthers 
and extremely large stigmas has proved efficiënt enough to

make the grasses one of the most successful and numerous 
families of plants.
The flower, the enveloping lemma and palea, and the 

usually adhering rachilla segment form a unit called a 
floret. Frequently the floret becomes the disseminule of 
the plant when the grain (caryopsis) matures.

Grass spikelets have multitudinous forms and structures, 
and no single description can encompass all of the varia­
tions known. Authorities generally agree that the spikelets 
of the ancestral grasses, typified by those of such present- 
day types as the bamboos, had bisexual (perfect) flowers 
that were bome in spikelets of several to many flowers. 
One common evolutionary tendency is for the loss of 
some or all of the upper flowers from an ancestrally many- 
flowered spikelet type, resulting in few-flowered or more 
commonly single-flowered spikelets. In the subfamily Pan­
icoideae and in a few other forms, the lower flowers are 
reduced or absent, and only one perfect flower remains 
at the apex of the spikelet. In certain grasses, notably in 
the rice subfamily (Oryzoideae), the glumes have become 
reduced to mere ridges or a minute cup at the tip of the 
pedicel. In the crabgrasses (species of D ig ita r ia ), the first 
glume has been lost or reduced to a rudiment.

Relatively few grasses have flowers that are unisexual.
Frpmipn+K/ thp mHimpntc nf thp nmanc nf thp ntKor cav- - ----------J , - —~ ~ ^  *'“ '■' 'Wt.JLiV/i JVA

may be detected in flowers of this type. Grasses with uni­
sexual flowers may be monoecious (having both sexes on 
the same plant) or very rarely dioecious (the two sexes on 
different plants). Maize (Z ea  m ays) is a prime example of 
monoecious grass. In maize, the male inflorescence (tassel) 
is situated at the tip of the stem, so that pollen may easily 
drift down upon the silks (stigmas) of the female spikelets, 
which are bome on the ear shoot below. The opposite 
Situation occurs in wild rice (Z iza n ia  aquatica), in which 
the female spikelets are bome in a bunch at the tip of the 
stem, and the male spikelets are on lower branches of the 
same inflorescence. This Situation encourages cross-polli­
nation, since most of the pollen tends to drop downward. 
Grass species that are completely unisexual (dioecious) are 
much rarer.

Since the grasses are wind-pollinated, there is a great 
wastage of pollen at any great distance from the parent 
plant. The difficulty in obtaining good seed set in unisex­
ual grasses has apparently restricted the evolution of such 
types. The genus D istich lis, which occurs in maritime or 
saline habitats, and the common buffalo grass (Buchloë  
dactylo ides) of the American Great Plains are examples of 
dioecious grasses. In both of these genera and other similar 
ones, the plants rely largely on vegetative reproduction by 
stolons or rhizomes, and highly effective sexual reproduc­
tion is not essential for the survival of the populations.

Spikelets vary as to the manner in which they or their 
parts are shed from the parent plant. In the more primitive 
grasses, the glumes remain on the plant, while the florets 
(or the grains) are shed individually or, more rarely, in a 
group. The shedding (disarticulation) of individual grains 
or florets has the obvious advantage of securing more even 
dispersal of the seed. In grasses with only one flower per 
spikelet, the entire spikelet may be shed as a unit, as in the 
rice subfamily (Oryzoideae) or the subfamily Panicoideae. 
Certain grasses that have evolved special means of seed 
dispersal may have clustered spikelets that disarticulate as 
a group from the plant, often surrounded by hooks or 
spines, as in the sandburs (species of Cenchrus).

In more primitive grasses, spikelets are laterally com- 
pressed—that is, they are flattened from the sides—so 
that the individual bracts are more or less boat shaped. 
Many common grasses, such as bluegrass (P oa pra tensis), 
orchard grass (D actylis), and the species of brome grass 
(Brom us), illustrate this type of structure. In the subfamily 
Panicoideae, however, the spikelets are flattened from the 
backs of the bracts (dorsally compressed), as in the genus 
Panicum  or crabgrasses (species of D ig ita ria ).

Fruit and seed. The fruit of the grasses is ordinarily 
a grain, or caryopsis. Technically, this differs from other 
small indehiscent (nonopening) fruits, such as the achene, 
by having the pericarp, or ovary wall, completely adherent 
to the seed. The seed coats themselves are usually crushed 
by the growth of the seed. In a few cases, the ovary wall

Varia­
tions in 
sexuality

Shedding 
of spikelet 
parts
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may be shed, and in rare instances, especially in the bam­
boos, other types of fruits may occur.

The seed itself consists of a flattened, more or less boat- 
shaped embryo lying along one side of a large mass of 
starchy endosperm (stored food outside of the embryo). 
The bulk of the embryo consists of a fleshy body, the 
scutellum, which lies in contact with the endosperm and 
serves as a digestive and absorptive structure during ger­
mination. The true nature of the scutellum is debatable, 
but it has conventionally been called a cotyledon (seed 
leaf). The remainder of the embryo is attached on the ex- 
temal surface of the scutellum by its medial portion. The 
portion above the point of attachment is enclosed by a 
cylindrical sheath, the coleoptile, which protects the young 
shoot during germination. Within the coleoptile several 
embryonic leaves and the apical meristem (growing tip) of 
the stem are bome. The coleoptile and its contents may 
be attached directly to the face of the scutellum, or a short 
intemode (embryonic neck or mesocotyl) may intervene. 
The lower portion of the embryo, which in some grasses 
is fused to the lower part of the scutellum, is a tubular 
sheath containing the primordium (the initial tissues) of 
the primary root. In certain subfamilies of the grasses a 
small flap of tissue, the epiblast, occurs on the extemal face 
of the embryo opposite the point of attachment. Certain 
features of the embryo have great value in determining 
the relationship of the grasses.

Leaves. The anatomy of grass leaves has been shown 
to be indicative of relationships within the order. The 
leaf epidermis, or outer “skin,” in grasses is composed 
fundamentally of longitudinally elongated cells, usually 
with rippled walls. Interspersed with these are various spe­
cialized short cells, which are either suberized (corky) or 
impregnated with silica. The simplest of these are found 
in the subfamily Festucoideae, in which most of the iso­
lated circular silicified cells are accompanied by crescent- 
shaped suberized cells. The other subfamilies have silicified 
cells in the form of double-bitted axheads, X’s, collapsed 
quadrilaterals, or other complicated shapes. Frequently, 
such silicified cells occur in long rows over the vascular 
bundles. Many grass leaves bear elongated hairs, but these 
have little importance in determining relationships. Short, 
stiff, clawlike hairs also are common on leaf margins and 
may cause cuts when the leaves are handled. Plants of 
most of the grass subfamilies also bear specialized two- 
celled microhairs on the leaves. These may be linear and 
composed of two equal cells, the upper pointed, or they 
may be blunt or obtuse, with the upper cell smaller than 
the basal one. The type of microhair is specific to partic- 
ular subfamilies. Such bicellular hairs are entirely lacking 
in the subfamily Festucoideae but are present in most of 
the other subfamilies. The shape of the complex of cells 
surrounding the stomates (air pores) in the epidermis is of 
importance in determining the subfamily to which a grass 
belongs. This group of cells consists, in grasses, of the two 
guard cells that surround the opening and two additional 
cells, the subsidiary cells, alongside each guard cell. In the 
subfamily Festucoideae, the general outline of this group 
of cells is rectangular, but in the other subfamilies, it varies 
from broadly oval to rhombic (diamond-shaped).

Intemal The leaf cross section also reveals many features of im- 
leaf portance in the Classification of the family. Transverse
stmcture sections of the leaf blade reveal a series of parallel vas­

cular bundles, at intervals joined by small, transverse 
connecting bundles. Ordinarily each two large bundles are 
interspersed with one to several smaller and simpler ones. 
A typical bündle is surrounded by a thick-walled, woody 
sheath and often by an extemal layer of thin-walled, living 
cells (parenchyma). Intemally the bündle contains a patch 
of phloem (food-conducting vascular tissue), oriented to­
ward the bottom of the leaf, and several xylem vessels 
(water-conducting tubes). The number and nature of the 
bündle sheaths often indicate the subfamily to which the 
grass belongs. In the subfamily Eragrostoideae, for exam­
ple, the outer sheath consists of large parenchyma cells 
that store starch, while in the subfamily Arundinoideae it 
consists of apparently empty cells. The green parenchyma 
cells filling the leaf are variously arranged. In grasses of the 
subfamily Festucoideae, the cells are loosely packed and

without apparent order. In those of the subfamily Eragros­
toideae, however, the cells are tightly packed and radially 
oriented in a ring around each vascular bündle. In sev­
eral subfamilies, especially the Bambusoideae, Olyroideae, 
and Arundinoideae, the mesophyll cells (middle layers of 
green parenchyma cells of the leaf) often have folded- 
in walls or armlike processes (rachymorphous cells). Both 
the subfamilies Bambusoideae and Olyroideae and a few 
species of the subfamily Oryzoideae have large empty cells 
running crosswise in the leaf, between each two vascular 
bundles. These spindle-shaped, or fusoid, cells appear in 
the longitudinal sections of the leaf as I-shaped struc­
tures with large openings between them. Bulliform cells 
are enlarged epidermal cells, usually present between the 
vascular bundles on the upper leaf surface. Their function 
has been debated, but many authorities have claimed that 
they aid in folding or rolling the leaf blades at times of 
water stress, thereby reducing water loss.

Some grass leaf blades, especially those of the subfami­
lies Bambusoideae and Olyroideae, possess a constriction 
at the base of the blade that has been called a petiole 
(leafstalk) or pseudopetiole. Anatomically, it is merely a 
narrow portion of the leaf blade. Bamboo leaf blades are 
deciduous (i.e., they fall) from the sheath at this point.
Ordinarily, the petioles are only a few millimetres long but 
may reach several centimetres in Z eu g ites and as much as 
13 centimetres (about 5 inches) in R a ttra ya  petio la ta .
Chromosome numbers. Since the first major Compila­

tion of grass cytology in 1931, interest in the correlation 
of grass chromosomes to the possible phylogenetic rela­
tionships within the family has been high, and probably 
the cytology of the family is better known than that of 
any other large family. Members of the subfamily Festu­
coideae, which includes the common grasses of temperate 
and cold climates, possess relatively large chromosomes, 
with the basic number of x =  7. All other subfamilies of 
the grasses possess much smaller chromosomes with the 
basic number of x  = 5, 6, 8, 9, 10, and 12. Bamboos, 
regarded as primitive from the standpoint of floral and 
spikelet structure, have x  = 10 or 12. The evolutionary 
significance of the differences in chromosome number and 
size can only be guessed, and trying to assign one subfam­
ily as parental to the others on the basis of cytology or 
morphology of living forms seems an exercise in futility.
A high percentage of grasses are polyploid; that is, Polyploidy 

their somatic (body) cells possess more than the two among 
sets of chromosomes typical of ancestral forms. Numer- grasses 
ous species with 4, 6, 8, 10, 12, or more basic sets of 
chromosomes are known. This increase of chromosome 
number has occurred by natural means, probably after the 
accidental formation of nearly sterile interspecific hybrids 
(crosses between species). When the chromosome number 
of such a hybrid becomes doubled, the offspring (known 
as an allopolyploid) may be fertile and sometimes highly 
successful in nature. This spontaneous increase of chro­
mosome numbers has been a major evolutionary method 
in the grasses and has undoubtedly aided greatly in fitting 
the members of the family to the exceedingly diverse cli­
matic and soil conditions under which they live. Many of 
the most valuable agronomic grasses have had this type 
of origin. Examples of grass allopolyploids include timo- 
thy (Phleum  pratense), orchard grass (D actylis g lom era ta), 
wheat (T riticum  aestivu m ), oats (Avena sa tiva ), and many 
bluegrasses (Poa  species).

Biochemical and physiological features. The grasses are 
notably free of alkaloids and similar compounds that 
abound in other monocot families, such as the Liliaceae 
and Amaryllidaceae. In a few instances, notably in the 
genus Sorghum , young or injured plants may contain 
amounts of cyanogenetic glycosides, which are organic 
compounds containing sugar and capable of liberating 
lethal amounts of hydrocyanic acid when the plants are 
grazed by livestock. Many grasses also may become in- 
fected with various species of ergot fungus (species of 
C laviceps), which renders the seed heads toxic.
A limited number of attempts have been made to de- 

termine relationships within the grass family by means of 
immune reactions similar to those used in blood typing.
The results indicate that various genera formerly placed in
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the subfamily Festucoideae are more properly attached to 
the subfamily Eragrostoideae, as has been indicated also 
by numerous anatomical and cytological data.

EVOLUTION
Since the grasses are primarily herbaceous plants, they 
have not left an impressive fossil record. While claims 
have been made for the presence of grasses from the Cre­
taceous Period of some 65,000,000 to 136,000,000 years 
ago, all reasonably well identifiable fossil grass remains 
are from the Tertiary Period (beginning 65,000,000 years 
ago) or later. Vegetative remains of rhizomes and stem 
bases ascribed to the genera A rundo  or P hragm ites  have 
been described from Europe. An excellent series of fossil 
grasses from the Great Plains of central North America 
was described in 1942. These fossils consist mostly of 
hardened fertile florets of species of grasses related to the 
living genera Stipa, O ryzopsis, P ip tochaetium , Nassella, 
and Setaria  or Panicum . They span the period from the 
early Miocene Epoch through the Pliocene (beginning 
about 26,000,000 years ago to about 2,500,000 years ago). 
Their nature, relationships, and associated plant and an­
imal fossils indicate that they were inhabitants of open, 
dry plains. It is significant that the first appearance of 
these fossils of steppe-type grasses coincides closely with 
the evolution of ancestral horses having high-crowned 
teeth and strong jaws, suited to eating siliceous dry-land 
grasses. Their elongated legbones and sharp hooves en- 
abled rapid running. These adaptations indicate that the 
animals evolved and lived in extensive grasslands. The 
presence of the grass fossils over a wide area indicates 
that rather modem type grasses and grasslands were well 
developed by the Miocene time and that the origin of the 
family must have occurred much earlier. It is likely that 
the ancestral grasses were delicate forest inhabitants and 
were incapable of fossilization. Tropical rain forest areas 
of the world presently contain various peculiar, frequently 
broad-leaved grasses that are thought to be primitive in 
certain respects. The genus Streptochaeta  of the Ameri­
can tropics is frequently mentioned as the most primitive 
living grass, yet its spikelets are highly atypical of those 
of other grasses and may themselves represent reduction 
from still earlier forms.
The relationships of the grasses to other monocotyledons 

has been the subject of much speculation. Earlier and 
undoubtedly erroneous systems of Classification developed 
in the late 19th Century were based upon the premise that 
the grasses are primitively simple—that is, that their small, 
simple, wind-pollinated flowers represent an early stage in 
floral evolution. A radically different system, based upon 
later anatomical studies of flowering plants, was presented 
early in the 20th Century by the American botanist C.E. 
Bessey. His system, which is basic to most later arrange- 
ments, is based upon the idea that the primitive flowering 
plants are dicotyledons, such as the buttercups and their 
relatives (order Ranales in older systems, Ranunculales 
here) and the magnolias and their kin (order Magnoliales). 
The monocotyledons are regarded as having originated 
from the older dicotyledon orders. The lily relatives (order 
Liliales) represent a basic group of monocotyledons from 
which several lines of specialization arose. The grasses 
were regarded by Bessey as the apex of the wind-pollinated 
line of the monocotyledons, derived from the lily order 
by the loss of sepals and petals and various adaptations 
to wind pollination. Most recent authorities on plant phy­
logeny have followed somewhat similar arrangements of 
the monocotyledon families.

A recent French writer States that the grasses arose in 
the Cretaceous Period from a lilylike ancestry. The rushes 
(family Juncaceae), which are wiry, grasslike plants with 
minute, six-parted green flowers, and the sedges (family 
Cyperaceae) are thought by this writer to have diverged 
from the same ancestry at about the same time. As treated 
here, a similar derivation of the order Poales from the 
order Liliales is suggested, but the sedges and rushes are 
separated on a different line of development. A recent 
system developed in the United States places both the 
family Cyperaceae (sedges) and the grass family (Poaceae 
or Gramineae) in one order, called the Cyperales. Both of

these systems propose that the grasses are derived from a 
line based on the order Commelinales. This order contains 
insect-pollinated plants whose flowers have both calyx and 
corolla but lack nectar production. The absence of nectar 
is regarded as a first step in the derivation of wind-polli­
nated flowering plants from insect-pollinated ones, since 
the flowers have lost one of the structures (nectar glands) 
making flowers attractive to insects. Certain members of 
the order Commelinales are grasslike in aspect (e.g., the 
family Xyridaceae), and all have sheathing leaf bases, 
somewhat similar to those of the grasses. The fruit in these 
groups, however, is a capsule, and the overall resemblances 
of these plants to the grasses are rather remote. More 
directly on the line of descent of the order Poales is the 
order Restionales. This order includes plants with wind- 
pollinated, reduced flowers and ovaries that have single 
ovules in their cavities. They are similar to the grasses in 
their pollen and in having sheathing leaf bases.

In the absence of a meaningful fossil record for the 
monocots, all of these varying systems are based upon in- 
terpretations of structure of living plants. While the details 
of the newer systems differ, all are alike in regarding the 
grasses and their kin as reduced, highly specialized plants 
rather than primitively simple ones.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. There is no single distinguish­

ing trait of the order Poales. The presence of reduced 
flowers in scaly spikelets, two-ranked leaves with sheathing 
bases that have overlapping margins, hollow intemodes, 
two bracts per flower, and a caryopsis as the fmit are the 
usual features used, but all of these are subject to Variation. 
While the sterns are ordinarily annual and herbaceous, 
they are long-lived and woody in the bamboos.

Plants of three common families, the grasses (Gramineae), 
the sedges (Cyperaceae), and the rushes (Juncaceae), have 
a similar aspect and are frequently confused by casual 
observers. Species of the family Juncaceae are at once 
separable from the other two families by having flowers 
with a well-developed, six-parted perianth and a capsular, 
dehiscent fruit containing three to many seeds. Differences 
between the Gramineae and the Cyperaceae are summa- 
rized in Table 4.

Table 4: Comparison of Two Easily Confused 
Families, the Grasses and Sedges

character grass family sedge family
(Gramineae) (Cyperaceae)

Leaf orientation two rows three rows
Leaf sheath usually with over­ always with united

lapping edges edges
Stem structure usualïy hollow, usually solid,

cylindrical triangulär
Bracts per flower two: lemma and palea one: glume
Type of fruit caryopsis achene
Habitats mostly dry land mostly moist or 

wet areas

The features most used in modem classifications to sub- 
divide the order Poales include the basic chromosome 
number and relative chromosome size, nature of special­
ized epidermal cells, intemal leaf anatomy, root hair posi­
tion on the epidermal cells, embryo stmcture, stmcture of 
the flower (including the number and nature of the lod­
icules), biochemistry and immunology, ecology, and dis­
tribution. The systems of Classification produced by use of 
these and other characteristics must be supplemented with 
keys based upon easily observed superficial characteristics. 
Such aids to identification are now beginning to appear in 
recent works on grasses that use the modern evolutionary 
classifications as a basis for subdividing the family.

The Classification in  this artiele represents a consensus  
o f  m od em  opin ion s regarding grass Classification that has 
grown up in recent years. Since there is n o  m odem  world- 
wide treatm ent o f  the fam ily, som e segm ents o f  the Classi­
fication stated here are adapted from  different authors.

Alternate system s o f  Classification. Ideas as to the Clas­
sification o f  the grasses have undergone a veritable rev- 
olution  in recent years, unparalleled in  any other group

Plants 
similar 
to grass in 
appearance
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of angiosperms. The earlier arrangements were based pri­
marily upon the nature of the spikelet, with secondary 
emphasis given to the form and structure of the inflores­
cence. Doubts arose as to the validity of this system when 
the first major Compilation of chromosome numbers of 
the grasses was published in 1931, and the family was 
divided on the basis of chromosome number and size. 
The groupings thus defined ran counter to the system of 
Classification current at that time, however, and were not 
taken up. Shortly thereafter, extensive studies were made 
on the grass epidermis. The wide variety of specialized 
cells of the epidermis was used as a basis for dividing 
the family into new groupings. By 1936 three subfamilies, 
the Bambusoideae, the Festucoideae, and the Panicoideae, 
were recognized. The grasses currently grouped in the sub­
family Eragrostoideae were uncomfortably wedged into 
the subfamily Panicoideae. This system of Classification, 
while no longer entirely accepted as to its taxonomie 
conclusions, was the first to incorporate such features as 
leaf epidermis, cross-sectional leaf anatomy, chromosome 
number and size, nature of the embryos and seedlings, 
starch grains, physiology, and ecology. Publications based 
upon such data led to a greatly increased interest in the 
construction of a more truly phylogenetic Classification 
of the grasses. The status of grass Classification was the 
subject of a symposium at the International Botanical 
Congress in Montreal in 1959. Numerous papers concem- 
ing the overall and partial Classification of the group have 
been published since that time. More or less inclusive clas­
sifications have been published by grass evolutionists for 
temperate North America, for tropical Africa, and for the 
entire world. While these systems are not completely in 
accord with one another, they all show general similarities.
All of the new systems recognize the bamboos as a sepa­

rate subfamily. This appears to be entirely justified, since 
all of this group have woody, perennial sterns. In many 
respects, they are a highly specialized group, although 
their flower structure is primitive in the order. There is 
less general accord as to the subfamily Olyroideae, whose 
members are similar to the bamboos in many anatomical 
and cytological aspects but lack the woody sterns.

The subfamily Festucoideae of the older Standard system 
of Classification has suffered the greatest remodelling. As 
it was originally construed, this group was united only by 
spikelet characteristics. It was shown by later investigators 
that the members differed greatly in numerous anatomical 
characteristics, in their basic chromosome numbers and 
size, and in their ecological and geographical relation­
ships. The removal of certain genera to the subfamilies 
Bambusoideae, Eragrostoideae, Arundinoideae, and Ory­
zoideae has left the subfamily Festucoideae much more 
homogeneous.
The subfamily Panicoideae, which had long been recog­

nized on the basis of spikelet structure, continues to be 
accepted in the original circumscription, although with 
some intemal rearrangements.

The subfamily Amndinoideae is the least well character­
ized of the recently accepted divisions and will probably 
undergo further revision. A few isolated genera of grasses 
are so unusual that placement of them in any system of 
Classification is problematical, and they can be only arbi- 
trarily assigned to a subfamily.

In general, the new systems of Classification recognize 
about six or seven major groups (subfamilies or series), 
based upon numerous criteria, including microscopie 
anatomy and cytology. One major work on grass Classi­
fication published in 1954 is at considerable odds with 
those previously discussed. This system uses nine subfam­
ilies, but their Constitution is very different from that pro­
posed by later authors. The large subfamily Festucoideae 
of this system is even more inclusive than that of the 
previous Standard system containing such aberrant gen­
era as Phyllorachis, Pariana, Thysanolaena, Arundinella, 
P appophorum , P hragm ites, and others, which are placed 
in other subfamilies by more recent authors. The subfam­
ily Amndinoideae, containing the giant reed grasses and 
other grasses, is not recognized, but, on the other hand, 
the bluestem grasses (Andropogon  and its relatives) and 
the maize relatives are separated into a new subfamily, the

A ndropogonoideae. T his radically different Classification 
has not been favourably received by agrostologists, but the  
com prehensive nature o f  the work and its keys to genera 
m ake it useful.

The work of the last 40 years on grass cytology, anatomy, 
physiology, biochemistry, and ecology has succeeded in es- 
tablishing the general outlines of a new and more informa­
tive system of Classification. It seems reasonably clear that 
paleobotany, on the other hand, will do little or nothing 
to either confirm or contradict the newer classifications.

Future cytological and anatomical research is still needed 
to fix the positions of many anomalous genera. Since the 
1954 proposal of a complete general system, no attempt 
has been made to provide a worldwide treatment of the 
grasses at the generic level, using a modem system of 
Classification. Such a treatment would be an excellent 
skeleton on which to place the accumulating body of data 
on grasses. There are no world monographs of the great 
majority of grass genera, even on the level of gross mor­
phology. The availability of such monographs would be a 
great stimulus to the study of the family in the various 
parts of the world.

The wet forests of the tropics contain many rare or iso­
lated primitive grasses, especially members of the subfam­
ily Olyroideae. Study of these, which may reveal further 
clues as to grass relationships, is urgently needed before 
the surging population pressures of the tropical lands com­
pletely wipe out their habitats. (R.W.P.)

Arecales (palm order)

The palm order, Arecales (or Principes), consists of a 
single family, the Arecaceae (or Palmae), and is generally 
considered to be second only to the grasses in economie 
importance. Palms are distinctive in their habit and geog- 
raphy, being characteristically woody in a dass of plants 
(Monocotyledoneae) that is otherwise mostly herbaceous, 
and being chiefly restricted to thé tropics or subtropics, 
where they are a prominent part of the Vegetation. There 
is a uniformity of aspect to palm leaves that characterizes 
members of the order despite great differences in the size 
of various species. Sterns may vary from the height and 
diameter of a pencil to a height of 190 feet (58 metres) or 
a diameter of 3 feet (1 metre). Leaves of a few inches long 
to the largest in the plant kingdom, more than 30 feet 
(9 metres) long, are found in this order, and seeds from 
the size of buckshot to the largest known, the 20-pound 
(9-kilogram) double coconut or coco-de-mer (L odoicea  
m aldivica), are found.

GENERAL FEATURES
Distribution. The great centres of palm distribution are 

in America and in Asia from India to Japan and south 
to Australia and the islands of the Pacific and Indian 
oceans, with Africa and Madagascar as a third but much 
less important palm region. These centres are bounded 
roughly by latitudes 44° N and 44° S, though the greatest 
abundance lies primarily between latitudes 30° N and 30°
S. These distributions correspond more or less with zones 
having mean annual temperatures of 60° and 70° F (15° 
and 21 ° C) and, with rare exceptions, to areas having 20 
inches (50 centimetres) or more of rainfall per year.

The northernmost palm is C ham aerops hum ilis, which 
grows about the Mediterranean in Europe and North 
Africa; the southemmost is R h opalosty lis  sapida, of New 
Zealand and the Chatham Islands. Although there are 
species with extensive ranges, especially in America, most 
are restricted in range, and those of islands, in particular, 
are frequently found nowhere else. One species, L iberbai- 
leya  gracilis, is limited to a few limestone outcroppings in 
the Langkawi Islands off the Malay Peninsula. No species, 
except C. hum ilis and the pantropical cultivated coconut, 
occurs on more than one continent; the genera transcend- 
ing Continental bounds are C ham aerops in Europe and 
Africa, E laeis and R aph ia  in Africa and America, and 
Borassus, C alam us, H yphaene, and Phoenix  in Africa 
and Asia. Numbers of individuals of a species may be few 
or many; C opernicia a lba  occurs in solid stands hundreds 
of square miles in extent in the northeastern section of
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the Paraguayan Chaco and adjacent Bolivia and Brazil, 
the largest stands in this region alone containing possibly
500,000,000 plants.

Econom ic im portance. The palms most important in 
world commerce are the coconut (C ocos nucifera) and 
the African oil palm (E laeis guineensis)', both are prime 
sources of vegetable oil and fat. Probably no plant is as 
versatile as the coconut. The husk of the fruit is the source 
of coir, used for ropes and mats; the hard inner fruit layer 
(endocarp) is used as fuel and to make charcoal, cups, bot­
tles, and trinkets; the coconut milk (liquid endosperm) is 
used as a beverage and in cooking; the coconut flesh (solid 
endosperm) is used as raw food or dried to form copra, a 
source of oil and oil cake, the last used as cattle feed. The 
sap obtained from tapping the inflorescence, or flower 
stalk, is drunk unfermented or fermented (toddy) and is a 
source of sugar, alcohol, and vinegar. Trunks are used in 
construction and fumiture making, and leaves are used in 
a variety of ways in domestic economies. The African oil 
palm is important chiefly for the palm oil obtained from 
the fmit coat and for kemel oil from the seed.
Other palms are used extensively, especially in the Old 

World. Sugar and alcohol are obtained by tapping in­
florescences of the sugar palm (Arenga p in n a ta ), the 
palmyra palm (B orassus flabellifer), the wild date (Phoenix  
sy lvestris), the fishtail palm (C aryo ta  urens), the nipa palm 
(Nyp a  fru ticans), and the buri and talipot palms (C orypha  
ela ta  and C. um braculifera). Wine is made from species 
of R aphia  in Africa and from A crocom ia  and Jubaea  in 
America. M etroxylon  sagu  and, to a lesser extent, Arenga  
pin n a ta  and C orypha ela ta  are sources of starch obtained 
from the pith. The fruit of the date palm (P hoenix dactyli- 
fera ) is a staple in parts of Asia Minor, Arabian Peninsula, 
and North Africa and is also an artiele of commerce, while 
that of the peach palm (B actris gasipaes) is eaten in Amer­
ica. Fmits are also widely used fresh, as sources of oil, 
and in the preparation of refreshing drinks and ice cream. 
Throughout much of the Asiatic tropics and even in parts 
of East Africa, the seed of the betel palm (Areca catechu) 
is used, with lime and the leaf of the betel pepper (Piper 
beite), as a ehewing substance. Trunks and leaves serve 
in local construction, in the making of weapons, and as 
sources of wax (C eroxylon, Copernicia). Leaves of Corypha  
are made into umbrellas and books; others provide mate­
rial for rain capes, baskets, raffia (R aphia  farinifera), hats, 
hammocks, and the fibre known as piassava.

Minor uses are so diverse as to defy complete listing, 
but as examples some of the uses of the sugar palm, 
A renga p in n a ta , may be cited. Leafstalk bases are used 
for cordage and thread; leaflets are used for wrapping 
material, brooms, basketry, fishing implements, musical 
instmments, handles, and holders. Leaf midribs and heavy 
fibers are used for styli, pens, and darts for blowguns, and 
the principal leaf axes are used for lathing and walking 
sticks. Fibres of roots are used for weaving, twine, whips, 
and matting; the hard fibres of the tmnk are used for fur- 
niture, Utensils, swagger sticks, axe handles, and canoes. 
Split tmnks are used for drain pipes, troughs, gutters, 
conduits, and dmms. The feltlike fibres of the leaf sheath 
provide tinder, caulking, and pillow fillers, and the outer 
coating of the fmit is used as hog feed and as a source of 
poison. Seeds are used as touchstones and toys, and other 
parts are used in local medicine and magie.

Apart from commercial or local uses, palms are exten­
sively planted for omament in warm regions or indoors 
when a tropical effect is desired. Ornamental palms for 
out-of-doors use number several hundred species.

NATURAL HISTORY
Life cycle. The life cycle of a palm is like that of most 

flowering plants except that the early vegetative phase is 
often prolonged because the palm stem generally attains 
its maximum girth below ground before it begins to grow 
upward. This is because palms, unlike woody broad-leaved 
plants, do not have the means for growing a thicker 
tmnk; moreover, they have only a single growing point. 
There is usually an accompanying change from the small 
and sometimes strap-shaped leaf of the seedling to the 
leaf of the adult. Some palms grow rapidly, others grow

very slowly. Only by knowing how many leaves a palm 
produces in a year and by counting leaf scars can an 
approximation of age be arrived at.

Reproduction may begin very soon in small palms— 
within two years of germination—or after several years in 
larger palms. In some it may be suppressed for many years 
as in the talipot palm (C orypha  um braculifera) or the fish­
tail palm (C aryo ta  urens), which flowers once, then dies. 
In some palms, flowering and fmiting may be continuous 
or nearly so, but in many there appears to be a periodicity 
perhaps related to the onset of rains or to light intensity or 
both. The African oil palm apparently responds cyclically 
to rain, light, and nutritional levels.

It has long been assumed that palms are wind polli­
nated, and doubtless many of those that occur in open 
places or that overtop the forest canopy are so pollinated. 
Syrphid flies, however, are known to pollinate A sterogyne  
m artiana, curculionid beetles to pollinate some species of 
Bactris, and trigonid bees have been seen to visit flowers 
of both sexes in A rchon tophoenix  cultivated in Panama. 
Obvious adaptations to insect pollination may be ob­
served in other palms, despite lack of documentation. It 
is noteworthy that among palms, the male flowers usually 
open and shed pollen before the female flowers become 
receptive, though N ypa, Bactris, and probably others are 
exceptions. Thus, outcrossing is promoted, though self- 
pollination in palms having flowers of both sexes on one 
plant is possible when several flower clusters have opened 
on the same plant.

Upon fertilization, usually only 1 ovule matures into a 
seed, but in a few genera 2 or 3 or up to 10 may form 
seeds. Palm fmits for the most part are fleshy, black or 
brightly coloured, and appear to be adapted for dispersal 
by birds and mammals. Bats, for example, are said to 
be fond of the fmit of the talipot palm, and birds that 
are insect eaters in the north may become fmit eaters 
in the tropics.

Ecology. Palms have adapted to many habitats within 
their geographic limits. To the dweller in temperate re­
gions, they tend to be associated with jungle or with tropi­
cal shores, where the coconut is often a prominent feature 
of the landscape. Most palms are inhabitants of tropical 
forests. There they occur mostly on well-drained acid soils 
in regions of high though often seasonal rainfall. They 
range from the lowlands to mountain and cloud forests 
up to altitudes of 6,000 feet (1,800 metres). Rarely, as in 
C eroxylon  and some species of G eonom a, they reach ele- 
vations as high as 10,000 feet (3,000 metres) in the Andes. 
There are exceptions, however, for palms are also found 
in swamps or poorly drained areas (M anicaria, M auritia , 
P hoenix  paludosa, M etroxylon  sagu, R aph ia ) or brackish 
estuaries and lagoons (N ypa  fru tican s) or areas subject to 
alternate flooding and drying (C opernicia  alba). They also 
occur in deserts or on seashores when underground water 
is present (H yphaene, W ashingtonia, C ocos nucifera), or 
in open savanna, grassland, or gallery forest, or restricted 
to such special habitats as limestone outcrops (M axburre- 
tia  rupicola), serpentine soils (G u lu bia  hom bronii), or river 
margins (A strocaryum  jau ari, L eopo ld in ia  pulchra) where 
Competition is limited.

The mode of germination of palm seeds appears to have 
some ecological significance. Forest palms mostly have 
adjacent ligular germination and seldom succeed when 
exposed to full sun. Palms of drier or more open areas 
tend to have a form of germination wherein the seed 
leaf petiole elongates from 1 inch (2.5 centimetres) to 2 
feet (60 centimetres) or more and buries the stem tip 
well below the surface of the soil. Delayed germination, 
in which some seeds germinate later than others, ensures 
replacements for early seedlings that may be lost through 
adverse climatic effects or other causes.

Trailing underground sterns may be assumed to be adap­
tations to fire, as in Serenoa repens of pine woods and 
sand dunes in the southeastem United States, or to tidal 
fluctuations (Nypa).

FORM AND FUNCTION
Stem  and root. Most palm sterns are erect and soli­

tary or clustered, but some grow horizontally, becoming
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procumbent, or trailing, at or below the surface of the soil 
and producing the crown at ground level, while others are 
high-climbing vines. Rare instances of regulär branching 
(in A llagoptera , C ham aedorea , H yphaene, Nannorrhops, 
N ypa, Vonitra) appear to involve equal or subequal di- 
vision at the apex that results in a forking habit. The 
two newly formed branches may continue equally or one 
may be overtopped by the other (Nannorrhops). When 
thickening occurs, as in the royal palms (R oystonea) or 
in the few that produce conspicuous swellings or “beilies” 
as in C olpothrinax, it is due to an increase in number 
or size of intemal cells and not to new cell production 
at a cambium, or growing layer. The cortex, or “bark,” 
may be smooth or rough, and it is sometimes fiercely 
armed with spines or covered with old leaf bases. Nodes, 
intermittently spaced thickenings of the stem, are often 
prominent and ringlike.
A typical palm stem, unlike the woody cylinder of a 

hardwood tree, is composed of hundreds to thousands of 
conducting Strands scattered in softer ground tissue. There 
are usually two unequal regions, however. The central re­
gion is larger and softer than the outer region, which often 
is composed of densely packed fibres so hard that they 
quickly dull any cutting instrument. Thus palms are often 
left in place when forests are cleared for cultivation. Such a 
construction is a natural example of the best principles of 
engineering, permitting maximum strength with economic 
use of strengthening tissues, and it accounts for the ability 
of palms to withstand winds that break ordinary trees.
The first root of palms, unable to increase in diameter as 

do roots of broad-leaved plants, is eventually replaced by 
adventitious roots from the basal nodes of the stem. Most 
roots penetrate the ground, but in some palms, adventi­
tious roots may form a mound above ground or appear 
at intervals along the stem. In C ryosophila  and M auritia , 
roots along the stem are transformed into spines. Stout 
prop roots forming a dense or open cone are found at suc- 
cessive nodes along the stem of certain varieties of palms.
The leaf. Leaves in the Arecales order are diverse in 

size, shape, and division. Three distinct but continuous re­
gions are apparent in most: the sheath, petiole or leafstalk, 
and blade. The sheath, often fibrous, is that lowermost 
portion of the leaf that partially or completely surrounds 
the stem. Sheaths sometimes are elongate or tubular, and 
when they appear to form a continuation of the stem, 
they are referred to as a crownshaft. A fibrous ligule, a 
sort of membrane or appendage, is sometimes evident on 
the upper margin of the sheath on one side or in front of 
the petiole. The petiole is discernible above the sheath as 
a supporting axis devoid of leaflets.
The terminal portion or blade of the palm leaf may rep­

resent one of two categories for which the terms pinnate 
(or featherlike) and palmate (or fanlike) are broadly used. 
TThe first category embraces those that have distinct pinnae 
or leaflets or are bipinnate (C aryota) or merely pinnately 
veined. The second includes blades with relatively elon­
gate central veins or ribs (costapalmate) or those in which

segments radiate from a central region at the tip of the 
petiole. Many palmate and costapalmate leaves have a 
prominent, often spear-shaped, ridge of tissue at the apex 
of the petiole known as the hastula.

Leaves are sometimes armed with spines or marginal 
teeth on sheath, petiole, or blade, or on all parts. Pinnae 
may be modified into recurved hooks (D esm oncus), or the 
tip of the central axis may be produced into a long slender 
whiplike strand armed with recurved spines in climbing 
palms such as C alam u s.

The inflorescence. The inflorescence unit, the structure 
with a particular arrangement of flowers on its axis, may 
be a large and complex panicle (a loose, many-branched 
cluster) with numerous small leaflike bracts and branches 
to the fifth order, or it may be reduced to a head or to 
a spikelike axis with a single bract, or, as in C alam us, it 
may become a slender, clawed climbing organ or cirrus 
(tendril). The usual flower unit has a supporting peduncle, 
or main axis, on which is bome a two-keeled first bract, 
a large appendage, and usually one or more other sterile 
bracts below the flowering portion. The flowering portion 
of the inflorescence is composed of a central axis and 
branched flowering axes of one or more orders having 
other bracts nearer each branching.
A small bract (bracteole) usually subtends the flower, 

each of which is bome on the surface of the final flower­
ing branch of the inflorescence. More rarely, the flower is 
sunken in pits formed by the union of prominent bracts 
or by differential growth of the axis. The arrangement of 
flowers is sometimes complex. Flowers may be arranged 
singly, in pairs of a staminate (male) or a neuter flower 
and a functionally pistillate (female) flower; in groups of 
two staminate flowers and a pistillate or of two staminate 
flowers only, or of three to many perfect (both sexes in 
one flower) or staminate flowers.
The flower. Flowers of the Arecales order are attached 

directly to the flowering branch without “sterns” or more 
rarely may have supporting sterns. In either case they 
exhibit much diversity in stmcture, size, and colour and 
are based usually on a three-part plan. Most are less than 
an inch (2.5 centimetres) in length, but the female flowers 
of Phytelephas may be 10 inches (25 centimetres) long. 
The least specialized flowers are those with a calyx of 
three sepals, a corolla of three petals, a male complement 
of six stamens with slender to fleshy filaments and lin­
ear anthers that open by longitudinal slits, and a female 
stmcture of three distinct carpels, each with one ovule. 
Unisexual flowers are often markedly dimorphic (i.e., the 
male and female forms are very different). The staminate 
(male) flowers have poorly developed female parts or none 
at all; the pistillate (female) flowers may have evident 
stamens or none.

The sepals in all flowers are either overlapping or joined 
in a lobed cupule and are 3, rarely 2 or up to 10 in 
number. Petals, similarly, may be 2 or up to 10, but these 
are usually thicker than sepals, fibrous, and whitish or 
coloured. They may be distinct and overlapped or they

Drawing by R. Findahl based on (centre) G.H.M. Lawrence, Taxonomy of Vascular 
Plants, copyright 1951 by The Macmillan Company, reprinted with permission 

of The Macmillan Company; (others) P B. Tomlinson, Principes, vol. 5 (1961)

The
arrange­
ment 
of palm 
flowers

Growth habits of representative palms.



758 Angiosperms

may meet without overlap, especially in male flowers. 
Petals also are sometimes partially to completely united. 
In a few palms the sepals and petals are reduced and 
united into a thin lobed structure.

Stamens, though most often 6 in number, may rarely be 
3 (A reca triandra, G eonom a triandra, N ypa  fru ticans) or 
more numerous, ranging from 6 to 36 in H eterospathe, 
to more than 200 in such groups as C aryota, Phytele- 
phas, and Veitchia. The filaments are erect or inflexed at 
the apex, are often thick and fleshy, and vary in shape. 
Sometimes they are united with each other or are fused to 
the petals or female structures. Sterile stamens may differ 
only slightly from fertile stamens, or they may consist of 
a filament alone without an anther, or be united in a 
cup about the base of the female structure or in a tube 
joined to the petals, or be reduced to minute flaps of 
tissue. Pollen grains are globose to irregulär in shape, but 
most often they are ellipsoidal. The surface of the grains, 
however, may be smooth or ridged to warty or spiny.

Carpels, the female parts of the flower, are usually 3 in 
number, and they arise above the region where sepals, 
petals, and stamens are joined together. Though some­
times quite distinct, the carpels are most often united in 
a 3-chambered female structure in which each chamber 
may contain an ovule or in which 1 or 2 chambers may 
be reduced or apparently lacking, the pistil then appearing 
to be 2-chambered or single-chambered. The female part 
of the flower occasionally, though rarely, consists of 1 or 
2 distinct carpels, or it may even have 5 to 10 chambers.

The fruit. Palm fruits, whether large or small, usually 
do not split at maturity and thus seeds are not shed sepa- 
rately. The fruit coat (pericarp) is three-layered: a smooth, 
prickly, warty, or scaly outer layer (exocarp); a fleshy, 
fleshy-fibrous, or fibrous middle layer (mesocarp); and a 
thin and membranous to thick and bony inner layer (en- 
docarp) surrounding the seed. The mesocarp is sometimes 
filled with stinging Chemical crystals or with “stone cells,” 
thick-walled dense cells. The seed has a thin, often highly 
vascularized outer layer (testa) over copious, hard, some­
times hollow endosperm in which the pluglike embryo is 
embedded at either end or on one side.

EVOLUTION
The fossil Palms stand by themselves in terms of evolution. They do
•ecord not appear to be very closely related to any other order of

flowering plants unless it be the order Cyclanthales, nor 
can they be derived clearly from any present or past group 
of plants. They appear essentially in their present form 
in fossils from the Upper Cretaceous Period, 65,000,000 
to 100,000,000 years ago; indeed, N ypa  pollen is known 
from this age in northwest Bomeo where the genus still oc­
curs. By Eocene times, about 60,000,000 years ago, palms 
were widespread, and they are known in some abundance 
and diversity from such locations as the southem United 
States and the London clay of England. Pollen of the 
African oil palm is reported from Miocene deposits (about
30,000,000 years old) in the Niger Delta, and fossil fmits 
from the Eocene Period of India and the Pliocene Period 
(about 10,000,000 years ago) of New Zealand have been 
referred to the genus Cocos.

CLASSIFICATION AND TAXONOMIC STATUS
Distinguishing features. The order Arecales, with a sin­

gle family named Arecaceae (or Palmae), is divided into 
subfamilies on the basis of leaf characteristics, nature of 
the inflorescence, and stmcture of flowers and fmit. The 
order is set apart from other members of the flowering 
plant dass Liliopsida (monocotyledons) by the combina­
tion of woody habit, plicate (pleated) leaves, mostly three- 
parted flowers that are largely unisexual and usually have 
bracts and superior ovaries with one ovule per chamber, 
and seeds with copious endosperm.
Taxonomie problems. The major groups of palms, 

whether accepted as tribes or subfamilies, have been recog­
nized in large part since about 1883, when six tribes were 
recognized corresponding to six of the subfamilies pre­
sented above. The subfamilies Caryotoideae, Nypoideae, 
and Phytelephantoideae were included within the tribe 
Areceae at that time.

Largely because of their size, palms have not been as 
well studied as the majority of plant families. Evidence 
from many disciplines, which is necessary for an under- Status 
standing of evolution in the Arecales order, is still being of palm 
amassed and assessed. Many biological problems, such as classifi- 
detailed studies of pollination, have scarcely been touched. cation 
The Arecoideae subfamily in particular is still in need 
of revision to bring natural groups of genera together at 
appropriate levels in a taxonomie hierarchy. Four to six 
distinctive subunits, for example, may eventually be rec­
ognized, one of them further divisible into possibly 16 to 
17 distinctive groupings. (H.E.Mo.)
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apetalen Hamamelidaceen, ihre grundsätzliche morphologische 
und systematische Bedeutung,” Bot. Jb., 90:1-54 (1970), a de­
scription of the inflorescence stmcture and taxonomie revision 
of 10 genera; w.r. ernst, “The Genera of Hamamelidaceae 
and Platanaceae in the Southeastern United States,” J. Arnold 
Arbor., 44:193-210 (1963), a taxonomie survey of Hamamelis, 
Fothergilla, and Platanus; e.h. fulling, “American Witch 
Hazel: History, Nomenclature and Modern Utilization,” Econ. 
Bot., 7:359—381 (1953), an historical survey of the utilization 
of Hamam elis in America; h . harms, “Hamamelidaceae,” in 
A. engler and K. PRANTL, Die natürlichen Pflanzenfamilien, 
2nd ed., 18a:303-345, 487 (1930), a detailed taxonomie treat­
ment of the whole family Hamamelidaceae; irmgard jager- 
zurn, “Infloreszenz- und blütenmorphologische, sowie em­
bryologische Untersuchungen an Myrothamnus Welw.,” Beitr. 
Biol. Pfl., 42:241-271 (1966), an investigation of the family 
Myrothamnaceae; and h.f. kammeyer, “Die schönen Zauber­
nüsse (Hamamelisgewächse),” Neue Brehm Büch. 194 (1957), a 
populär survey of the ornamental genera of Hamamelidaceae.

Urticales. e.j.h. corner, “The Classification of Moraceae,” 
Gdns’. B ull, Singapore, 19:187-252 (1962), and “An Intro­
duction to the Distribution of Ficus,” Reinwardtia, 4:325-355 
(1958), important papers for the advanced botanist on the 
Classification and distribution of the mulberry family, in which 
the fig genus is estimated to contain about 900 species, a 
downward revision from earlier estimates that ranged as high 
as 2,000; b.m. johri and r.n . konar, “The Floral Morphology 
and Embryology of Ficus religiosa Linn.,” Phytomorphology, 
6:97-111 (1956), a treatment of the floral stmcture and devel­
opment of one of the fig species; h.y .m. ram and r. nath, “The 
Morphology and Embryology of Cannabis sativa Linn.,” ibid., 
14:414-429 (1964), a detailed account of the form, stmcture, 
and development of the hemp plant; a .b. rendle, “Urticiflo- 
rae” in The Classification o f  Flowering Plants, vol. 2, pp. 41- 
58 (1925, reprinted 1967), an excellent descriptive account for 
readers with some background in botany of the elm, mulberry, 
hemp, and nettle families; t. dobzhansky and j. murca-pires, 
“Strangler Trees,” Scient. Am., 190:78-80 (1954), a short arti­
ele for the layperson that describes strangler figs and suggests 
how they might have evolved; h.c.d . de witt, “Urticales,” in 
De wereld der Plenten, vol. 1 (1963; Eng. trans., Plants o f  the 
World, vol. 1, 1966), a descriptive account for the layperson of 
many interesting plants in the nettle order; and n .a . sata, “A 
Monographie Study of the Genus Ficus from the Point of View 
of Economic Botany,” Taihoku Univ., vol. 32, pt. 1-2, pp. 1- 
104, and pt. 3-4, pp. 1-289 (1944), an extended and detailed 
account of the many uses to which members of the fig genus 
have been put.

Fagales. aimee camus, “Les Chätaigniers,” Encyclopédie 
économique de sylviculture, vol. 3 (1929), a monograph of 
the genera Castanea and Castanopsis with illustrations of all 
species; “Les Chênes,” ibid., vol. 6-8 (1934-54), monographs 
of Quercus, Cyclobalanopsis, and Lithocarpus, with illustra­
tions of all species; and h. hjelmqvist, “Studies on the Floral 
Morphology and Phylogeny of the Amentiferae,” Bot. Notiser, 
suppl. vol. 2, no. 1, (1948), on floral morphology, relationships, 
and subdivision of the Fagales order.

Betulales. The literature on the order Betulales is rather lim­
ited, but that on the “Amentiferae,” of which the order has long 
been considered to be a part, is tremendous. In addition to the 
following works, and others like them, there are many populär 
guides to trees and shmbs that are helpful in identifying and 
learning about local species.

Hubert Winkler, “Betulaceae,” in a . engler, Das Pflanzen­
reich IV, 61 (1904), the most comprehensive treatment of the 
taxonomy of the Betulales; a . rehder, Manual o f  Cultivated 
Trees and Shrubs Hardy in North America, Exclusive o f  the Sub­
tropical and Warmer Temperate Regions, 2nd ed. rev. (1962), 
a treatment of those world species hardy in North America; 
c.s. sargent, Silva o f  North America, vol. 9 (1896), a sumptu- 
ous treatment of those species native to North America; h.a . 
fowells, Silvics o f  Forest Trees o f  the United States, United 
States Department o f  Agriculture Handbook 271 (1965); j.m. 
trappe et al. (eds.), Biology o f  Alder (1968); Woody-Plant Seed
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Manual, Mise. Pubis. U.S. Dep. Agric. 654 (1948), the last three 
titles being a few among many specialized and rather local 
publications that treat the ecological aspects of the Betulales; 
E.c. Abbe, “Studies in the Phylogeny of the Betulaceae,” Bot. 
Gaz., 2 pt., 97:1-67 (1935) and 99:431-469 (1938), a detailed 
and technical artiele about floral morphology; j.w. hall, “The 
Comparative Anatomy and Phylogeny of the Betulaceae,” ibid., 
113:235-270 (1952), a technical artiele about secondary xylem; 
E. Anderson and e.c. Abbe, “A Quantitative Comparison of 
Specific and Generic Differences in the Betulaceae,” J. Arnold 
Arbor., 15:43-49 (1934), a pioneer artiele on numerical taxon­
omy; H. HJELMQVisT, “Studies on the Floral Morphology and 
Phylogeny of the Amentiferae,” Bot. Notiser, suppl. 2:122-146 
(1948), a different point of view about floral morphology in the 
group; L.A. KUPRiANOVA, “On a Hitherto Undescribed Family 
Belonging to the Amentiferae,” Taxon, 12:12-13 (1963), a paper 
treating the significance of pollen grains within the Betulaceae; 
c.R. METCALFE and L. CH alk, Anatom y o f  the Dicotyledons, 
vol. 2, pp. 1302-1309 (1950), a book about the internal struc­
ture of many groups of flowering plants, the pages indicated 
treating the anatomy of the wood and leaves of representative 
Betulales; j.c.t. uphof, Dictionary o f  Economic Plants, 2nd ed. 
rev. (1968), a presentation of general economic uses of selected 
members of the order, as well as of other plants; c. pick­
ering, Chronological History o f  Plants (1879), a classic book 
answering the interesting question of when various members 
of the Betulales were first mentioned in man’s history; and d .c. 
peattie, A Natural H istory o f  Trees o f  Eastern and Central 
North America (1950), a populär but accurate presentation of 
information on the tree birches and their relatives.
Juglandales. e.w. berry, Tree Ancestors (1923), a semipop­

ular book giving the modern and fossil distribution of trees, 
showing maps of these distributions and notes on fossil history 
and economic uses; c. heimsch, jr., and r.h . wetmore, “The 
Significance of Wood Anatomy in the Taxonomy of the Juglan- 
daceae,” Am. J. Bot., 26:651-660 (1939), a technical study of 
wood structure in the walnut family, pointing out correlation 
between wood anatomy and morphology of inflorescences in 
distinguishing primitive from advanced members of the fam­
ily; H. HJELMQVIST, “Studies on the Floral Morphology and 
Phylogeny of the Amentiferae,” Bot. Notiser, suppl., 2:1-171 
(1948), a detailed study of flower and inflorescence structure 
of all Amentiferae, including the Juglandaceae family, with a 
discussion of relationships between the genera and between the 
families of that °rroun' j.f. leroy “Étude sur les JuCTlandaceae ” 
Mém. Mus. Natn. Hist. Nat., Paris (Botanique), n.s., ser. B, 6:1- 
246 (1955), a detailed and thorough study in French of all gen­
era of the Juglandaceae with emphasis on floral anatomy but 
also treating relationships, fossils, origin of flowers, and taxon­
omy; w.E. MANNiNG, “The Morphology of the Flowers of the 
Juglandaceae,” pt. 1, “The Inflorescence,” Am. J. Bot., 25:407- 
419 (1938), technical descriptions of all inflorescences of the 
six genera recognized by this author and most of the species in 
them found throughout the world; w.e. manning, “The Clas­
sifications Within the Juglandaceae,” Annals o f  Missouri Bot. 
Garden, 65:1058-1087 (1979); d .c. peattie, A Natural History 
o f  the Trees o f  Eastern and Central North America, 2nd ed. 
(1966), a populär description of native walnut and hickory 
trees, and other trees, of the United States with notes on eco­
nomic importance, interesting facts, and historical incidents; 
A. REHDER, M anual o f  Cultivated Trees and Shrubs Hardy in 
North America, 2nd rev. ed. (1940), a basic book with technical 
descriptions of the Juglandaceae family and other families with 
keys for Separation of all temperate genera, Asiatic as well as 
North American (including for each a technical description of 
the genus and most of its species); c.s. sargent, M anual o f the 
Trees o f  North America (Exclusive o f  Mexico) (1933), a basic 
work containing a technical description of the walnut family, 
along with all other tree families of the region, with keys for 
Separation of the two genera and all species native to the United 
States (including descriptions, exact ranges, and a small Illus­
tration of each species); d .r. whitehead, “Pollen Morphology 
in the Juglandaceae,” pt. 2, “Survey of the Family,” J. Arnold 
Arbor., 46:369-410 (1965), a technical study and description of 
pollen grains of all genera and most species of the Juglandaceae 
family with a chart of evolution of pollen grains in family; and 
c.l. wiTHNER, “Stem Anatomy and Phylogeny of the Rhoipte- 
leaceae,” Am. J. Bot., 28:872-878 (1941), a technical study of 
the wood structure of the genus Rhoiptelea with a comparison 
to that of the Juglandaceae family and Urticales order.
Caryophyllales. p.c. standley, “Chenopodiaceae,” N. Am. 

Flora, 21:1-93 (1916); a .c. joshi, “Contribution to the Anatomy 
of the Chenopodiaceae and Amaranthaceae,” J. Indian Bot. 
Soc., 10:213-265 (1931); f. pax and k. hoffman, “Aizoaceae,” 
in a . engler and k. prantl, Die natürlichen Pflanzenfamilien, 
16c: 179-233 (1934); p.a . rydberg, “Portulacaceae,” N. Am. 
Flora, 21:279-336 (1932); and b. maguire, “Studies in the 
Caryophyllaceae,” Buil. Torrey Bot. Club, 73:326 (1946).

Cactales. For a conservative treatment of the genera, see 
f. vaupel, Cactaceae, in a . engler and k. prantl, D ie  
natürlichen Pflanzenfamilien, 2nd ed., vol. 21, pp. 594-651 
(1925). For a more radical but general consideration of the 
entire family, see n .l. britton and j.n . rose, The Cactaceae, 
4 vol. (1919-23, 1937; reprinted in 2 vol., 1963); a supplement 
to Britton and Rose’s work, w.t. marshall and t.m. bock, 
Cactaceae (1941); franz buxbaum , Morphology o f  Cacti, 3 
vol. (1950-55); and vera higgins, The Study o f  Cacti, 2nd ed. 
(1946). For a discussion of species native in the United States, 
see lyman benson, The Cacti o f  Arizona, 3rd ed. (1969); The 
Native Cacti o f  California (1969); and “Cactaceae,” in c.l. lun- 
dell, Flora o f  Texas, vol. 2 (1969).
The following works are of value for horticultural aspects: 

CURT backeberg, D ie Cactaceae, 6 vol. (1958-62), with good 
photographs of many species; j. borg, Cacti, 4th ed. (1970); and 
w. haage, Das praktische Kakteenbuch in Farben (1961; rev. 
Eng. trans., Cacti and Succulents: A Practical Handbook, 1963).
Theales. h .k. airy shaw, “On the Dioncophyllaceae, a Re­

markable New Family of Flowering Plants,” Kew Buil, pp. 327- 
347 (1951), a detailed, well-illustrated study of this remarkable 
family, followed by anatomical notes by c.R. metcalfe (on pp. 
351-368); p.s. ashton, A M anual o f  the Dipterocarp Trees o f  
Brunei State (1964), a comprehensive manual for Identification; 
f.w. foxworthy, “Dipterocarpaceae of the Malay Peninsula,” 
Malay. Forest Ree., no. 10 (1932), a manual for identification; 
h. Gottwald and N. parareswaran, “Beiträge zur Anatomie 
und Systematik der Quiinaceae,” Bot. Jb., 87:361-381 (1967), 
a detailed study of the family; c.e. kobuski, many papers, 
under the general title “Studies in the Theaceae,” mostly in the 
J. Arnold Arbor. but also in Ann. Mo. Bot. Gdn., Bot. Mag., 
Tokyo, Brittonia, and Kew Bull. (1935-61), containing very full 
taxonomie treatments of many genera of Theaceae and allied 
groups; N.K.B. ROBSON, “The Genus Hypericum in Africa South 
of the Sahara, Madagascar and the Mascarenes,” Kew B ull, pp. 
433-446 (1957), a taxonomie study by the foremost authority 
on the group; r. schmid, “Die systematische Stellung der Dion- 
cophyllaceene,” Bot. Jb., 83:1-56 (1964), which Supplements, in 
detail, Airy Shaw’s work on the same family; j.r. sealy, A Revi­
sion o f  the Genus Camellia (1958), a well-illustrated taxonomie 
revision of this horticulturally important genus; b.g.l. swamy, 
“A Contribution to the Embryology of the Marcgraviaceae,” 
Am. J. Bot., 35:628-633 (1948), an embryological work, with 
notes on pollination; and c.f. symington, “Forester’s Manual 
of Dipterocarps,” Malay. Forest Rec., no. 16 (1941), a manual 
of identification from the forester’s viewpoint.
Violales. a .m. Johnson, Taxonomy o f  the Flowering Plants 

(1931), a work for both the professional and amateur botanist, 
giving both technical and nontechnical information about the 
plant families; d . klaber, Violets o f  the United States (1971), a 
comprehensive work on the largest family of the Violales order, 
written for the nonprofessional and beautifully illustrated; and
N.H. russell, “Violets (viola) of Central and Eastem United 
States: An Introductory Survey,” Sida, vol. 2, no. 1 (1965), a 
technical monograph giving taxonomie and evolutionary infor- 
mation about American violets.
Begoniales. b.r. buxton, Begonias and H ow to Grow Them 

(1946), containing drawings and photographs; a . de candolle, 
“Mémoire sur la familie des Bégoniacées,” Annls, Sei. Nat. (a) 
Botanique, 4th series, 11:93-149 (1859), a classic monographic 
treatment, in French, still of much interest; c. Chevalier, 
Les Bégonias (1938), a classic work in French on cultivated 
begonias; Christopher davidson, “An Anatomical and Mor­
phological Study of Datiscaceae,” Ali so, 8:49-110 (1973), the 
only complete modern treatment, somewhat technical but with 
good discussion and illustrations; e. gilg, “Datiscaceae,” in a . 
engler and K. prantl (eds.), D ie natürlichen Pflanzenfami­
lien, 2nd ed., 21:543-547 (1925), the only general and inclusive 
treatment of this small family, in German; e. irmscher, “Be- 
goniaceae,” ibid., pp. 548-588, the most comprehensive review 
available—treats the family as a whole, the genera and sections, 
and names some species in each section but does not give species 
descriptions; and “Farn. Begoniäceae, Schiefblattgewächse,” in 
Parey’s Blumengärtnerei, 2nd ed., 2:67-98 (1960), a German 
work of extreme usefulness for horticulturists and amateurs— 
deals with species in cultivation as well as hybrids and culti- 
vars on the basis of botanical characters and includes a key 
to sections and a synoptic key to species considered; helen
k. KRAUSS, Begonias for American H omes and Gardens (1947), 
containing line drawings and photographs; r .a .h. legro and 
j. DOORENBOs, “Chromosome Numbers in Begonia,” Neth. J. 
Agric. Sei., 17:189-202 (1969), a well-documented chromosome 
study for Begonia; and r . wilczek, “Begoniaceae,” in Flore du 
Congo, du Rwanda et du Burundi (1969), a modern floristic 
treatment in French for tropical Africa.
Capparales. l. benson and r.a . darrow , The Trees and 

Shrubs o f  the Southwestern Deserts, 2nd ed. (1954), a treatment
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of the general features of plants in relation to dry habitats 
of Arizona, Mexico, Chile, and Argentina; n .c . fa ssett , A 
Manual of Aquatic Plants (1940), a detailed account of wa­
ter plants; j .b . h a r b o r n e  and t . sw ain  (eds.), Perspectives in 
Phytochemistry (1969), a study of chemotaxonomy and of the 
biosynthesis of various plant constituents; h .t . h a r t m a n n  and 
d .e . k e s t e r , Plant Propagation: Principles and Practices, 2nd 
ed. (1968), containing exhaustive information on seed storage 
and propagation of selected annuals and herbaceous perennials 
used as ornamentals; p. m a h e s h w a r i  and u. s in g h , Dictionary 
of Economie Plants in India (1965), which gives extensive 
information on Indian economie plants, including an alpha- 
betical list of plants; w .c .l . m u e n s c h e r , Poisonous Plants of 
the United States, rev. ed. (1951), a good account of annual 
weeds of the United States and Canada and the Symptoms of 
diseases caused by them; o. p o l u n in  and a . h u x l e y , Flowers 
of the Mediterranean (1965), containing descriptions of more 
than 700 species with illustrations and uses covering the entire 
Mediterranean region; h .n . r id l e y , The Dispersal of Plants 
Throughout the World (1930), an excellent and voluminous 
account of various methods of dispersal in an order; and e .j . 
Sa l is b u r y , The Reproductive Capacity of Plants (1942), which 
gives information on the establishment and growth of plants 
with reference to their habitats, sexual versus vegetative propa­
gation, and vegetative multiplication in relation to competition, 
and Downs and Dunes: Their Plant Life and lts Environment 
(1952), a good account of plants and their adaptation to the 
environment present on dunes and seashores.
Ericales. G.c. a in s w o r t h  and a .s. su ssm a n  (eds.), The 

Fungi: An Advanced Treatise, 3 vol. (1965-68), a discussion 
of mycorrhizal relationships; e r ik  b jo r k m a n , “Monotropa Hy- 
popitys L.—an Epiparasite on Tree Roots,” Physiologia PI., 
13:308-327 (1960), an original description of the mycorrhizal 
role in parasitism of Monotropa on roots of other plants; c.G. 
bo w ers . Rhododendrons and Azaleas: Their Origins, Cultiva­
tion and Development, 2nd ed. (1960), a comprehensive treat­
ment of native and cultivated rhododendrons and azaleas of 
the world; c .j . h y l a n d e r , The MacMillan Wild Flower Book 
(1954), which includes excellent illustrations and descriptions 
of some of the more beautiful ericads; North American Flora, 
series 1, vol. 29, pt. 1 (1914), containing extensive descriptions 
of ericad families of North America; a l f r e d  r e h d e r , Manual 
of Cultivated Trees and Shrubs Hardy in North America, 2nd 
ed. rev. (1940), a classic taxonomie treatment of woody ericads 
under cultivation; and r .w . s c h e r y , Plants for Man (1952), 
an interesting discussion of economie aspects of ericalean and 
other plants.
Ebenales. a . a u b r e v il l e , Sapotacées (1964), one of the most 

important monographic studies of recent years; c. b a e h n i , 
Mémoires sur les sapotacées, 3 vol. (1938-65); “Sapotacées du 
Surinam et de la Guyane anglaise,” Candollea, 14:61-77 (1952); 
and “Pouteriae novae,” Candollea, 18:161-176 (1962-63), a 
series of publications of great interest by one of the most active 
specialists of his time; r . l e t o u z e y  and f . w h it e , Ebénacées, 
vol. 11 of a . a u b r e v il l e  and j .f . l e r o y , Flore du Cameroun 
(1970), a taxonomie treatment of the African (Camerounian) 
species of the family Ebenaceae; e . p e r r o t , Matiéres premières 
usuelles du règne végétal, vol. 2, pp. 1707-1737 (1944), a good 
reference work on plant products, being particularly devoted 
to products of the Ebenales; w. po pe n o e , Manual of Tropical 
and Subtropical Fruits (1927), including much useful data on 
the fruit of the Ebenales; l . e m b e r g e r , Traité de botanique 
(systématique), vol. 2, pp. 849-859 (1960), a recognized trea­
tise on modern systematic botany containing information on 
the Ebenales; F. w h it e , “Notes on the Ebenaceae,” Buil. Jard. 
Bot. État Brux., 26:237-246 and 277-307 (1956), 27:515-531 
(1957), and 33:345-367 (1963); and Bolm. Soc. Broteriana, 
series 2, 36:97-100 (1962), taxonomie treatments of African 
species of the family Ebenaceae; and c .e . w o o d , jr ., and r .b . 
c h a n n e l l , “The Genera of the Ebenales in the Southeastem 
United States,” J. Arnold Arbor., 40:1-35 (I960), an excellent 
reference work with a particularly rich bibliography.
Primulales. w a l t e r  c . b l a s d a l e , Cultivated Species of Prim­

ula (1948), a richly illustrated book that gives the history of the 
genus, descriptions and ranges of the species, and information 
on horticultural methods; r o y  g e n d e r s , Primroses (1959), a 
short, populär, illustrated account on the propagation of these 
plants, together with instructions for hybridizing and display- 
ing; d o r e t t a  k l a b e r , Primroses and Spring (1966), a brief, 
illustrated, popularly written book with information on how 
to grow primroses; r .b . c h a n n e l l  and c .e . w o o d , jr ., “The 
Genera of the Primulales of the Southeastem United States,” 
J. Arnold Arbor., 40:268-288 (1959), a semitechnical treatment, 
with keys, descriptions, and illustrations of the 10 genera of 
the primrose order found in the south western United States; 
c y r u s  r . l u n d e l l , The Genus Parathesis of the Myrsinaceae 
(1966), a fully illustrated technical taxonomie treatment of 
this tropical American genus of more than 70 species; sir w.

w r ig h t  sm it h  and h .r . f l e t c h e r , “The Genus Primula: Sec­
tion Nivales,” Trans. R. Soc. Edinb., 60:563-627 (1942); “Sec­
tion Farinosae,” 61:1-69 (1943); “Section Petiolares,” 61:271— 
314 (1944); “Sections Obconica, Sinenses, Reinii, Pinnatae, 
Malacoides, Bullatae, Carolinella, Grandis, and Denticulata,” 
61:415-478 (1946); “Sections Cuneifolia, Floribundae, Parryi, 
and Auricula,” 61:631-686 (1948), a definitive, highly technical 
taxonomie treatment of the species of primrose; e .h . w a l k e r , 
“A Revision of the Eastern Asiatic Myrsinaceae,” Philipp. J. 
Sei., 73:1-258 (1940), a technical taxonomie treatment of the 
six genera and more than a hundred species of the family occur- 
ring in the area; and ja m e s  d a  vis r a y , The Genus Lysimachia 
in the New World (1956), a technical taxonomie treatment with 
distribution maps and illustrations.

Malvales. g .k . brizicky, “The Genera of Tiliaceae and 
Elaeocarpaceae in the Southeastem United States,” J. Arnold 
Arbor., 46:286-307 (1965); and “The Genera of Sterculiaceae 
in the Southeastem United States,” J. Arnold Arbor., 47:60-74 
(1966), two review articles; and j .b. hutchinson , r .a . silow , 
and s.G. stephens, The Evolution of Gossypium and the Differ­
entiation of the Cultivated Cottons (1947), a classic review of 
the botany of cottons.

Euphorbiales. f . p a x , “Euphorbiaceae,” in a . e n g l e r , Das 
Pflanzenreich, vol. 42, 44, 47, 52, 57, and 63 (1910-14), a long 
series of papers, some exceeding 300 pages in length, making 
an authoritative monographic treatment of the genera of the 
order; and f . p a x  and k . h o f f m a n , ibid., vol. 68 and 85 (1919- 
24), which continues the monographic treatment of Euphor­
biales genera.

Saxifragales. l .h . b a il e y , The Standard Cyclopedia of Hor­
ticulture, 6 vol. (1914-17), a well-illustrated, semitechnical 
dictionary of ornamental and edible plants with descriptions 
and cultural notes; a lw in  b e r g e r , “A Taxonomie Review of 
Currants and Gooseberries,” Tech. Bull. N.Y. St. Agric. Exp. 
Stn., no. 109 (1924), a technical publication on the edible fruit- 
producing species and varieties of the genus Ribes with special 
reference to those grown in the United States; w .h . b r o w n , 
Useful Plants of the Philippines, 3 vol. (1951-58), a profusely 
illustrated semitechnical series on the edible and the drug-, tex­
tile-, timber-, and oil-producing plants of the Philippines and 
adjacent regions of southeastem Asia; i.h . b u r k il l , A Dictio­
nary of the Economie Products of the Malay Peninsula, 2 vol. 
(1935), a semitechnical publication conceming all kinds of use­
ful plants of the southeastem Asia area, the most complete and 
reputable source for the area; f .j . c h it t e n d e n  (ed.), Dictionary 
of Gardening, 2nd ed. by p a t r ic k  m . s y n g e , 4 vol. (1956 and 
suppl. 1969), an outstanding illustrated, semitechnical Compila­
tion of ornamental and edible plants with cultural instructions 
and plant descriptions; u .p . h e d r ic k  (ed.), Sturtevant’s Notes 
on Edible Plants (1919), a semitechnical dictionary of wild and 
cultivated edible plants of worldwide application, old but still 
useful; f .e . Ll o y d , The Carnivorous Plants (1942), technical 
and well-illustrated but very difficult to read, which consid- 
ers all kinds of insectivorous plants on a worldwide basis— 
the only compendium of its kind; s.j . r e c o r d  and r .w . hess , 
Timbers of the New World (1943), a technical to semitechnical 
book on woody plants of the Western Hemisphere, poorly il­
lustrated but with excellent technical descriptions of the gross 
stmcture and microscopie stmcture of timber and with lists of 
vernacular names, uses, properties of wood, working qualities 
of timbers, sources of supply, and minor forest products—the 
only book of its kind for the area covered; n o r m a n  t a y l o r  
(ed.), Taylor’s Encyclopedia of Gardening, Horticulture, and 
Landscape Design, 4th ed. rev. (1961), a semitechnical, highly 
useful book covering cultural and descriptive aspects of home 
gardening (well illustrated); and j .c .t . u p h o f , Dictionary of 
Economie Plants, 2nd ed. rev. (1968), a nontechnical list with 
short descriptions of useful plants, worldwide coverage.
Rosales. l .h . b a il e y , The Standard Cyclopedia of Horticul­

ture, 3 vol. (1947), a layperson’s guide to cultivated plants, 
identity, and culture, now somewhat out-of-date but still useful; 
j .j . and f .c . c r a ig h e a d , jr ., and r .j . d a  vis , A Field Guide to 
Rocky Mountain Wildflowers from Northern Arizona and New 
Mexico to British Columbia (1963), an introduction to the field 
study of wild plants in nontechnical language with excellent 
colour plates; m . g r ie v e  (comp.), A Modern Herbal, 2 vol. 
(1931), a populär treatment of common plants with folk uses 
for medicine, food, etc.; a .f . h il l , Economie Botany (1952), 
a classic text for the study of plants of the world that are 
useful to man; h .w . r ic k e t t , Wild Flowers of the United States 
(1966- , with additional volumes added from time to time), a
series of large volumes written in an easy-to-read, nontechnical 
style, profusely illustrated by colour plates and line drawings; 
and e .t . w h e r r y , Wild Flower Guide: Northeastern and Mid­
land United States (1948), a populär account in lay language 
for the Identification and appreciation of wildflowers.
Fabales. e .g . h a lls w o r t h  (ed.), Nutrition of the Legumes 

(1958), a broad treatment o f the soil factors affecting the growth



762 Angiosperms

of legumes, including the rhizobial (bacteria in root nodules) 
component; p . t a u b e r t , “Leguminosae,” in a . e n g l e r  and k . 
p r a n t l  (eds.), Die natürlichen Pflanzenfamilien (1894), a clas­
sical text for the order, with keys and descriptions (in German) 
to the generic level, copiously documented as to the earlier 
works on the group and references to these; l . c a p it a in e , Étude 
analytique et phytogéographique du groupe des légumineuses 
(1912), a treatment of the order in which an attempt is made 
to show the phytogeographic relationships among the 30 or 
more tribes; r .o . w h y t e , g . n ilsso n -le is s n e r , and h .c . t r u m - 
b l e , Legumes in Agriculture (1953), an excellent account of the 
agronomic value of legumes and their role in agriculture, with 
consideration of the regional value of both local and world­
wide species in the order; and j .b . h a r b o r n e , d . b o u lt e r , 
and b .l . t u r n e r  (eds.), Chemotaxonomy of the Leguminosae
(1971), a broad treatment of the Chemical components (alka­
loids, flavonoids, terpenoids, amino acids, proteins, enzymes, 
etc.) found in the three families, especially as they relate to the 
systematic treatment of taxa constituting the order.
Nepenthales. Ch a r l e s  d a r w in , Insectivorous Plants (1875), 

the classic study of the carnivorous flowering plants, especial­
ly the family Droseraceae and particularly Drosera rotundifolia, 
the common sundew; fr a n c is  e r n e st  l l o y d , The Carnivorous 
Plants (1942), the definitive modern treatment of all groups of 
carnivorous plants on a worldwide basis; c a r r o l l  e . w o o d , jr ., 
“The Genera of Sarraceniaceae and Droseraceae in the South- 
eastern United States,” J. Arnold Arbor., 41:152-163 (1960), an 
excellent review of the morphological and biological features 
of the family Droseraceae; fr a n c e s  e . w y n n e , “Drosera in 
Eastern North America,” Buil. Torrey Bot. Club, 71:166-174 
(1944), the latest revision of North American species, with key, 
descriptions, maps, and illustrations; Pa t r ic ia  r . r o be r ts  and 
h .j . OOSTING, “Responses of Venus Fly Trap (Dionaea Mus- 
cipula) to Factors Involved in lts Endemism,” Ecol. Monogr., 
28:193—218 (1958), the most comprehensive study of the ecol­
ogy of this species ever made; w ill ia m  r . w est , “Carnivorous 
Plants,” pt. 2-4, Carolina Tips, 28:35-36, 39-40, 29:1-2 (1965— 
66), containing brief general accounts of Dionaea and Drosera 
and on the culturing of carnivorous plants; s t a n w y n  g . 
s h e t l e r  and Fl o r e n c e  m o n t GOMERY, “Insectivorous Plants,” 
Inf. Leafl. Smithson. Instn. 447 (1965), a brief, populär, well- 
illustrated survey of the major groups of carnivorous plants in 
the world; t e r r y  a s h le y  and jo seph  f . g e n n a r o , j r ., “Fly 
in the Sundew,” Nat. Hist., 80:80-85, 102 (1971), a readable 
account of modern experimentation with radioactive marking 
to study digestion; f r a n k  l . l a m b r e c h t , “The Pitcher-Plant: 
Carnivorous Incubator and Tool of Natural Selection,” Jl. N.Y. 
Bot. Gdn., 21:100-105 (1971), a fascinating narrative of research 
on animals that exploit the pitchers of Nepenthes pervillei in Sri 
Lanka; and so ph ia  pr io r , “Carnivorous Plants and ‘The Man- 
Eating Tree,’ ” Bot. Leafl. Field Mus. Nat. Hist. 23 (1939), a 
brief account of populär lore on carnivorous plants.

Myrtales. n . h a l l , r .d . jo h n st o n , and g .m . c h ip p e n d a l e , 
Forest Trees of Australia, Australian Forestry and Timber Bu­
reau, 3rd ed. (1968), a text containing good keys, descriptions, 
and photographs of 118 eucalypts and other myrtaceous trees; 
and a .r . p e n f o ld  and j .l . w illis , The Eucalypts: Botany, Cul­
tivation, Chemistry and Utilization (1961), a very useful discus­
sion of the economie products of eucalypts, containing a good 
summary of growth habits, floral morphology, and leaf types.
Rutales. c. d e  c a n d o l l e , “Meliaceae,” in  a l p h o n s e  d e  c a n - 

d o l l e , Monographiae phanerogamerum . . . ,  vol. 1 (1878); and 
a . e n g l e r , “Anacardiaceae,” ibid., vol. 4 (1883), monographic 
treatments of these two families; a . e n g l e r , “Coriariaceae” 
and “Anacardiaceae,” in a . e n g l e r  and k . p r a n t l  (eds.), Die 
natürlichen Pflanzenfamilien III, 5 (1897), general and taxo­
nomie accounts of these families; “Burseraceae, Simaroubaceae, 
and Rutaceae,” ibid., 2nd ed., vol. 19a (1931); and h . h a r m s , 
“Meliaceae,” ibid., vol. 19b (1940), general accounts of these 
families.
Sapindales. g .k . b r iz ic k y , “The Genera of Sapindales in 

the Southeastem United States,” J. Arnold Arbor., 44:462-501 
(1963), a thorough discussion of the Sapindaceae, Aceraceae, 
and Hippocastanaceae of the southeastem United States, with 
good descriptions, drawings, and bibliographies; g . e r d t m a n , 
Pollen Morphology and Plant Taxonomy: Angiosperms (1952), 
descriptions, with numerous drawings, of the pollen grains of 
327 angiosperm families, treated alphabetically; j .w . h a r d in , 
“A Revision of the American Hippocastanaceae,” Brittonia, 
9:145-171, 173-195 (1957), an authoritative treatment of Billia 
and the American species of Aesculus, with discussion of mor­
phology and anatomy, inter- and intra-familial relationships, 
and evolution in the family, as well as taxonomie revision of 
the American species; f .r . ir v in e , Woody Plants of Ghana, 
with Special Reference to Their Uses (1961), many sapindaceous 
trees and Bersama described and illustrated and their economie 
and folk uses discussed; l . v a n  d e r  p ijl , “On the Arilloids of

Nephelium, Euphoria, Litchi and Aesculus, and the Seeds of 
Sapindaceae in General,” Acta Bot. Neerl., 6:618-641 (1957), 
an important discussion of evolution in the seeds and fmits 
of Sapindaceae and Aesculus as related to their dispersal; and 
s.j . r e c o r d  and r .w . hess , Timbers of the New World (1943), 
which gives descriptions and discussions of distributions, uses, 
and xylem characteristics of the larger American woody plants.
Geraniales. j . h u t c h in s o n , “Malpighiales,” in The Genera 

of Flowering Plants, vol. 2, pp. 568-621 (1967); e .f . w a r ­
b u r g , “Taxonomy and Relationship in the Geraniales in the 
Light of Their Cytology,” New Phytol., 37:130-159, 189-210 
(1938), an interesting and useful paper dealing with the fam­
ilies Linaceae, Zygophyllaceae, Geraniaceae, Limnanthaceae, 
Oxalidaceae, Tropaeolaceae, and Balsaminaceae; o. w a r b u r g  
and k . r e ic h e , “Balsaminaceae,” in a . e n g l e r  and k . p r a n t l  
(eds.), Die natürlichen Pflanzenfamilien, 3:383-392 (1897), a 
brief conspectus—more recent literature is extensive but scat­
tered; o .e . s c h u l z , “Erythroxylaceae,” in a . e n g l e r  (ed.), Das 
Pflanzenreich IV, 134:1-176 (1907), a very competent mono- 
graph, still the only general account of the family; r . k n u t h , 
“Geraniaceae,” and “Oxalidaceae,” ibid., vol. 129-130 (1912, 
1930), not of outstanding taxonomie merit but the only gen­
eral treatments of these families available; j . c u a t r e c a s a s , “A 
Taxonomie Revision of the Humiriaceae,” Contr. U.S. Natn. 
Herb., 35:25-214 (1961), a very fine revision including an ac­
count of the relationships and evolution of the family, with 
an invaluable bibliography; h . w in k l e r , “Linaceae,” in Die 
natürlichen Pflanzenfamilien, 2nd ed., 19a:82-130 (1931), a 
rather dated but still useful account, including in subordinate 
rank the Houmiriaceae, Ixonanthaceae, and Hugoniaceae; J. 
Le o n a r d , “Lepidobotrys Engl., type d’une familie nouvelle de 
Spermatophytes: les Lepidobotryaceae,” Buil. Jard. Bot. Ét at. 
Brux., 20:31-40 (1950), which makes the case for the Separa­
tion of this genus into a new family; c .t . m a s o n , “A Systematic 
Study of the Genus Limnanthes R. Br.,” Univ. Calif. Pubis. Bot., 
25:455-506 (1952), a sound taxonomie revision of the genus, 
containing most of the Limnanthaceae, with information on 
cytology and experimental genetics; f . n ie d e n z u , “Malpighi­
aceae,” in Pflanzenreich IV, 141:1-870 (1928), of average taxo­
nomie merit, marred by the fact that little or no use was made 
of the great British or American herbaria in its preparation 
but still quite invaluable; f . b u c h e n a u , “Tropaeolaceae,” ibid., 
131:1-36 (1902), competent but of limited value since the 
number of species recognized has now almost doubled; and a . 
e n g l e r , “Zygophyllaceae,” ibid., 2nd ed., 19a: 144-184 (1931), 
a brief conspectus of the family.
Cornales. j . h u t c h in s o n , “Araliales,” in The Genera of 

Flowering Plants, vol. 2, pp. 41-89 (1967), which includes de­
scriptions of the genera in the families Cornaceae (under which 
Mastixiaceae and Toricelliaceae are also treated), Alangiaceae, 
Garryaceae, Nyssaceae (including Davidiaceae), and Ariliaceae 
(including Helwingiaceae); s. b l o e m b e r g e n , “A Revision of the 
Genus Alangium,” Buil. Jard. Bot. Buitenz., series 3, 16:139- 
235 (1939), a good revision of the larger of the two genera 
in the family Alangiaceae, comprising all but three of the 
species in the family; h . h a r m s , “Araliaceae,” in a . e n g l e r  
and k . p r a n t l  (eds.), Die natürlichen Pflanzenfamilien, 3:1- 
62 (1898), a good general view of the family, although out- 
of-date; r . v ig u ie r , “Recherches anatomiques sur la Classifica­
tion des Araliacées,” Annls. Sei. Nat., series 9, 4:1-207 (1906); 
and “Nouvelles recherches sur les Araliacées,” ibid., 9:305- 
405 (1909), two contributions forming a fairly extensive and 
detailed treatment of the anatomy of the family as it bears 
on taxonomy; w. w a n g e r in , “Cornaceae,” “Garryaceae,” and 
“Nyssaceae,” in a . e n g l e r , Das Pflanzenreich IV, 229:1-110, 
56a:l-17, and 220a:l-19 (1910), dated but still good treatments 
of these families; h . l i , “Davidia As the Type of a New Family 
Davidiaceae,” Lloydia, 17:329-331 (1954), which gives the case 
for treating Davidia as a separate family; a .s. h o r n e , “The 
Structure and Affinities of Davidia involucrata, Baill,” Trans. 
Linn. Soc. Lond., 2nd series, 7:303-326 (1909), a classic study 
on the intemal and extemal morphology of this remarkable 
plant; f .a . h a l l o c k , “The Relationship of Garrya,” Ann. Bot., 
44:771-812 (1930), a thorough and detailed study of Garrya, 
supporting Engler’s position for the Garryaceae; r .h . e y d e , 
“Morphological and Paleobotanical Studies of the Nyssaceae,
I. A Survey of the Modern Species and Their Fmits,” J. Arnold 
Arb., 44:1-59 (1963); and with e .s. b a r g h o o r n , “ . . . o f  the 
Nyssaceae, II. The Fossil Record,” ibid., pp. 328-376 (1963), 
important studies involving Mastixia and Davidia as well as 
the family Nyssaceae in the strict sense; o. d r u d e , “Umbel­
liferae,” in Die natürlichen Pflanzenfamilien, 3:63-250 (1898), 
an excellent review of the family, not yet superseded; and h . 
w o lff , “Umbelliferae (Saniculoideae, Apioideae, Ammineae),” 
in Pflanzenreich IV, vol. 228, pt. 43, 61, and 90 (1910-27), the 
Standard work on these tribes, thorough and reliable.
Celastrales. h . h a r o l d  h u m e , Hollies (1953), a well-written, 

authoritative, and interesting book giving considerable back-
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ground information on hollies in general, as well as detailed 
information about particular species and varieties; American 
Horticultural Magazine (Fall 1970), a special issue devoted 
entirely to hollies, with well-written and extremely interesting 
articles on almost every aspect of the genus, from folklore 
and legends to holly propagation and varieties of hollies now 
commercially available; e . b e r k e l e y , “Morphological Studies 
in the Celastraceae,” J. Elisha Mitchell Scient. Soc., 69:185- 
208 (1953), a detailed anatomical floral study investigating the 
relationships of several genera within the family, fairly difficult 
for the nonbotanist; r .a . h o w a r d , “Studies of the Icacinaceae, 
I. Preliminary Taxonomie Notes,” J. Arnold Arbor., 21:461-489 
(1940), a discussion of the historical taxonomie problems in 
the family Icacinaceae, and an interesting preliminary report on 
the nature of the research to be done to resolve these problems; 
and i.w. b a il e y  and r .a . h o w a r d , “The Comparative Mor­
phology of the Icacinaceae,” 4 pt., ibid., 22:125-568 (1941), an 
excellent, thorough study of several morphological structures, 
clarifying trends of specialization and relationships of genera 
within the family but requiring a botanical background.
Rhamnales. He r m a n n  h a r m s , “Reihe Rhamnales: 

Geschichtliche Entwicklung der Ansichten über die Umgren­
zung der Reihe,” in a . e n g l e r  and k . p r a n t l  (eds.), Die 
natürlichen Pflanzenfamilien, 2nd ed., 20d.T-6 (1953), the clas­
sical summary of the historical underpinnings of the modern 
taxonomie circumscription of the order; k a r l  su esse n g u th , 
“Rhamnaceae,” “Vitaceae,” and “Leeaceae,” ibid., 2nd ed. 
20d:7-390 (1953), the basic modern reference to these families, 
with an extensive bibliography indispensible for study of these 
groups; and Ge o r g e  k . b r iz ic k y , “The Genera of Rhamnaceae 
in the Southeastern United States,” J. Arnold Arbor., 45:439- 
463 (1964), and “The Genera of Vitaceae in the Southeastern 
United States,” J. Arnold Arbor., 46:48-67 (1965), valuable 
sources for the entire order even though they give details only 
for the genera occurring in the southeastem United States.
Oleales. p .s. g r e e n , “The Olive Family in Cultivation,” 

Arnoldia, 25:13-27 (1965), a review of cultivated members 
of the olive family; l .a .s. Jo h n s o n , “A Review of the Fam­
ily Oleaceae,” Contr. N.S.W. Natn. Herb., 2:395-418 (1957), 
a review of Classification within the family; a . l in g e ls h e im , 
“Oleaceae-Fraxineae et Syringeae,” in a . e n g l e r  (ed.), Das 
Pflanzenreich IV  (1920), a monograph of a few genera; s.d . 
m c k e l v e y , The Lilac: A Monograph (1928), on Syringa; h . 
t a y l o r , “Cyto-Taxonomy and Phylogeny of the Oleaceae,” 
Brittonia, 5:337-367 (1945), a review of intrafamilial Classifica­
tion; and K.A. Wilso n  and c .e . w o o d , “The Genera of Oleaceae 
in the Southeastern United States,” J. Arnold Arbor., 40:369- 
384 (1959), a discussion, with bibliography, of eastern North 
American genera.
Santalales. j . k u ijt , “Mutual Affinities of Santalalean Fam­

ilies,” Brittonia, 20:136-147 (1968), a historical resumé of 
the composition of Santalales, with an exposition of newly 
conceived evolutionary relationships, The Biology of Parasitic 
Flowering Plants (1969), a worldwide treatment of all para­
sitic groups of angiosperms, with special sections on history, 
folklore, haustorium, physiology, evolution, and each parasitic 
group; and b .a . b a r l o w , “Classification of the Loranthaceae 
and Viscaceae,” Proc. Linn. Soc. N.S.W., 87:51—61 (1969), a 
formal recognition of two mistletoe families and natural group- 
ing within each.
Polemoniales. l e r o y  a b r a m s , Illustrated Flora of the Pa­

cific States, vol. 3, Geraniums to Figworts (1951), an illus­
trated guide to many western North American Polemoniales; 
K. FAEGRi and L. v a n  d e r  p u l , The Principles of Pollination 
Ecology (1966), a critical treatment of pollination biology with 
several detailed case histories; v e r n e  g r a n t , Natural History 
of the Phlox Family, vol. 1, Systematic Botany (1959), an ex­
hau stive presentation of the systematic botany of the family 
Polemoniaceae; and with k a r e n  g r a n t , Flower Pollination in 
the Phlox Family (1965), a summary of pollination biology 
in the Polemoniaceae including detailed documentary descrip­
tions for many species of the family, especially from western 
North America; jo b  k u ijt , The Biology of Parasitic Flowering 
Plants (1969), a worldwide treatment of all groups of para­
sitic angiosperms including original observations on the family 
Lennoaceae; r o b e r t  s c h e r y , Plants for Man (1952), an eco­
nomic botany textbook that includes many obscure and little- 
known aspects of plant utilization; and l . v a n  d e r  p u l , Princi­
ples of Dispersal in Higher Plants (1969), a critical presentation 
of the biology of dispersal in plants, emphasizing ecological 
and evolutionary aspects.
Scrophulariales. Ch a r l e s  b . h e ise r , jr ., Nightshades: The 

Paradoxical Plants (1969), a fine populär account of the best- 
known members of the potato family, including the potato, red 
peppers, tomato, tobacco, eggplant, and others; jo b  k u ijt , The 
Biology of Parasitic Flowering Plants (1969), a well-illustrated

account, including the broomrape family and the parasitic 
members of the figwort family; fr a n c is  er n e s t  l l o y d , The 
Carnivorous Plants (1942), which includes much data on the 
bladderwort family; ed w in  a . m e n n in g e r , Flowering Trees of 
the World for Tropics and Warm Climates (1926), containing 
discussions of flowering trees, including those of the Scrophu­
lariales (well illustrated, with many colour plates); Flowering 
Vines of the World (1970), containing discussions of flowering 
vines, including those of the Scrophulariales (well illustrated, 
with many colour plates); c .d . s c u lt h o r p e , The Biology of 
Aquatic Vascular Plants (1967), which gives data on the struc­
ture, biology, and ecology of aquatic plants, including those of 
the Scrophulariales; s t a n w y n  g . s h e t le r  and Flo r e n c e  m o n t - 
g o m e r y , Insectivorous Plants (1965), which considers, among 
others, the carnivorous members of the Scrophulariales—the 
bladderwort family—and includes references for further read- 
ing, both populär and technical; and r .n . s a l a m a n , The History 
and Social Influence of the Potato (1949), a long and detailed 
account of the impact of this basic food plant on man.
Lamiales. j . b r iq u e t , “Verbenaceae,” “Labiatae,” and “Phry­

maceae,” in A. e n g l e r  and k . p r a n t l  (eds.), Die natürlichen 
Pflanzenfamilien, vol. 4, pt. 3a, pp. 132-182, 183-375, and pt. 
3b, pp. 361-362 (1897), a classic treatment in German (no 
comparable work in English) that describes the families, their 
vegetative and floral organs, fruit development, pollination, 
and geographic distribution; k . f a e g r i  and l . v a n  d e r  p u l , The 
Principles of Pollination Ecology ( 1966), a general discussion 
of pollination, the different kinds of pollination mechanisms 
in flowering plants, and pollinating agents (the chapter entitled 
“Case Histories” discusses, with examples, pollination within 
some of the Labiatae); h a n s  Me lc h io r  in a . e n g l e r , Syllabus 
der Pflanzenfamilien, 12th ed. vol. 2 (1964), an excellent sum­
mary treatment in German in which the families and their 
respective subfamilies, sections, genera, and geographic distri­
butions are described; f . p a x , “Callitrichaceae,” in e n g l e r  and 
p r a n t l , op. cit., vol. 3, pt. 5, pp. 120-123 (1897), a classic 
treatment in German of the family, with its single genus, Cal­
litriche, that discusses vegetative and floral organs, pollination, 
and geographic distribution; and j .c .t . u p h o f , Dictionary of 
Economic Plants, 2nd ed. rev. (1968), a Standard reference of 
useful plants that includes genera of Verbenaceae and Labiatae 
used for food, shelter, and medicine.
Campanulales. h .c . c r o o k , Campanulas: Their Cultivation 

and Classification (1951), a nicely illustrated book, containing 
descriptions of many Campanula species (especially of horticul­
tural value); s. s c h o n la n d , “Campanulales,” in a . e n g l e r  and
K. p r a n t l  (eds.), Die natürlichen Pflanzenfamilien IV, 5:40-84 
(1894), a classic in German, now in some respects outdated but 
still the most complete survey available to all the genera of the 
order; r .c . c a r o l in , “The Structures Involved in the Presenta­
tion of Pollen to Visiting Insects in the Order Campanulales,” 
Proc. Linn. Soc. N.S.W., 85:197-207 (1960), a very clearly il­
lustrated treatment of the pollen presentation in the bellflower 
order; e .a . b r u c e , “The Giant Lobelias of East Africa,” Kew 
Bull., pp. 61-88 (1934), a treatment of the remarkable giant 
lobelias; l . h a u m a n , “Les ‘Lobelia’ géants des montagnes du 
Congo Beige,” Mem. Inst. R. Colon, Beige, Sect. Sei. Nat. 
Méd. 8°, 2:3-50 (1933), a description, with photographs, of a 
number of giant lobelias occurring in the Congo; r . m c v a u g h , 
“Studies in the Taxonomy and Distribution of the Eastern 
North American Species of L o b e lia Rhodora, 38:241-298, 
305-329, 346-362 (1936), a historical survey of the literature 
of North American Lobelia species with keys and descriptions 
to 22 species, distribution maps, and a literature survey; w .m . 
b o w d e n , “Phylogenetic Relationships of Twenty-One Species 
of Lobelia L., Section Lobelia,” Bull. Torrey Bot. Club 86:94- 
108 (1959), a very nice example of modern research in a group 
of the genus Lobelia; and t .w .j . g a d e l l a , “Some Notes on 
the Delimitation of Genera in the Campanulaceae,” Proc. K. 
Ned. Akad. Wet., sect. C, 69:502-521 (1966), a survey of the 
literature pertaining to difliculties in classifying the species in 
the family Campanulaceae.
Asterales. Ar t h u r  c r o n q u ist , “Phylogeny and Taxonomy 

of the Compositae,” Am. Midi. Nat., 53:478-511 (1955), the 
most widely accepted interpretative synthesis for the group; 
Geo r g e  b e n t h a m , “Notes on the Classification, History, and 
Geographical Distribution of the Compositae,” J. Linn. Soc., 
13:355-577 (1873), the running explanation to go with the Ben­
tham and Hooker Genera Plantarum, a technical work includ­
ing an authoritative and still useful treatment of the Asteraceae 
(Compositae) family; sh erw in  c a r l q u is t , “Wood Anatomy of 
Compositae: A Summary, with Comments on Factors Con­
trolling Wood Evolution,” Aliso, 6:28-44 (1966), interpretation 
and conclusions based on the author’s previous papers dealing 
with the individual tribes; and ja m e s  s m a l l , “The Origin and 
Development of the Compositae,” New Phytol, 16:157-177, 
198-221, 253-276 (1917), 17:13-40, 69-94, 114-142, 200-230
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(1918), and 18:1-35, 65-89, 129-176, 201-234 (1919), a schol- 
arly and thorough effort to interpret the Compositae in terms 
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(1968), a guide for collection and study, with illustrated keys 
to common North American grasses, including distributions, 
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rassoideae in Italian, and with r .e .g . pic h i-s e r m o ll i , “Subfa- 
miliae Arecoidearum Palmae Gerontogeae tribuum et generum 
conspectus,” Webbia 11:1-187 (1955), a conspectus of the Old 
World genera of Arecoideae and a summary of subfamilies with 
text in Italian, descriptions in Latin, and many line drawings 
of floral and fruit details (the basis for subfamilies as currently
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Animals

Animals make up one of the three kingdoms of mul- 
ticellular eukaryotic organisms (i.e., as distinct from 
bacteria, their deoxyribonucleic acid, or DNA, is 

contained in a membrane-bound nucleus). Unlike fungi 
(Mycota) and plants, the other two kingdoms of multi- 
cellular eukaryotes, animals have developed muscles and 
hence mobility, a characteristic that has stimulated the 
further development of tissues and organ systems.

Animals dominate human conceptions of life on Earth 
not simply by their size, abundance, and sheer diversity 
but also by their mobility, a trait that humans share. So 
integral is movement to the conception of animals that 
sponges, which lack muscle tissues, were long considered 
to be plants. Only after their small movements were no- 
ticed in 1765 did the animal nature of sponges slowly 
come to be recognized.

In size animals are outdone on land by plants, among 
whose foliage they may often hide. In contrast, the pho- 
tosynthetic algae, which feed the open oceans, are usually

too small to be seen, but marine animals range to the 
size of whales. Diversity of form, in contrast to size, only 
impinges peripherally on human awareness of life and 
thus is less noticed. Nevertheless, animals represent three- 
quarters or more of the species on Earth, a diversity that 
reflects the flexibility in feeding, defense, and reproduc­
tion which mobility gives them. Animals follow virtually 
every known mode of living that has been described for 
the creatures of Earth.

Animals move in pursuit of food, mates, or refuge from 
predators, and this movement attracts attention and inter­
est, particularly as it becomes apparent that the behaviour 
of some creatures is not so very different from human 
behaviour. Other than out of simple curiosity, humans 
study animals to learn about themselves, who are a very 
recent product of the evolution of animals.
For coverage of related topics in the Macropcedia and 

Micropcedia, see the Propcedia, section 313, and the Index.
This artiele is divided into the following sections:

The animal kingdom 766 
A definition of animals 
History of Classification 

Animal diversity 767
Parazoa: a cellular level of organization 
Radiata: a tissue level of organization 
Bilateria: an organ level of organization 
Social levels of organization 

Form and function 768 
Support and movement 
The nervous system 
The senses 
Hormones

Digestion
Water/vascular systems 
Reproduction and life cycles 

Ecology and habitats 773
Competition and animal diversity 
Evolution of ecological roles 
Humans and the environment 

Evolution and paleontology 774 
Classification 776 

Diagnostic features 
Annotated Classification 
Critical appraisal 

Bibliography 777

THE ANIMAL KINGDOM
Animals evolved from unicellular eukaryotes. The pres­
ence of a nuclear membrane in eukaryotes permits Sepa­
ration of the two phases of protein synthesis: transcription 
(copying) of deoxyribonucleic acid (DNA) in the nucleus 
and translation (decoding) of the message into protein in 
the cytoplasm. Compared to the structure of the bacterial 
cell, this gives greater control over which proteins are pro­
duced. Such control permits specialization of cells, each 
with identical DNA but with the ability to control finely 
which genes successfully send copies into the cytoplasm. 
Tissues and organs can thus evolve. The semirigid cell 
walls found in plants and fungi, which constrain the shape 
and hence the diversity of possible cell types, are absent in 
animals. If they were present, nerve and muscle cells, the 
focal point of animal mobility, would not be possible.

A definition of animals. A characteristic of members 
of the animal kingdom is the presence of muscles and 
the mobility they afford. Mobility is an important influ- 

Importance ence on how an organism obtains nutrients for growth 
of mobility and reproduction. Animals typically move, in one way 

or another, to feed on other living organisms, but some 
consume dead organic matter or even photosynthesize by 
housing symbiotic algae. The type of nutrition is not as 
decisive as the type of mobility in distinguishing animals 
from the other two multicellular kingdoms. Some plants 
and fungi prey on animals by using movements based on 
changing turgor pressure in key cells, as compared with 
the myofilament-based mobility seen in animals. Mobility 
requires the development of vastly more elaborate senses 
and intemal communication than are found in plants or 
fungi. It also requires a different mode of growth: ani­
mals increase in size mostly by expanding all parts of 
the body, whereas plants and fungi mostly extend their 
terminal edges.

All phyla of the animal kingdom, including sponges, 
possess collagen, a triple helix of protein that binds cells 
into tissues. The walled cells of plants and fungi are held 
together by other molecules, such as pectin. Because colla­
gen is not found among unicellular eukaryotes, even those 
forming colonies, it is one of the indications that animals 
arose once from a common unicellular ancestor.

The muscles that distinguish animals from plants or 
fungi are specializations of the actin and myosin microfil- 
aments common to all eukaryotic cells. Ancestral sponges, 
in fact, are in some ways not much more complex than 
aggregations of protozoans that feed in much the same 
way. Although the sensory and nervous system of animals 
is also made of modified cells of a type lacking in plants 
and fungi, the basic mechanism of communication is but 
a specialization of a Chemical system that is found in 
protists, plants, and fungi. The lines that divide an evolu­
tionary continuüm are rarely sharp.

Mobility constrains an animal to maintain more or less 
the same shape throughout its active life. With growth, 
each organ system tends to increase roughly proportion- 
ately. In contrast, plants and fungi grow by extension of 
their outer surfaces, and thus their shape is ever chang­
ing. This basic difference in growth patterns has some 
interesting consequences. For example, animals can rarely 
sacrifice parts of their bodies to satisfy the appetites of 
predators (tails and limbs are occasionally exceptions), 
whereas plants and fungi do so almost universally.

History of Classification. Except perhaps for the pos- 
session of collagen, the criteria used above to distinguish 
animals from other forms of life are not absolute. The first 
catalogs of animal diversity were based on overall form 
and similarity. Aristotle and other early biologists regarded 
all organisms as part of a great chain, divisions of which 
were more or less arbitrary. The 18th-century Swedish
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botanist Carolus Linnaeus divided all animals into six 
classes: Mammalia, Aves, Amphibia (including reptiles), 
Pisces, Insecta (Arthropoda), and Vernies (other inverte- 
brates). In the early 1800s the French zoologist Georges 
Cuvier recognized that vertebrates were substantially dif­
ferent from in vertebrates, and he divided most animals on 
the basis of form and function into four branches: ver­
tebrates, arthropods (articulates), mollusks, and radiates 
(animals with radial symmetry). Cuvier’s divisions formed 
the basis for all subsequent classifications.
Just after Cuvier’s Classification, the French naturalist 

Étienne Geoffroy Saint-Hilaire outlined the importance of 
Homology homologous structures. Homology is correspondence be­

tween features caused by continuity of information. Thus, 
a bird’s wing is homologous to a bat’s wing insofar as 
both are forelimbs, but they are not homologous as wings. 
Homologous structures need not resemble each other; for 
example, the three bones in the middle ear of humans are 
homologous to three bones in the jaw apparatus in fishes 
because the genetic and developmental information Con­
trolling them has been continuous through evolutionary 
change.

Before evolution was generally accepted, homologies 
among different animals, when they were recognized at all, 
were regarded as aspects of God’s pattem. Evolution pro- 
vided a testable explanation for homologies. By carefully 
tracing selected homologies, it has been possible to show 
that previously proposed classifications established inap- 
propriate relationships based solely on form or function, 
or both; for example, the radial symmetry of starfishes is 
not homologous to that of coelenterates (such as jellyfish).
Protozoans were once considered to be animals because 

they move and do not photosynthesize. Closer study 
has shown, though, that their movement is by means 
of nonmuscular stmctures (cilia, flagella, or pseudopods) 
and that photosynthesis in them has often been lost and 
gained. Protozoans do not, therefore, form a natural group 
but with algae form a eukaryotic kingdom separate from 
plants and animals, called Protista.

Like plants and animals, fungi arose from protists and 
are now accorded a kingdom of their own.

ANIMAL DIVERSITY
The diverse appearance of animals is mostly superficial; the 
bewildering variety of known forms, some truly bizarre, 
can be assorted among a mere half-dozen basic body plans. 
These plans are established during the embryonic stages 
of development and limit the size and complexity of the 
animals. Symmetry, number and relative development of 
tissue layers, presence and nature of body cavities, and 
several aspects of early development define these funda­
mental modes of organization.
Parazoa: a cellular level of organization. Although the 

two phyla in this subkingdom, Porifera (sponges) and Pla- 
cozoa, lack clearly defined tissues and organs, their cells 
specialize and integrate their activities. Their simplicity 
has been adaptive, and sponges have remained important 
in benthic marine habitats since their origin. The sessile, 
filter-feeding way of life shown by sponges has favoured 
a body plan of radial symmetry, although same members 
have become asymmetrical. The shape of the creeping, 
flattened placozoans is irregulär and changeable.

Radiata: a tissue level of organization. The two coel- 
enterate phyla (Cnidaria and Ctenophora) advanced in 
complexity beyond the parazoans by developing incipi- 
ent tissues—groups of cells that are integrally coordinated 
in the performance of a certain function. For example, 
coelenterates have well-defined nerve nets, and their con- 
tractile fibres, although only specialized parts of more 
generalized cells, are organized into discrete muscle units. 
Because discrete cells of different types do not carry out 
the intemal functions of the animals, coelenterates are 
considered to be organized at only a tissue level.

The integration of cells into tissues, particularly those of 
nerve and muscle, permits a significantly larger individ­
ual body size than is possible with other modes of body 
movement. Flagella and cilia become ineffective at rather 
small size, and amoeboid movement is limited to the size 
a single cell can attain. Muscles contract by a cellular

mechanism basically like that used in amoeboid locomo- 
tion—interaction of actin and myosin filaments. Through 
coordinated contraction of many cells, movement of large 
individuals becomes possible.

Coelenterates, like parazoans, have only two body layers, Endoderm, 
an inner endoderm primarily for feeding and an outer ec- ectoderm, 
toderm for protection. Between the endoderm and the ec- and 
toderm of coelenterates is the mesoglea, a gelatinous mass mesoglea 
that contains connective fibres of collagen and usually 
some cells. Both layers contain muscle fibres and a two- 
dimensional web of nerve cells at the base; the endoderm 
surrounds a central cavity, which ranges from simple to 
complex in shape and serves as a gut, circulatory system, 
and sometimes even a skeleton. The cavity is also used for 
gamete dispersal and waste elimination.

Cleavage of a fertilized egg produces a hollow sphere 
of flagellated cells (the blastula). Invagination of cells at 
one or both poles creates a mouthless, solid gastrula; the 
gastrula is called the planula larva in species in which this 
stage of development is free-living. The inner, endoderm 
cells subsequently differentiate to form the lining of the 
central cavity. The mouth forms once the planula larva 
has settled. Although the details of early development are 
different for parazoans and coelenterates, most share a 
stage in which extemal flagellated cells invaginate to form 
the inner layer, which lines the cavity, of these diploblastic 
(two-layered) animals. This is characteristic of invagina­
tion during the development of all animals.

All coelenterates are more or less radially symmetrical. A 
radial form is equally advantageous for filtering, predatory, 
or photosynthetic modes of feeding. Tentacles around the 
circumference can intercept food in all directions.

Bilateria: an organ level of organization. All animals 
except those in the four phyla mentioned above have 
bilaterally symmetrical ancestors and contain three body 
layers (triploblastic) with coalition of tissues into organs.
The body plans that are generally recognized are acoelo- 
mate, pseudocoelomate, and coelomate.
Acoelomates have no intemal fluid-filled body cavity 

(coelom). Pseudocoelomates have a cavity between the in­
ner (endoderm) and the middle (mesoderm) body layers.
Coelomates have a cavity within the mesoderm, which 
can show one of two types of development: schizocoelous 
or enterocoelic. Most protostomes show schizocoelous de­
velopment, in which the mesoderm proliferates from a 
single cell and divides to form a mass on each side of the 
body; the coelom arises from a split within each mass. 
Deuterostomes show enterocoelic pouching, in which the 
endoderm evaginates and pinches off discrete pouches, 
the cavities of which become the coelom and the wall 
the mesoderm. The animals in these major divisions of 
the Bilateria differ in other fundamental ways, which are 
detailed below.

Unlike sessile sponges or floating jellyfish, the Bilateria 
typically move actively in pursuit of food, although many 
members have further evolved into sessile or radial forms.
Directed movement is most efficiënt if sensory organs are 
located at the head or forward-moving end of the animal.
Organs of locomotion are most efficiently arranged along 
both sides, a fact that defines the bilateral symmetry; many 
intemal organs are not in fact paired, whereas muscle lay­
ers, limbs, and sensory organs almost invariably are. The 
diffuse nerve net of coelenterates coalesces into definite 
tracts or bundles, which run posteriorly from the anterior 
brain to innervate the stmctures of locomotion.
Acoelomates. Fiatworms (phyla Platyhelminthes, Ne- Fiatworms 

mertea, and Mesozoa) lack a coelom, although nemerteans 
have a fluid-filled cavity at their anterior, or head, end, 
which is used to eject the proboscis rapidly. The lack of a 
fluid-filled cavity adjacent to the muscles reduces the ex­
tent to which the muscles can contract and the force they 
exert (see below Support and movement). Because most 
also lack a circulatory system, supplying muscle tissues 
with fuel and oxygen can be no faster than the rate at 
which these substances diffuse through solid tissue. Flat- 
worms are thus constrained to be relatively flat and com- 
paratively small; parasitic worms, which do not locomote, 
can achieve immense lengths (e.g., tapeworms), but they 
remain very thin. The larger of the free-living flatworms
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have extensively divided guts, which reach to within a few 
cells of the muscles, thus compensating for the lack of a 
circulatory system. Most flatworms have but one opening 
to the gut. Nemerteans, in addition to a coelom-like hous- 
ing for their proboscis, have attained a one-way gut and 
a closed circulatory system. Both increase their ability to 
move food and oxygen to all parts of the body. Flatworms 
are considered to be the ancestors of all other Bilateria.

Pseudocoelomates, or aschelminths. The pseudocoelo- 
mates include the nematodes, rotifers, gastrotrichs, and 
introverts. Some members of some other phyla are also, 
strictly speaking, pseudocoelomate. These four phyla of 
tiny body size (many species no larger than the bigger 
protozoans) are placed together in part because they lack 
mesoderm on the inner side of the body cavity. Conse- 
quently, no tissue, muscular or connective, supports the 
gut within the coelomic fluid. For tiny organisms, this is 
advantageous for Conservation of tissue: there is no reason 
to evolve or to maintain a tissue that is not functionally 
important. The inconspicuousness of most of these phyla 
has led to a slow advancement in understanding their 
phylogenetic position in the animal kingdom.

Coelomates. The advantage of a true coelom is the abil­
ity of the inner mesenteric (mostly connective tissue) layer 
to suspend the central gut in the middle of the animal. 
Otherwise, in those animals with a body cavity used in 
locomotion, gravity would pull the gut down and severely 
curtail body size. Coelomates have attained vastly larger 
body sizes than has any other group of animals. Within the 
coelomates, the coelom has been of variable significance 
to the form and diversity of the various phyla. For exam­
ple, it is essential for the burrowing abilities of annelids 
and related phyla. It has largely lost this significance in 
the arthropods, however, which have transferred locomo­
tion to limbs supported by an exoskeleton rather than a 
coelomic hydroskeleton. Suspension is the main function 
of the coelom in vertebrates, which achieve the largest 
body sizes among animals by virtue of an endoskeleton 
that does not need to be shed during growth.

The protostome coelomates (acoelomates and pseudo­
coelomates are also protostomes) include the mollusks, 
annelids, arthropods, pogonophorans, apometamerans, 
tardigrades, onychophorans, phoronids, brachiopods, and 
bryozoans. Deuterostomes include the chaetognaths, echin- 
oderms, hemichordates, and chordates.
In early development protostome coelomates mostly dif­

fer from deuterostome coelomates in the following ways: 
(1) The mouth of protostomes is the blastopore, the orig­
inal opening into the developing gut which is formed 
during the invagination of cells during gastrulation; that 
of deuterostomes is a secondary opening, with the blasto­
pore becoming the anus. (2, 3) Early cleavage is typically 
spiral and determinate in protostomes, which means that 
the dividing cells are oriented at an angle to one another 
and that the ultimate fate of the cells is mostly deter- 
mined from the beginning. Deuterostomes, in contrast, 
show indeterminate, radial cleavage, with the dividing cells 
becoming layered and the fate of early cells a product 
of where they are positioned later in development. (4) 
Coelom formation is schizocoelous in most protostomes, 
whereas enterocoelous development is typical of deuteros­
tomes. (5) For those with a larval stage, the characteristic 
larval forms also differ.

The two phyla that have clearly dominated both land 
and sea since nearly the beginning of animal evolution are 
the arthropods and chordates, protostomous and deuteros- 
tomous coelomates, respectively. A key to arthropod suc­
cess has been the differentiation of many serially repeated 
parts, in particular jointed appendages with a rigid exo­
skeleton, to perform the varied functions necessary to 
maintain life. The exoskeleton, however, sets a moderate 
upper limit to body size. In contrast, vertebrates share all 
habitats with arthropods by virtue of the larger maximum 
size permitted by the development of an intemal rigid 
skeleton. More than does a coelom, the evolution of rigid, 
jointed skeletons has allowed these two phyla to dominate 
most animal communities.

Social levels of organization. Large size is often compet- 
itively advantageous but unobtainable by many animals

because of constraints of basic body plan. Intrinsically 
small animals sometimes become large in the same way 
that protozoans evolved into metazoans: they multiply 
the number of individuals by asexual reproduction (thus 
maintaining the same genotype) and remain attached, 
with the Option that individuals can be modified during 
their development for a specialized function. This type of 
asexual sociality forms the colonoids of sponges, coelen­
terates, bryozoans, hemichordates, and tunicate chordates, 
all of which were primitively small, sessile filter feeders. 
Staying together after asexual budding of new individuals 
gave a competitive edge to monopolizing available space. 
With slight modifications so that all individuals in the 
colony could share equally in the gains, these larger entities 
had the energy reserves necessary to outcompete smaller 
organisms for space. This type of sociality has evolved 
in ways that complicate the definition of individuality. 
For instance, Portuguese men-of-war and their kin (some 
hydrozoan coelenterates) look and act like single individ­
uals, yet their components develop as genetically identical 
units, each homologous to a whole jellyfish or polyp. It is 
a question whether such an animal should be considered 
one individual or many.
A different type of sociality emerged among mobile 

complex animals that can individually attain large size. 
In fact, the largest known living animals, the whales and 
elephants, comprise two of a very few mammalian orders 
that contain only social species. The pattem of evolution 
on Earth has favoured sociality in the smallest and the 
largest (mostly vertebrates) of animals, albeit for different 
reasons. The smallest seek the advantages of being large, 
as protozoans did to form the first animals. The large 
animals can communicate; they spread out to find food, 
which all can share, and they protect one another. Among 
the social groups of large animals, only humans have 
differentiated their functions to such an extent that their 
societies begin to behave as individuals.
Insect societies show behaviours halfway between soci­

eties based on genetically identical members and those 
created by genetically different individuals; such properties 
largely reflect their intermediate degree of genetic relat- 
edness. Insects are more cooperative and show a greater 
degree of altmism than is tme of vertebrate societies.

FORM AND FUNCTION
To stay alive, grow, and reproduce, an animal must find 
food, water, and oxygen, and it must eliminate the waste 
products of metabolism. The organ systems typical of all 
but the simplest of animals range from those highly spe­
cialized for one function to those participating in many. 
The more basic functional systems are treated below from 
a broadly comparative basis.

Support and movement. A skeleton can support an an­
imal, act as an antagonist to muscle contraction, or, most 
commonly, do both. Because muscles can only contract, 
they require some other structure to stretch them to their 
noncontracted (relaxed) state. Another set of muscles or 
the skeleton itself can act as an antagonist to muscle 
contraction. Only elastic skeletons can act without an an­
tagonist; all antagonistic muscles act through a skeleton, 
which can be either rigid, flexible, or hydrostatic.

Types o f skeletons and their distribution. Hydrostatic 
skeletons are the most prevalent skeletal System used 
by animals for movement and support. A minimal hy­
droskeleton resembles a closed container. The walls are 
two layers of muscles (antagonists) oriented at right angles 
to one another; the inside contains an incompressible fluid 
or gel. The contraction of one set of muscles exerts a pres­
sure on the fluid, which is forced to move at right angles 
to the squeezing antagonist. The movement of the fluid 
Stretches the other set of muscles, which can then contract 
to stretch its antagonist back to its relaxed position. The 
net result is an altemating change in the shape of the con­
tainer. Locomotion as varied as crawling, burrowing, som- 
ersaulting, looping, or even walking is possible when the 
container has some means of traction against a Substrate: 
the system extends forward from the point of attachment, 
attachés at a more forward point, releases posteriorly, 
and contracts forward. Hydroskeletons are also important
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in nonlocomotory muscular systems, such as hearts or 
intestines, which move blood or food, respectively. Con- 
traction-relaxation cycles push in one direction only when 
the system has structures that prevent backflow.

Hydroskeletons become less efficiënt when fluid is lost. 
The optimal volume of fluid for a particular system must 
remain constant for effective contraction and expansion of 
the antagonistic muscles. If too much fluid is lost, the an­
imal becomes limp and neither muscle can stretch; when 
too much fluid is gained, the animal becomes bloated and 
neither muscle can contract. Those coelenterates that use 
a hydroskeleton regularly face a loss of pressure because 
their skeleton is also their gut. Freshwater animals tend to 
become bloated as water diffuses into their salty cells, but 
terrestrial animals with hydroskeletons tend to become 
limp as they dry. Solutions to water loss tend to be partial 
because impermeable barriers, such as a shell, tend not to 
be very flexible, thus negating the use of a hydroskeleton 
for movement. Terrestrial animals with locomotory hy­
droskeletons (e.g., snails and earthworms) are restricted in 
their activity to moist conditions.

Partitioning a hydroskeleton into many small, separate, 
but coordinated units facilitates locomotion. In an earth- 
worm, for example, a front group of segments narrows 
together, thereby elongating that part of the worm. If there 
were no partitions between the segments, the fluid would 
flow farther back, providing little elongation. Widened 
segments behind these initial segments anchor the worm, 
and its head moves forward. The process then reverses in a 
wave, and the posterior end moves forward. Metamerism, 
or the partitioning of the coelom, is thought to have 
evolved in ancestral annelids to improve their ability as 
burrowers in the bottom mud of the ocean. It undoubt- 
edly explains the unrivaled success of this phylum among 
worms and helps to explain the extraordinary success of 
one of its relatives, the arthropods, which remained seg- 
mented even after the skeletal function of the coelom was 
lost.

Elastic skeletons do not change shape but simply bend 
when a muscle contracts. Muscle relaxation results either 
from a muscle contracting in the opposite direction to 
its antagonist or from the skeleton resuming its original 
Position. The tentacles of many hydrozoan coelenterates, 
the mesoglea of jellyfish, the hinge of clamshells, and the 
notochord of chordates are examples. The high-pressured 
coelom contained in the rigid but flexible cuticle of nema- 
todes also functions like an elastic skeleton.

Rigid, Rigid, jointed skeletons achieve movement through a
jointed lever system. The elements of the skeleton are rigid seg- 
skeletons ments attached together by flexible joints. Muscles span 

the joints and attach at each end to different elements. 
The more stable attachment site of a muscle is called the 
origin, the other the insertion. One muscle contracts and 
moves the skeletal element on which it is inserted, and 
an antagonistic muscle contracts and moves the skeletal 
element in the opposite direction. The biceps and triceps 
of the upper arm in humans are such a set of antagonistic 
muscles that bend and straighten, respectively, the lower 
arm. The control of movement can be quite precise with 
jointed skeletons. Muscles can bend or rotate skeletal ele­
ments whose length, shape, and number contribute to the 
resulting action. The dexterity of the hands is an example 
of the complexity of controlled movements made possible 
by a jointed skeleton.

Important to the speed and force of a movement are the 
length of the skeletal element and the size of the contract­
ing muscle. Short limbs with thick muscles have more 
power than long limbs with slender muscles, but the latter 
have more speed. Limbs thus reveal a great deal about 
how an animal moves. Likewise, the relative massiveness 
of jaws reflects the toughness of the food eaten.

Two animal phyla, Chordata (vertebrates only) and 
Arthropoda, exploit jointed skeletons. Although the skele­
ton is internal in vertebrates and external in arthropods, 
the principles of movement are the same. A jointed skele­
ton is ideal for moving on land because adaptations for 
protection against dehydration (such as the cuticle) do not 
interfere with the action of the skeletal system. Indeed, the 
arthropod cuticle serves jointly a protective and a skeletal

role. Moreover, the diverse range of precise movements 
made possible by this skeleton facilitates all sorts of lo­
comotory pattems: swimming, digging, running, climbing, 
and flying. Jointed skeletons are also used directly for 
feeding (jaws). Arthropod jaws are derived from legs, while 
vertebrate jaws are derived from gill arches.

Translating movement into locomotion and feeding.
Although all animals can move, not all locomote or dis- 
place the body over a distance. Locomotion serves the 
animal in flnding food and mates and in escaping preda­
tors or unsuitable habitats. These functions of locomotion 
are typically correlated among different animals, so that 
those using the same mechanism of locomotion usually 
also feed, seek mates, and avoid danger in similar ways.

Some of the correlations between mode of locomotion 
and mode of feeding are described here, but space pre- 
cludes discussion of the rieh diversity found among ani­
mals past and present. The locomotory/feeding system of 
animals is the heart of their adaptation to their physical 
and biotic environments. Locomotory strategies for find- 
ing or gathering food include the following techniques.

Sitting still and waiting for food to arrivé is particularly Methods 
prevalent in aquatic habitats but is not rare on land. for finding 
Sessile animals tend to develop strong defenses that are food 
sometimes incompatible with effective locomotion. They 
rely on water or air currents or on the locomotion of 
their potential prey to bring food within reach. Because 
food may come from any direction, many sessile animals 
evolve radial symmetry. Settlement may be permanent or 
temporary, but in all cases one stage of the life cycle is 
capable of moving actively or passively from its place of 
origin. The choice of attachment site can also be active or 
passive; passive choice is often associated with an ability 
to grow in such a way as to maximize feeding efficiency.
As with plants, passive settlers do well only with luck. The 
retention of locomotory capabilities requires energy and 
nutrients that can otherwise be diverted into growth or 
the production of offspring. Sessile feeders need to move 
if feeding and resting sites differ. Sessile animals include 
Alter feeders, predators, and even photosynthesizers; the 
latter include corals that house symbiotic algae. Intemal 
parasites are usually sessile because they live within their 
lifetime food supply. Mobile animals that pursue sedentary 
strategies for seeking prey include web-spinning Spiders (a 
terrestrial mode of Alter feeding) or deep-sea fishes with 
morphological adaptations that Iure prey.

Burrowing animals typically eat the rieh organic Sub­
strates they move through. Others burrow for protection 
and either temporarily emerge and gather organic Sedi­
ments at the top of their burrows or pump water with 
potential food through the burrow. Instead of digging 
or finding burrows, some animals move into the centre 
of sponges, where they find protection and a renewing 
source of food.

Active movement in search of food requires energy, but 
this expenditure is more than made up for by an ability 
to seek out areas of concentrated food. This method of 
feeding applies to burrowing animals that eat the Substrate 
through which they move, as well as to animals that move 
over solid surfaces, swim, or fly. Actively moving animals 
can feed on organisms that do not move, a rieh variety 
coating virtually the entire solid surface of the Earth from 
the depths of the oceans to the peaks of many mountains.
The main problem with this most productive avenue of 
food gathering is protection. Shells and poisons are the 
major types of defenses, although innovative detoxification 
metabolism and jaws of various kinds breach the defenses 
in part. This is an escalating battle, with the defenses, as 
well as the weapons to penetrate them, continually im- 
proving. Nudibranchs, shell-less marine snails, incoporate 
the defensive stinging cells of prey enidarians into their 
own skin. Poisonous plants are eaten by specialized in­
sects that avoid or detoxify the poison. In fresh water, for 
reasons not known, the arms race has not proceeded as 
far as in the sea.

Cooperation of individuals enables social animals to ob- Coopera- 
tain food in novel ways. Uncannily like humans, some tion among 
ants farm and herd other organisms for food. For exam- animals 
ple, some cultivate a fungus on leaves they cannot directly
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digest, while others herd aphids from which they milk 
nectar (actually the phloem sap of plants). Some ants even 
raid the nests of other species and make slaves of them. 
Another form of Cooperation is the mutualism between 
species that trade advantage for advantage. Some fishes 
feed on parasites on the surfaces of other fishes, which 
benefits all but the parasites. In many animals, including 
termites and ruminants, microorganisms thrive in the gut 
and digest cellulose for them.

The nervous system. Coherent movement results only 
when the muscles receive a sensible pattem of activat- 
ing signals (for example, antagonists must not be acti- 
vated to contract simultaneously). Animals use specialized 
cells called neurons to coordinate their muscular activity; 
nerves are bundles of neurons or parts thereof. Neurons 
communicate between cells by Chemical messengers, but 
within a single cell (often extremely long) they can send 
high-speed signals through a wave of ionic polarization 
(analogous to an electric current) along their membranes, 
a property inherent in all cells but developed for speed in 
nerve cells by special modifications.
A system of communication requires three parts: a col­

lector of outside information, an integrator to evaluate 
that information and decide upon its relevance, and a 
transmitter to convey the decision to the motor unit. In 
animals, sensory nerves and organs such as eyes collect the 
information; associative nerves usually concentrated into a 
brain integrate, evaluate, and decide its relevance; and ef- 
fector or motor nerves convey decisions to the muscles or 
elsewhere. Although all three parts of the nervous system 
have kept pace with increases in the size and complexity of 
animals, the simplest Systems found among animals (those 
of parazoans and coelenterates) are nevertheless capable of 
intricate feats of coordination. All ends of a coelenterate 
bipolar neuron can both receive and transmit an impulse, 
whereas the unipolar neurons of more derived animals re­
ceive only at one end (dendrite) and transmit at the other 
(axon). A neuron can have multiple dendrites and axons.

The earliest animals were probably radial in design, so 
that bipolar neurons arranged in a netlike pattern made 
sense. In such a design, a stimulus impinging at any point 
on the body can travel everywhere to alert a simple array 
of myofilaments to contract simultaneously. In the case of 
directed locomotion and relevant sensory input received 
at the head end of a bilateral animal, unidirectional trans- 
mission of nerve impulses to muscles becomes the only 
way to communicate effectively. The location of the brain 
in the head also reflects efficiency and the speed of re­
ceipt of information, because this position minimizes the 
distance between sensory and associative neurons as well 
as concentrates these two functions in a small, protected 
part of the body. In most animals nerve cells cannot be 
replaced if lost, although axons can be. Nerve cells tend to 
be concentrated centrally in ganglia or nerve cords, with 
long axons extending peripherally. Although certain ani­
mals may lose tails or limbs to predators or in accidents 
and then regenerate them, loss or damage to the central 
nervous system means death or paralysis.

The nervous system uses the transmission properties of 
Trans- neurons to communicate. Within a neuron, propagation
mission of an impulse by an ion wave can be extremely rapid,
of nerve but the wave can pass along the length of only one cell’s
impulses membrane. To pass to the next cell at a synapse, where an

axon meets a dendrite, a Chemical transmitter is required. 
This molecule diffuses to the dendrites of a connecting 
neuron, where it initiates an ionic wave that propagates 
along the length of the cell’s membrane. Although Chem­
ical transmission is considerably slower than the ionic 
wave, it is more flexible. For example, learning involves 
in part increasing the sensitivity of a particular nerve 
pathway to a stimulus. The sensitivity of a synapse can be 
altered by increasing the amount of transmitter released 
from the axon per impulse received, increasing the num­
ber of receptors in the dendrite, or changing the sensitivity 
of the receptors. Bridging the synapse directly by the for­
mation of membrane-bound gap junctions, which connect 
adjacent cells, enables an impulse to pass unimpeded to 
a connecting cell. The increase in speed of transmission 
provided by a gap junction, however, is offset by a loss

in flexibility; gap junctions essentially create a single neu­
ron from several. The same result can be achieved more 
effectively by lengthening the axons or dendrites, making 
some nerve cells metres in length. Situations arise where 
gap junctions become desirable, however. Gap junctions 
are found in vertebrate cardiac and smooth muscles, both 
of which transmit impulses along their cells to others.
This ability makes these muscles somewhat independent 
of nervous-system control. A body can thus be kept partly 
functioning for some time without the activity of a brain.
Nerve impulses travel faster along axons of greater di­

ameter or along those with good insulation against ion 
leakage (except at spaced nodes required for recharging). 
Vertebrates use their unique myelinated axons to increase 
the transmission rate of nerve impulses, whereas inverte- 
brates are limited to using axons of greater diameter. As 
a result, vertebrates can concentrate more small neurons 
into a body of a particular size, with the potential for 
greater complexity of behaviour.

Memory is still a poorly understood aspect of the ner­
vous system. As in learning, both short- and long-term 
memories seem to involve alterations in the ease with 
which subsequent impulses travel a particular pathway 
after it has been used. Transfer of memory through direct 
ingestion of the brain has not been confirmed experimen- 
tally. Although the underlying mechanisms are only dimly 
understood, it is known that there is a correlation between 
learning and memory capacity. The capacities for both 
increase with the number of associative neurons and the 
number of branches or interconnections formed. Since 
learning is a process of associating incoming cues with 
appropriate motor or intemal response, greater memory 
capacity of a brain gives a more rapid learning process.
Memory of inappropriate responses to an incoming set of 
cues can be used without motor repeat.

The degree to which the neurons of a brain develop 
interconnections is correlated with the complexity of its 
environs while growing. Consequently, a brain with fewer 
neurons but with more interconnections can be more 
“intelligent” than one with more neurons. Basic, repeated 
behaviours are inherited or leamed by the development of 
fixed pathways by which an environmental signal reaches 
the motor nerves rapidly with little or no Variation (reflex 
arcs). Nonreflex behaviour requires a decision to be made 
in the brain, with the resulting pathway to the motor 
nerves becoming more fixed (habitual) as one particular 
decision seems always to be correct. Reflexes are faster 
than decisions, but their relative adaptiveness depends 
on context. Animals vary in the degree to which they 
use reflexes or make decisions, pattems that are strongly 
correlated to brain size. Habitual actions are perhaps the 
most prevalent response, a compromise between the speed 
of a response and its appropriateness to context.
The senses. Appropriate behaviour relies on receiving 

adequate information from the environment to alert an 
animal to the presence of food, mates, or danger. Although 
sensory nerves carry this information to the brain, they 
do not always directly perceive the extemal world. Other 
modified cells intervene to convert light waves into vision, 
pressure waves in air or water into sound, Chemicals into 
smell or taste, and simple contact into touch. Some ani­
mals have other senses, as for electric or magnetic fields.
In vision, for example, a photosensitive molecule changes Vision 

shape and thereby sets off a chain of reactions that ul- 
timately depolarize the dendrite of a sensory nerve. The 
associative neurons in the brain interpret the pattem of in­
coming impulses into a composite picture. What is “seen” 
may not entirely map what is really there: a great deal of 
filtering occurs, with editing by the brain to eliminate less 
important details so that only the most important are per- 
ceived. The accuracy of what is seen increases with brain 
size and the complexity of the visual gathering System, or 
eyes. Animal eyes range from being able to discem only 
the presence or absence of light to being able to see ob- 
jects in vivid colour and great detail. Some animals see in 
ranges beyond unaided human vision. Pollinating insects 
in particular discem the colour of flowers differently than 
do humans; the ultraviolet reflection pattems of flowers 
do not always coincide with their coloured ones. Bees and
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birds perceive polarized light and can oriënt themselves 
by it. Some animals perceive long wavelengths, which are 
associated with heat (infrared), and can locate the presence 
of warm-blooded prey by such a mechanism.

Chemoreceptors are usually little-modified sensory neu­
rons, except for the taste receptors of vertebrates, which 
are frequently replaced cells in synaptic contact with per­
manent sensory neurons. Chemoreception is based on the 
recognition of molecules at receptor sites, lipid-protein 
complexes that are liberally scattered on the dendrites of a 
sensory neuron. When the receptor recognizes one partic­
ular molecule by shape and sometimes Chemical composi- 
tion, it fires an impulse. The pattem of firings set off in the 
receptors of a certain molecule provides the information 
that the brain interprets as an odour or a taste. The details 
of how animals smell and taste are not as well understood 
as are the other senses. In many animals, chemoreceptors 
are not concentrated into obvious organs as they are in 
vertebrates, making even their location difficult to discern. 
Most animals possess some sort of chemoreception, and in 
many the sense is a major part of the animal’s perception 
of its environment, far more so than it is for humans.
Sounds are waves of molecular disturbance that move 

through air, water, or solids, and their perception by 
animals simply uses sensitive mechanoreceptors. (Loud 
sounds can also be feit by the general touch receptors of 
the body and thereby influence its sense of well-being.) 
Sound receptors are sensitive hair cells or membranes that 
depolarize a sensory neuron when bent by the passage of 
a sound wave. Direct deformation of the dendritic mem­
brane or release of transmitters by the hair cells fire the 
sensory neurons. Aside from a few insects, only verte­
brates have organs with which to hear. Fishes and aquatic 
amphibians use a lateral-line system, and other vertebrates 
use ears; both organs use hair cells as phonoreceptors. 
Sound waves directly stimulate the hair cells of lateral-line 
systems, while sound waves only indirectly stimulate the 
hair cells of ears through an amplifying system of mem­
branes and bones, which reaches a peak of complexity in 
mammals. Some animals (e.g., most bats and wliales, and 
even whirligig beetles) use sound to “see” by echoloca- 
tion. Sound is the preferred medium of communication 
between animals that hear. It can be used over longer 
distances than vision, and it can be used when vision 
is not possible. The signals decay more rapidly than do 
those of odours, and therefore the information can be 
more precise.

Mechano- Mechanoreceptors also respond to touch, pressure,
receptors Stretching, and gravity. They are located all over the body 

and enable an animal to monitor its state at any moment. 
Much of this monitoring is subconscious but necessary for 
normal functioning. Mechanoreceptors are often just sen­
sory nerves, but other cells may be involved. Unlike other 
senses, that of touch is found in all animals, even sponges, 
where it reflects a general cellular trait of eukaryotes.

Hormones. Hormones are the Chemical integrators of a 
multicellular existence, coordinating activities from daily 
maintenance to reproduction and development. The neu­
rotransmitters released by axons are one dass of Chemical 
communicators that act on an adjacent cell, usually a 
muscle cell or another neuron. Hormones are a mostly 
distinct dass of Chemical communicators secreted by 
nerves, ordinary tissue, or special glands; they act on cells 
far removed from the site of their release. They can be 
proteins, single polypeptides, amines, or steroids or other 
lipids. Hormones travel to their place of action via the 
circulatory system and then match their particular config- 
uration with a specific receptor molecule attached to a cell 
membrane or, more usually, located within the cell.
The nervous system coordinates the more rapid activities 

of animal life, such as movement, while the hormones 
integrate everything else. Only the larger, more complex 
animals, such as vertebrates and some arthropods, have 
special endocrine glands to produce hormones; other an­
imals use nerve cells or tissues such as the gonads. En­
docrine glands are another example of a partitioning of 
functions into separate organs, a system that increases effi­
ciency but that requires a relatively large size to maintain. 
Greater specialization is also associated with greater diffi-

culties in regenerating lost parts or preventing breakdowns 
in functions.

Although the list of hormones found in the mammalian 
body may seem large, the numbers are surprisingly low 
for the variety of functions they influence. Which of the 
multiple functions any one hormone regulates depends on 
the specificity of the receptors on or within cells. Because 
all hormones bathe all cells as a result of their transport by 
the circulatory system, it is more efficiënt to have a general 
messenger transported to a cell, where it elicits only one 
of many possible outcomes. As in the nervous system, the 
specificity of response lies in the organ that responds and 
not with the messenger that merely commands action.

Chemicals that allow communication among individuals 
are called pheromones. Sexual attractants are the most 
common, but there are many other kinds.

Digestion. In contrast to plants, the essential nutrients 
that animals require to sustain life and to reproduce come 
packaged with their source of energy—the flesh or organic 
remains of other organisms. More complex animals tend 
to shorten and even eliminate many synthetic pathways, 
because most of the essential building blocks of their own 
complex molecules are present in their food. Reducing 
synthetic flexibility, however, inhibits a radical alteration 
in diet. The digestive and synthetic chemistry of animals 
strongly reflects their diets; some of this design may be al- 
tered with diet, and some may not. No matter how many 
leafy vegetables humans consume, for example, the cellu­
lose remains undigested because appropriate microorgan­
isms are not present in the digestive tract and they cannot 
be obtained at will. Consequently, essential nutrients are 
species-specific and tend to include only molecules ade- 
quately available in the usual diet.

The structure of a digestive system reflects its typical diet. Purpose 
lts purpose is to process food only to the point at which and 
it can be transported to other cells for use as either fuel structure of 
or structural material. In the simplest animals, such as the gut 
sponges or some coelenterates, digestion is entirely intra­
cellular, and some of the products of digestion are trans­
ported to nondigestive cells. As animals began to catch 
larger types of food, more of the digestive process had to 
be handled extracellularly. At the simplest level, seen in 
coelenterates or flatworms, large food items are held in an 
internal cavity (the gut) or even extemally where certain 
cells release digestive enzymes. The food is broken down 
only to the stage at which it can be ingested by cells, 
which finish the process intracellularly. In more complex 
animals extracellular digestion accounts for virtually all 
breakdown of food before the products are transported to 
nondigestive cells.
Chemical digestion, whether intracellular or extracellu- 

lar, is a relatively slow way to decompose a large item.
Thus, animals begin to break it apart mechanically before 
exposing it to digestive enzymes. Teeth, the molluscan 
radula, and muscular gizzards are organs that speed up the 
digestive process by macerating food into finer particles.

Very early in their evolution animals acquired a one- 
way gut (gastrointestinal system), with the mouth typically 
armed with the macerating equipment and the terminal 
stretch sometimes specialized to retrieve excess water or 
other nutrients. Often a single passage through the digestive 
system leaves a great deal of useful material unclaimed.
Because food moves along at a characteristic rate, which 
is sometimes influenced by how much is coming in, not 
all can be fully digested. Some animals regularly eat their 
feces to retrieve nutrients that may have escaped during 
first passage. If not recycled by their owners, feces are 
consumed by a diverse set of organisms.

A common specialization of the gut is the stomach or 
crop—a highly extensible part of the digestive tract that is 
used to hold a large amount of food and partially digest it 
before it enters the intestines, where most of the Chemical 
breakdown and absorption of nutrients occurs. Most ani­
mals eat intermittently; the less often they eat, the larger 
the relative stomach size. Intemalizing as much food as 
possible when it is available prevents potential food from 
being taken by a stronger competitor or enables a feeder to 
retreat to safety while digesting its meal. Ceca and second 
stomachs provide symbiotic microorganisms with a safe
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area within the gut tq digest cellulose. Excess microorgan­
isms mixed in with the partly digestible wastes contribute 
a steady protein-rich fare to the host in exchange for an 
optimal place to consume cellulose.

Stomachs predominate as a gut specialization because 
they allow animals to keep food from competitors or 

Digestion other dangers, but a few animals have developed inge- 
>efore nious methods of digesting their food before ingesting it. 
ngestion Humans are latecomers to this practice and have not 

yet carried it very far. Starfish exploit secondary radial 
symmetry and tube feet to open bivalved mollusks only 
enough to inject their stomachs, digest their meal within 
the protected shell, absorb the products, and leave the 
wastes behind. Spiders immobilize prey by silk wrappings 
and venoms, inject digestive enzymes, and drink the brew. 
Some primitive animals, like placozoans and certain flat­
worms, simply hunch over their prey as they digest it 
extemally, a practice that leaves them vulnerable to other 
predators.

Animals use surfaces in many ways but no more strik- 
ingly than in the gut. Nutrients enter the body proper 
through the surface membrane of the gut; the larger the 
animal, the larger this surface area must be. The gut is 
probably the system that best reflects an animal’s ecology. 
The simplest guts, found in animals from sponges to flat­
worms, simply branch like trees as the animal increases in 
size; the gut itself reaches all parts of the body to within 
the distance of a few cells and thus can serve for nutri­
ënt transport. As muscle masses become more prominent, 
the gut is squeezed into a more compact form. The gut 
compensates for this lack of space by intemalizing its 
foldings. For example, the lining of the mammalian small 
intestine, the major site of digestion and absorption, is not 
only folded but each cell also has numerous outpocket- 
ings (microvilli), which increase the surface area 25-fold. 
Mammals and birds that primarily eat plants have longer 
intestines than those that favour meat. Warm-blooded 
animals, which maintain constant intemal temperatures, 
require a great deal more energy than cold-blooded ones 
and thus tend to concentrate more surface area into a gut. 
Although they are not efficiënt energy users, it is to their 
advantage to obtain more usable energy even if efficiency 
is lost in the process.

Water/vascular systems. Animals live in an aquatic en­
vironment even on land. Each cell is in contact with the 
ocean or its aqueous equivalent, which carries food and 
oxygen to the cells of the animal and carries its metabolic 
wastes away. The water/vascular systems found in ani­
mals vary from the nonexistent to the complex, with the 
complexity correlated with body size and level of activ­
ity. Smaller animals simply use the fluid-filled coelom for 
transport. Increasing size, however, places too many cells 
beyond diffusion distance from either the coelom or the 
outside. A muscular pump attached to muscular vessels 
has arisen in larger animals to move the interstitial fluid 

Open and surrounding the cells. Most animals have open circulatory 
closed systems. Those few animals with closed circulatory systems 
systems have a continuous series of vessels to circulate fluid to the 

vicinity of all cells, whereas those with open systems have 
vessels only near the heart. (Actually, no system is entirely 
closed or open.) In open systems the interstitial fluid and 
the circulatory fluid are the same, but in closed systems 
the two fluids can differ considerably in composition.

Closed circulatory systems have several advantages that 
make them more appropriate than open systems for large, 
active animals: active animals, in fact, tend to possess 
closed systems even though their relatives may not. For 
example, cephalopods, alone among the mollusks, and 
nemerteans, the most active of acoelomates, have closed 
systems, as do all annelids and vertebrates. Decapod crus- 
taceans, the largest living arthropods, have nearly closed 
systems. The most fully open systems have a heart with 
a few vessels leading from it, while fully closed systems 
both leak fluid (which is reclaimed by the open lymphatic 
system) and have open sections. For example, blood flow 
in the vertebrate liver is partly open.

In closed systems, blood flow can be both higher and 
directed more often to tissues that require a greater perfu- 
sion of blood. If blood is confined within discrete vessels,

most of which are muscular, contractions can vary the 
flow rate according to need by altering the amount of 
constriction. Thus, the heart beats faster during exercise, 
when the muscles need more oxygen. Fear changes the 
distribution of blood flow to ready the muscles for possi­
ble imminent action. The more muscular arteries, which 
carry oxygenated blood to the tissues, can proliferate more 
finely in active tissues so that more cells are closer to the 
capillaries, where exchange takes place.

Another advantage of a closed system is the ability to 
carry a high density of oxygen-bearing cells. Such cells 
cannot flow smoothly through the sometimes tight inter­
stitial spaces and thus are not much used by animals with 
open systems. A great deal more oxygen, however, can 
be carried if the oxygen carrier (such as hemoglobin) is 
packed into cells. The viscosity of the blood is a function 
of how many discrete particles are contained within it, 
and size is of little influence. If all the hemoglobin in 
the blood of humans were released by dissolving the cell 
membranes, it would be a thick gel unable to flow. Ani­
mals with open systems do aggregate their oxygen carriers 
into giant polypeptides, but single molecules have limits to 
their size. Myriapods and insects, highly active arthropods 
with open systems, circumvented this problem by evolv- 
ing a tracheal system of respiration, as have some other 
groups: molecular oxygen is carried by branching tubes to 
within a few cell lengths of any cell.

A few types of cells protect organisms from a potentially 
hostile outside environment. Intemal cells thus can elim- 
inate any unnecessary ancestral life-support components 
as they specialize for various functions. This cooperation 
maintains an ideal intemal environment for the members 
of the society of cells but only at the cost of active labour 
and expenditure of energy. In particular, the proper water/ 
salt balance of the interstitial fluid is crucial to prevent 
the cell from shrinking or bloating.

Problems of water/salt balance are usually handled by the Removal 
same system that eliminates the poisonous ammonia de- of 
rived from metabolizing nitrogen-containing compounds, ammonia 
such as nucleotides or amino acids. Ammonia dissolves 
readily in water and thus is removed from an animal that 
needs to rid itself of excess water anyway. (In small an­
imals the ammonia diffuses into the surrounding water.)
With large size or a need for water conservation, animals 
excrete urea, a less toxic compound but one that also 
contains carbon and oxygen and thus potential energy.
Urea also is highly soluble in water, but its low toxicity 
means that it can be concentrated before being excreted.
Terrestrial animals with problems of water conservation 
either convert urea into uric acid, a solid compound that 
can be stored indefinitely in the body or voided with the 
feces, or develop efficiënt excretory organs (e.g., the mam­
malian kidney) that can concentrate the urea. Although 
water balance is usually handled by the kidney, salt bal­
ance is sometimes a specialized function of other organs.
For example, because freshwater fish tend to lose a great 
deal of salt through their gills, they simply expend energy 
to concentrate salt against a gradiënt at this location.

Reproduction and life cycles. Primitive members of all 
major taxa of animals reproduced sexually, and virtually 
all animals still do at some time or another. In contrast 
to other activities, that of reproduction and life history 
may be most complex in the more simply structured an­
imals. If little energy is put into complex maintenance 
systems, more is left for reproduction, the central focus 
of an animal’s life. Thus, although locomotion constrains 
the reproductive strategy of an animal, the possibilities 
with any locomotory mode are diverse. For example, al­
though sessile animals need not expend energy attracting 
a mate, they do face the problem of getting their gametes 
in contact with those of the opposite sex. Sometimes both 
sexes release gametes in immense swarms in which the 
probability of contact with the opposite sex is high. Often 
the female harbours large eggs, and the smaller, more mo­
bile sperm are released to find them. In sponges, sperm 
simply enter with food. Hermaphroditism (the possession 
of both male and female capabilities) and parasitism by 
males are ways by which sessile, slow-moving, or sparsely 
distributed animals cope with finding mates. Bamacles,
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which are sessile crustaceans, elongate one limb to transfer 
sperm directly to another bamacle. (The hermaphroditism 
of bamacles lets any individual’s neighbours be potential 
mates.) Some bamacles and other animals have small 
males that are parasitic on the females.

Mobile animals employ many kinds of devices for sig- 
naling their availability to the opposite sex. Pheromones, 
sound, and visual cues are used singly or in combination. 
Competition for mates may lead to elaborate courtship 
rituals, which enable a female to choose a suitable male; 
to size increases of males that fight for control of a harem; 
or even to size diminution and ultimately parasitism as 
males compete for a mate. In some species, sex changes 
with age, with males tuming into females as they get 
larger. In a few animals, the sex depends on whether the 
individual settles on the Substrate (becoming female) or 
on another individual (becoming a parasitic male).

Finding a mate is but one aspect of a reproductive strat- 
egy. The size of eggs is intimately related to the stage of 
development at which the young emerge to independent 
life, which in tum correlates with the habitat or mode of 
locomotion. For example, marine animals at one extreme 
produce vast numbers of tiny eggs, which hatch at an 
early developmental stage (e.g., the planula larva of coe­
lenterates), or fewer, larger eggs, which hatch at a much 
later stage in the development toward adulthood. Smaller 
larvae spend more time feeding in the plankton before 
settling down to adult life, and during this time they are 
vulnerable to predation; however, they can disperse more 
widely, and their vast numbers give a positive chance that 
some will survive at each reproductive period. Terrestrial 
animals always produce relatively large, developmentally 
advanced young (spending the larval time in the egg), 
because the rigours of living on land demand immediately 
functional organ systems to sustain a free-living life.
Another problem faced by animals as well as plants is 

whether to breed only once during life, and thus to put 
all gathered energy into the effort, or to spend less energy 
during each reproductive period in order to grow and sur­
vive to reproduce for many years. A major factor affecting 
the evolution of a system of reproduction is whether the 
adult or the juvenile has the greater likelihood of survival. 
Some insects, such as may flies, spend so little time as an 
adult (not much more than a day) that they have lost their 
feeding structures so as to allot more energy and space 
to reproduction. Breeding sooner means more descen- 
dants faster and more surely, so that mutations which are 
harmful late but helpful early are selected for. Therefore 
humans too senesce, unlike an amoeba.

Simpler animals can pinch or bud off replicas of them­
selves, a mode of reproduction used by some animals 
that individually cannot get very large because of the sim­
plicity of their organ systems. Such asexual reproduction 
is a form of growth but rarely of dispersal—the bud is 
usually sessile like the parent and thus remains adjacent 
to it. Mobility apparently requires such an integration of 
the nervous and muscular systems that it usually inhibits 
budding or fission.
Complex life cycles are an extreme variant on the usual 

life cycle of animals. The juvenile or larval stage is simply 
more prolonged and complex; it is also structurally quite 
different from the sexually reproductive adult. Transfor­
mation to the adult may occur by asexual budding (e.g., 
coelenterates) or individual remodeling (e.g., insects or 
frogs). A complex life cycle enables an animal to feed 
in two different environments. It is not usually equally 
advantageous for the animal in both environments, so 
that one stage typically lasts longer than the other. For 
example, insects can become parasites without the usual 
Problems of dispersal to a new host; the winged adult 
is admirably suited to find the correct host. Frogs can 
take advantage of ephemeral ponds or ditches of water 
without competition from fish because in their terrestrial 
adult phase frogs can survive on land and thus locate 
new ponds when and where they become available. The 
cnidarian life cycle is also commonly one of alternation 
between a mobile and sessile form. Some animals alternate 
between reproduction from unfertilized eggs (all females) 
and sexual reproduction. The all-female generations can

reproduce faster to take advantage of seasonally excessive 
resources (e.g., aphids or many freshwater crustaceans).

ECOLOGY AND HABITATS
Animals evolved in the seas but moved into fresh water 
and onto land in the Ordovician Period, after plants be- 
came available as a food source. A simple history of animal 
ecology centres on the theme of eating some organisms 
for food while providing food for others. The realities of 
how animals have done so are richly varied and complex. 
The ecology of animals and other organisms is reflected 
in their phylogenetic radiations (i.e., the diversification of 
lineages). Ecologies are as numerous as species, but, just 
as species can be grouped into higher taxa, so too can a 
Classification be made of the ways by which animals find 
adequate food to reproduce and the ways they remain 
alive while doing so,
Competition and animal diversity. The majority of an­

imal phyla are, and have always been, confined to the 
sea, a comparatively benign environment. Marine animals 
need not osmoregulate, thermoregulate, or provide against 
desiccation. The energy procured can thus be used mostly 
for growth, reproduction, and defense. Even reproduction 
can be simple: shunting millions of eggs and sperm into 
the water and letting them fend for themselves. Developing 
embryos do not need the protection of a womb because 
the ocean provides a suitable environment.

Despite the simplicity an animal’s life can attain within 
the ocean, most oceanic animals have not remained sim­
ple. Competition and predation, two major components of 
any habitat, have complicated the lives of animals, leading 
to ever more novel ways of surviving. No matter how 
inimical to life, the physical components of environments 
are relatively predictable elements to which adaptation is 
often comparatively easy, if costly. Competition and pre­
dation, in contrast, relentlessly challenge all forms of life 
no matter how perfect they become for an instant in time. 
Adaptations often become obsolete as soon as they are 
successful, because successful life forms become a prime 
source of food for others.

Given the simple thesis that competition drives much 
adaptation, the ecological diversity of animals can be 
sketched readily. Form, function, and phylogenetic history 
reflect the roles that animals assume in the evolution­
ary drama. Throughout a billion-year history, the animal 
actors have changed many times, but they perform varia­
tions on the same theme and the backdrops look much the 
same. For example, shortly after plants became well es­
tablished, forests of giant lycopods (club mosses) and tree 
fems provided food and shelter for numerous arthropods, 
including winged insects, on which four-legged amphibi- 
ous vertebrates fed. Larger amphibians and reptiles later 
tumed to smaller ones for food. Some of the arthropods 
and other terrestrial animals in tum  were parasitic on the 
vertebrates. Later, different groups of plants, insects, and 
vertebrates enacted the same scene. First gymnosperms 
and then angiosperms became the dominant components 
of forests. Amphibians yielded dominance to mammallike 
reptiles (some of which became herbivorous), which gave 
in to dinosaurs; the latter were replaced by mammals and, 
most recently, by humans. In aquatic habitats the same 
drama has unfolded, with ever-changing actors. Reefs, for 
example, have entirely disappeared several times, with 
each subsequent avatar built mostly from different kinds 
of organisms. A historical perspective illustrates the under- 
lying direction provided by competition and predation.

Evolution of ecological roles. Animals arose from proto­
zoans and initially were simply larger, more complex, and 
successful competitors for the same sources of food. The 
early animals (parazoans, coelenterates, flatworms, and 
extinct groups) exhibited the same basic strategies of ob- 
taining food as did the protozoans. Because of their larger 
size, however, they had an advantage over protozoans: 
they could prey on them and oust them from their attach­
ment sites on the ocean floor. The early basic strategies 
of animal life reflected two different means of competing 
for food, that fixed by photosynthetic and chemosynthetic 
organisms and that provided by the wastes and decaying 
tissues of life forms. Almost all the free energy fixed is

Importance 
of competi­
tion



74 Animals

used by one organism or another, so that what one animal 
wins is lost to the rest. Animals do whatever they can to 
acquire all the energy they can use, and in this basic sense 
each is competing with all the others. Ultimately, preda­
tion is a mode of competition that simply involves eating 
the potential competitor rather than finding another way 
to share the same resource.

cological Three early ecological roles of animals were as filter
Dies feeders, predators, and scavengers. The filtering of com­

paratively tiny organisms and organic detritus is a form 
of predation that was easily acquired when an animal 
became immense relative to potential food. Sponges were 
the earliest filter-feeding animals and still dominate cer­
tain marine habitats.

Predation on relatively large organisms relies on capture 
and subsequent subjugation of the prey until it can be in- 
gested. Predation grades into filter feeding when the prey is 
very small in relation to the predator and into parasitism 
when very large. Among the early animals, coelenterates 
were the initial predators. Either attached to the bottom 
or floating near the surface, they paralyzed potential prey 
with their stinging and muscular tentacles and pushed it 
into their guts to digest it at leisure. Placozoans and flat­
worms preyed somewhat less effectively; they crept over 
a sessile or slow-moving potential prey, formed a pocket 
around it, and then ejected digestive enzymes to break it 
into smaller pieces that could be ingested.

Scavengers feed on the remains of dead organisms. A 
layer of energy-rich organic matter continuously settles on 
the ocean bottom, where it is recycled by diverse organ­
isms. As animals evolved, they became essential as garbage 
eliminators because their remains (and those of plants 
and some fungi) are only slowly decomposed by microor­
ganisms. Without animal scavengers, ocean bottoms and 
land surfaces would be cluttered with the refuse of dead 
organisms. Among the early animals, flatworms were the 
primary scavengers on the ocean bottoms.

Although the early radiation of animals admirably filled 
the major ecological roles, they had structural, physio­
logical, and behavioral limitations that left some options 
open. For example, there were no potential predators of 
the surface-creeping flatworms or placozoans or of the 
cnidarians, with their stinging cells. There were no bur- 
rowers that could penetrate the layer of detritus which 
undoubtedly accumulated on the ocean floor. With the 
acquisition of a coelom or pseudocoel, animals could bur­
row into the detritus layer, consuming it as they went, as 
earthworms do on land.

Well-developed organ systems permitted an increase in 
body size, which gave rise to successive levels of preda­
tors. Quite early in the rapid diversification of animal life, 
protective hard Shells appeared, a defense against preda­
tors but later also a means of enabling animals to expand 
outward from the seas. The intertidal areas, with partial 
exposure to the atmosphere, became a livable habitat. 
Jaws were an important innovation to predators. They are 
particularly central to the overwhelming success of arthro­
pods and vertebrates, especially on land, where most plants 
and animals possess a tough drought- and injury-resistant 
covering. Most mollusks have a filelike radula that is well 
suited for breaking down tough plant or animal tissue into 
ingestible pieces and even adequate for drilling through 
the thick Shells of their own group.

Large size, made possible by rigid skeletal support, par­
ticularly for reef-forming animals, provided shelter and 
thus more variations on the common themes. Corals and 
some other animals shelter algae, particularly in the nu- 
trient-poor tropical seas, and obtain their food directly 
from their symbionts. This was probably more common 
in the Vendian (the last interval of the Precambrian, from 
670 to 590 million years ago on certain geologie time 
scales), when thin animals could bask in the water with­
out predators. Most of the deep sea is sparsely populated, 
its animals living on what settles down from above, but 
volcanic and other deep-sea vents emit gases that can be 
oxidized to provide energy. Some animals have symbiotic 
bacteria that do this, and they reach high densities there. 
Photosynthetic reef builders create forests in the seas that 
are analogous to those on land.

Large body size also favours the rise of parasitism, the Parasitism 
consumption of living tissue that typically does not kill 
the host organism outright. Too heavy a load of para­
sites weakens an animal and makes it more susceptible to 
predation or other forms of death. Parasites have evolved 
in many phyla, the most important being platyhelminths, 
nematodes, and arthropods. Several taxa of high level are 
entirely parasitic. A disadvantage of parasitism, particu­
larly on land, is dispersal to another host. Intermediate 
hosts are sometimes used if direct passage cannot be made.
Enormous reproductive output is the rule (other organ 
systems can be minimal because the habitat is so con- 
genial). The extraordinary number of species of winged 
insects attests to the success of the parasitic way of life.
Insects can actually feed in the dispersal stage and thus 
survive longer while seeking the appropriate host.
Humans and the environment. Humans have had two 

major effects on their environment, neither of which is 
original but both of which are greater in consequence than 
those of any other single species. These two impacts are 
expected outcomes of natural selection, but their magni­
tude is of an unprecedented order.

All animals pollute their environs with their wastes, but 
only when animals are too crowded does a buildup of 
wastes impair their health. As mentioned above, the wastes 
of organisms normally become the food of others and thus 
usually are eliminated almost as rapidly as produced. Leaf 
litter in the humid tropics, for example, is almost nonex­
istent because of low seasonality, but elsewhere it can 
accumulate to some depth. Pollution becomes a problem 
only when waste cannot be eliminated. For example, the 
first great pollution episode in life’s history, which formed 
oxygen, was a product of more efficiënt photosynthesis.
Oxygen is a poison to cells, but it is also among the best 
acceptors of electrons in the breakdown of molecules for 
energy. Organisms thus developed defenses against oxygen 
so that they could use it advantageously in their metabolic 
pathways—a pollutant tumed essential to most life.

Humans have only seriously started to pollute their envi­
ronment in the past two centuries. By their sheer increase 
in numbers, humans crowd out many other species, par­
ticularly those that are large in size but also those that live 
in habitats humans preempt. Humans have eliminated 
countless tiny species without realizing their existence.
The number of extinctions humans have been directly 
and indirectly responsible for ranks as one of the major 
extinction events in Earth’s history.

EVOLUTION AND PALEONTOLOGY
All the adaptations in the living world have been produced 
by natural selection. This selection acts continuously, on Natural 
many levels and time scales. Thus, an animal may become selection 
well adapted to an ecological niche that then disappears, 
forcing the animal either to evolve rapidly to fill another or, 
more likely, to become extinct Another animal, adapted 
to a more permanent niche, survives. There is also long­
term selection on the ability to adapt, as well as on current 
adaptation, for environments change, in both their phys- 
ical and biotic components. Mass extinctions of the past 
testify to major changes, some perhaps catastrophic, the 
causes of which are still debated. These mass extinctions 
tended to eliminate more active and specialized groups, 
partly setting broad-scale evolution back and selecting for 
the inactive and resistant.

Evolution proceeds by the incremental acquisition of 
adaptations. It may be impossible for a lineage to evolve 
into a more effective way of life, because its present adap­
tations would have to be lost first. An adaptive zone is 
the niche of a (perhaps large) group of species; in general, 
the more different and basic the overall adaptive zone, 
the higher the rank of the taxonomie group. When an 
adaptive transition has occurred, a new group has arisen.

It is possible to turn this process around and to infer the 
course of evolution from its results. Species that share a de­
rived character are likely to have had a common ancestor 
with that character, although there are many exceptions. 
Incorporating as much evidence as possible, morphological 
and molecular, makes the inference more likely. Fossils 
help too, letting scientists know what actually did live at
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each time. Only hard skeletons are ordinarily preserved 
intact or as fossils, though, so that groups without them 
have a sparse record or none. Simpler skeletons are some­
times ambiguous as to what animal they came from, and 
many groups have existed that have no close relatives to­
day. There are nevertheless several dozen faunas through 
the geologie record that preserve soft-bodied animals and 
thereby help fill in the historical record of animals.

Animals first appeared in the Vendian, soft-bodied forms 
that left tracés of their bodies in shallow-water Sediments. 
The best-known are coelenterates of various sorts, includ­
ing some that were more irregulär than any today, and 
there are several groups with unclear affinities. At least 
some of the latter groups probably left no descendants. 
Most of the Vendian animals were thin, with each cell 
able to diffuse nutrients from the water, and many may 
have photosynthesized with symbiotic algae. No sponges 
are known to have existed in the Vendian, but they prob­
ably had already arisen from choanoflagellate protists. 

First mass The first known mass extinction ended the Vendian. In 
extinction the Cambrian Period (570 to 505 million years ago) be­

gan the great evolutionary radiation that produced most 
of the known phyla. Evolution occurred rapidly then, as 
it ordinarily does when adaptive zones are more or less 
empty and evolutionarily accessible. More soft-bodied fau­
nas show that there were a number of sorts of animals that 
have no apparent relation to known phyla. It is unclear 
how many of these are aberrant members of known phyla 
and how many are more basically different. Although 
natural selection adapts the parts of animals to function 
and develop harmoniously with one another, at such an 
early time much of this internal coadaptation may not yet 
have occurred, making it easier to change in major ways. 
There were many groups of arthropods and echinoderms 
that also have unclear specific affinities with their longer- 
lasting relatives. Priapulid worms, a minute component of 
the modern free-living biota, were abundant and diverse. 
Coeloms evolved and many animals burrowed, and bur­
rowing has increased throughout the Phanerozoic (from 
roughly 570 million years ago to the present). The Cam­
brian was also the time when hard skeletons originated in 
many groups and predators began to prowl the ocean floor.
The probability that a taxonomie family of animals 

would become extinct in a million years was highest in 
the Cambrian and declined exponentially until a mass 
extinction occurred in the late Permian Period (about 260 
to 245 million years ago). It then declined again exponen­
tially thereafter. This pattern is due entirely to the decline 
and extinction of whole groups that are more susceptible 
to extinction; within each group the probability of extinc­
tion stays about constant except during mass extinctions. 
The probability that a family will give rise to a new family 
usually has declined exponentially both within groups and 
overall, however, so that most groups tend to decline in 
large-scale diversity over time. There has been nevertheless 
an overall increase through the Phanerozoic in the num­
ber of taxa at levels from species to family as new groups 
like mammals and teleost fishes have originated and as 
others, like clams and insects, have gradually diversified. 
Extinction is the common fate of a lineage, while the 
survivors multiply disproportionately.

Sponges are first definitely known in the Cambrian, 
including a short-lived major group, the Archaeocyatha. 
They have not evolved much since then. Some of their lar- 
vae became sexually mature without growing up and gave 
rise to the coelenterates and perhaps the placozoans. Most 
groups of coelenterates also appeared early and evolved 
slowly. All corals of the Paleozoic Era (570 to 245 million 
years ago) belong to groups that are restricted to that era. 
After the Permian extinction, a group of sea anemones 
evolved a skeleton and diversified into modern corals. In 
the Cretaceous Period (144 to 66.4 million years ago), 
some clams became corallike, even with symbiotic algae, 
and for a while outcompeted the corals on reefs.

The fossil record is uninformative for flatworms and 
pseudocoelomates. The interrelations of these groups have 
also not yet been studied adequately by modern com­
parative methods. They probably form an adaptive ra­
diation distinct from that of the coelomates, however.

Some anatomie evidence suggests that the pseudocoelo­
mates were all derived from gnathostomulid-like Platy- 
helminthes. The Introverta seem related to the rotifers, 
and the gastrotrichs to the nematodes. The Mesozoa may 
be an unnatural group, with its classes being simplified 
descendants of different phyla, while the Nemertea are 
probably derived from turbellarian Platyhelminthes.

Coelomates appear to have had a single origin, probably Origin of 
from ancestral turbellarian Platyhelminthes. They were al- coelomates 
ready diverse in the early Cambrian, and the hydroskeletal 
function of the coelom in small animals suggests that the 
ancestor was a burrowing worm. Segmentation arose very 
early in the group and is retained in its probably primi­
tive form by most annelids. Leeches arose from freshwa- 
ter oligochaetes, and oligochaetes probably from ancestral 
polychaetes. Annelid fossils merely show that they have 
been around since the Cambrian.

Arthropods have been the most diverse phylum since 
the Cambrian. Trilobites and crustaceans dominated then, 
with the former declining in abundance through the Pa­
leozoic and the latter expanding into great adaptive di­
versity. Chelicerates also arose in the early Paleozoic and 
later radiated widely on land. Myriapods are a terrestrial 
group and gave rise to insects about 400 million years ago 
(during the Devonian). Insects were already diverse in the 
Carboniferous (360 to 286 million years ago), and modern 
orders have gradually originated and then replaced many 
of the earlier ones. The interrelations among the four ma­
jor arthropod groups are unclear, as is the position of the 
Onychophora. The latter, a relative of annelids and known 
as early as the Cambrian, may be ancestral to myriapods, 
in which case the Arthropoda must be divided into two 
phyla. The position of the weakly segmented Tardigrada 
is even less clear, as they show special similarities to both 
the Onychophora and the Gastrotricha.

Segmentation has been reduced or lost in many groups.
The Pogonophora retain segmentation mostly at their 
hind end. Another annelid relative known since the Ven­
dian, this group has gutless members that get nutrients 
only from symbiotic bacteria and what is dissolved or 
suspended in the water. The Apometamera show tracés 
of segmentation in the Echiura but none in the overall 
more-derived Sipuncula. Apometamera are also annelid 
relatives but may be even closer to mollusks. They lack 
useful fossils, unless the tube-forming Hyolitha, which 
may alternatively be annelids or a separate phylum and 
which lived throughout the Paleozoic, belong here.

Some living mollusks retain tracés of segments, and the 
Machaeridia, an early Paleozoic group probably at the 
base of this phylum, were highly segmented. The Mollusca 
can be said to have originated when the radula did. The 
primitive Aplacophora lack a shell and are unknown as 
fossils, while their relatives the chitons come from the 
Cambrian. The Monoplacophora are mostly Paleozoic and 
gave rise to snails, cephalopods, and the Paleozoic dass 
Rostroconchia of semibivalves. From the latter originated 
the clams (which have lost the radula) and the scaphopods, 
always a sparse group. Clams and snails have gradually 
expanded, the latter especially since the Cretaceous, when 
one group evolved a movable proboscis. Cephalopod evo­
lution has been more rapid and complex, with nautiloids 
dominant in the early Paleozoic and ammonoids from 
then to their final extinction at the end of the Mesozoic 
Era (i.e., 66.4 million years ago), after having nearly disap- 
peared three times before. Octopuses and squids grow too 
rapidly to form an external shell, but one group with an 
internal shell is known to have thrived in the Mesozoic.

Three phyla of annelid relatives feed by a lophophore and 
are probably related to each other. They too have nearly 
lost segmentation. Phoronids lack a useful fossil record 
and probably have always been sparse. Brachiopods and 
the colonoid bryozoans, on the contrary, were the predom- 
inant filter feeders of the Paleozoic Era. Most brachiopods 
succumbed to the Permian extinction, and the phylum 
has never recovered. A group of bryozoans, though, has 
managed to diversify since the middle Cretaceous.

Chaetognaths, abundant but with few species, lack a use­
ful fossil record (unless some Cambrian teeth came from 
them) but appear related in some way to the remaining
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tise of 
ertebrates

phyla. Echinoderms had remarkable structural diversity in 
the early Paleozoic, with no less than 20 classes usually 
recognized then: some asymmetrie, stalked, helical, mo­
bile, or cemented down, with multiple origins of adaptively 
similar forms. Most were both rare and with few species, 
but blastoids were abundant in the later Paleozoic, and 
erinoids were a major group throughout that era. Blastoids 
became extinct in the Permian, and erinoids nearly so. 
Most later erinoids are free-swimming rather than stalked 
like their ancestors. An expansion of powerful general 
predators (crabs and fishes) in the Jurassic Period (208 to 
144 million years ago) reduced the numbers of erinoids 
and some other groups.

Hemichordates are another group now inconspicuous 
but diverse in the Paleozoic. Most of the latter are called 
graptolites, colonoids abundant in the Ordovician Period 
(505 to 438 million years ago) and Silurian Period (438 to 
408 million years ago). Hemichordates are very primitive 
deuterostomes related to both echinoderms and chordates. 
Of the latter, tunicates lack useful fossils, but a Cam­
brian cephalochordate shows the early existence of human 
ancestors. Small pelagic animals called Conodonta, with 
phosphatic teeth and segmented muscles but no hard 
skeleton, are most likely cephalochordates but may have 
been very primitive fishes. They also appeared in the 
Cambrian and were among the most abundant animals to 
the end of the Triassic Period {i.e., 208 million years ago). 
They may have filtered through their spiny teeth rather 
than through their gills as their ancestors did.

Vertebrates are not known until the Ordovician, when 
the first of a series of mostly heavily armoured jawless 
fishes appeared, probably mud-grubbers and filter feeders. 
Predaceous jawed fishes appeared in the Silurian, perhaps 
even with a separate origin of bone, and divided into three 
large groups. One, the placoderms, was more or less dom­
inant in the Devonian Period but rapidly became extinct 
at its end. Sharks and their relatives have had a series of 
adaptive radiations, each mostly replacing the previous. 
The same is true for bony fishes, but the teleosts have 
been successful to an unprecedented degree. Lungfishes 
are mollusk-crushers and have declined in numbers since 
the Devonian.

Amphibians crept from the water in the Devonian and 
fed on arthropods, which had done so first. They were 
derived from distant relatives of the modern coelacanth. 
Many archaic amphibians were large, a metre or two long. 
Frogs and salamanders first appeared in the early Meso­
zoic. Reptiles lay eggs that can withstand dry extemal 
conditions, and they evolved from amphibians early in 
the Carboniferous. They were subordinate until the drier 
Permian, when they began a series of adaptive radiations 
that put some groups back in the sea and others into the 
air. Dinosaurs arose in the Triassic and were cut down 
about the end of the Cretaceous, as were many other 
groups. Birds evolved from dinosaurs in the Jurassic but 
apparently expanded greatly only in the Cenozoic.

Mammals arose in the Triassic from reptiles that had 
separated from the rest in the Carboniferous. They too 
have undergone sequential adaptive radiations, some of 
which occurred in the Mesozoic when they were kept 
small by the dinosaurs. Placentals and marsupials began 
in the Cretaceous, the latter in North America, from 
which they invaded South America with some placentals 
at the beginning of the Cenozoic, replacing an archaic 
fauna there. They then went on alone across Antarctica to 
Australia, meanwhile becoming extinct in the north. Pla­
centals themselves had an early radiation that was mostly 
replaced in the Eocene Epoch (57.8 to 36.6 million years 
ago) by the modem orders to which it had given rise.

CLASSIFICATION
Diagnostic features. Animals are multicellular eukary­

otes whose cells are bound together by collagen. They have 
sperm and form polar bodies in oogenesis. Animals lack 
semirigid cell walls, and movement is effected through 
muscle and nerve cells. They usually gain energy from 
other organisms or their products. Animals are found al­
most anywhere on Earth where there is life.

A n n o ta ted  C lassification .

Phylum Porifera (sponges)
Sessile; vary in form from amorphously matted to delicately 

sculptured; distinctive flagellated collar cells pump water and 
extract food; models of efficiënt flow design; 2  cell layers with 
gelatinous mesenchyme containing various types of cells, in­
cluding those producing supporting spicules; colonoid; marine 
and some freshwater species; filter feeders; Cambrian to recent;
9.000 species.
Phylum Placozoa
Flattened, 2 flagellated cell layers; fluid mesenchyme with a 

few cells and connecting fibres; similar to the larvae of primitive 
animals, from which they may be derived; digestive method 
unknown; shape irregulär and changing; marine; predators or 
scavengers; recent; 1 species.
Phylum Cnidaria
Possess tentacles with stinging cells (nematocysts) for para- 

lyzing prey or repelling predators; sessile (polyp) and floating 
(medusa) forms; many have both stages altemating in complex 
life cycles; medusae with well-developed mesoglea used as elas­
tic skeleton for jet propulsion; muscle cells epithelial; solitary 
to the most complex of animal colonoids; marine and fresh­
water species; predators or scavengers with some filter-feeding 
species; Vendian to recent; 9,000 species.
Phylum Ctenophora (comb jellies)
Long tentacles of most have sticky lasso cells (colloblasts) to 

secure prey; comb plates of fused cilia (ctenes) used for swim- 
ming; separate muscle cells; marine; predators; Devonian to 
recent; 1 0 0  species.
Phylum Platyhelminthes (flatworms)
Lack anus except perhaps in the dass Gnathostomulida; no 

circulatory system; mouth ventral; mesoderm of loose cells 
(parenchyma); marine and freshwater species, with some ter­
restrial species known; predators or scavengers, with some 
parasitic species known; recent; 2 0 , 0 0 0  species.
Phylum Mesozoa
Among simplest animals; only organ the gonad; 2 classes 

probably arose separately; dicyemids with unique within-cell 
embryo formation; marine; parasitic; recent; 1 0 0  species. 
Phylum Nemertea (Rhynchocoela; ribbon worms)
Proboscis in fluid-filled cavity not attached to gut; anus pres­

ent; closed circulatory system; marine, with some freshwater 
and terrestrial species known; predators; Carboniferous to re­
cent; 900 species.
Phylum Gastrotricha
Wormlike pseudocoelomates; ventral ciliation used to glide 

over surfaces; use muscular pharynx to pump in small prey or 
organic debris; marine and freshwater; predators or scavengers; 
recent; 450 species.
Phylum Nematoda (roundworms)
Found almost everywhere animals exist; thick, complex cuti­

cle permits high pressure on internal fluid and acts as elastic 
skeleton; only longitudinal muscles; many internal structures 
reflect high intemal pressure; unique type of exeretory organ; 
some have jaws; marine, freshwater, and terrestrial species; 
predators or scavengers or parasites; Carboniferous to recent;
12.000 species.
Phylum Rotifera (wheel animals)
Distinctive corona of cilia used in pulling cellular food into 

gut; most have elaborate jaws; some with telescoping bodies; 
marine and freshwater; predators or filter feeders, with some 
parasitic species known; Eocene to recent; 1,800 species. 
Phylum Introverta

Spiny retractable proboscis (or introvert) at head o f  worm like 
body functions in burrowing through soft Substrates or guts; 
m arine and freshwater species; predators or parasites; parasitic 
forms lack a gut; Cambrian to  recent; 900 species.
Phylum Annelida
Segmented worms; paired appendages or setae on segments 

used in locomotion; protonephridia or metanephridia; closed 
circulatory system; some with jaws; some sedentary or ses­
sile; some secrete tubes around them; marine, freshwater, and 
terrestrial; predators, scavengers, or filter feeders, with some 
parasitic species known; Cambrian to recent; 15,000 species. 
Phylum Pogonophora
Deep-sea, sedentary, tube-building worms with 3 body divi­

sions; long, ciliated tentacles with microvillus-like extensions 
of single cells; no mouth or digestive system; symbiotic bac­
teria in characteristic organ; closed, well-developed circulatory 
system; Vendian to recent; 150 species.
Phylum Tardigrada (water bears)
Tiny; secrete cuticle; epidermal cell number constant; 

metameric nervous system; 4 pairs of legs; reduced coelom 
functionally replaced by hemocoel; extraordinary ability to 
withstand desiccation and other stresses; mostly terrestrial, 
with some marine and freshwater species known; predators or 
scavengers; Cretaceous to recent; 400 species.
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Phylum Onychophora
Wormlike, with many pairs of stubby legs; jaws are modified 

legs; thin secreted cuticle; annelid-like body plan; tracheal re­
spiratory system; terrestrial; predators; Cambrian to recent; 80 
species.
Phylum Arthropoda
A rigid, jointed cuticle used as skeleton; lack epithelial cilia 

entirely; open circulatory system; segmented, with each seg­
ment bearing a pair of appendages primitively; much fusion 
of segments and use of appendages for functions other than 
locomotion; many with compound eyes; respiratory systems 
highly varied; complete range of habitats and feeding modes; 
Cambrian to recent; more than 1,000,000 species.
Phylum M ollusca
Ciliated epithelia; ventral surface forms muscular foot, prim­

itively used for locomotion but variously modified; dorsal and 
lateral surfaces usually form shell-secreting mantle that protects 
extemal gills; unique chitinous scraping radula aids feeding and 
burrowing; coelom reduced; open circulatory system serves as 
hydroskeleton; many species moderate to large in size; ma­
rine, freshwater, and terrestrial species; predators, scavengers, 
filter feeders, and grazing species, with some parasitic species 
known; many derived forms are sessile; Cambrian to recent;
50.000 species.
Phylum Apometamera
Unsegmented worms; food-gathering proboscis with cilia be­

low or in tentacles; sedentary tube dwellers; metanephridia; 
marine; filter feeders; Devonian to recent; 400 species.
Phylum Phoronida
Wormlike; sedentary in chitinous tube; lophophore; closed 

circulatory system; metanephridia; marine; filter feeders; De­
vonian? to recent; 15 species.
Phylum Bryozoa (moss animals)
All but a few commensal species are colonoid, forming large 

matlike or plantlike forms; sessile; lophophore; tiny individual 
zooids; reduced organ Systems; marine and some freshwater 
species; filter feeders; 2 subphyla, Ectoprocta and Entoprocta; 
Ordovician to recent; 4,600 species.
Phylum Brachiopoda (lamp Shells)
Calcareous, bivalved shell with mantle; lophophore; open 

circulatory system; metanephridia; marine; filter feeders; Cam­
brian to recent; 340 species.
Phylum Chaetognatha (arrowworms)
Swimming marine predators; head with grasping spines, jaws, 

and eyes; coelom lacks mesodermal lining; Cretaceous to re­
cent; 1 0 0  species.
Phylum Echinodermata
Unique water/vascular system (tube feet) used mainly for lo­

comotion and feeding; lack heads, brains, and segmentation; 
intemal calcareous skeleton; circulatory system open; pen- 
tamerous, nearly radial symmetry in recent classes; marine; 
predators, scavengers, or filter feeders; Cambrian to recent;
7.000 species.
Phylum Hemichordata
Wormlike or colonoid; tripartite coelom; construct mucus- 

lined U-shaped burrows or proteinaceous tubes; open circu­
latory system; dorsal and ventral nerve cords, the dorsal one 
partly hollow; some with branched tentacles to gather food; 
pharyngeal gill slits used for exit of sediment-bearing water 
entering mouth and for gas exchange; marine; filter feeders; 
Cambrian to recent; 85 species.
Phylum Chordata
Elastic notochord used as skeleton when present; dorsal hol­

low nerve cord; postanal tail; pharyngeal slits used originally 
in feeding and later in gas exchange; all habitats and feeding 
modes, but rarely parasitic; 50,000 species.
Subphylum Tunicata (Urochordata)
Secrete a thick tunic or a filtering device of complex com- 

position around body; most adults lack notochord and head; 
circulatory system open; coelom reduced; pharyngeal cavity 
well-developed; solitary or colonoid; sessile or pelagic; marine; 
filter feeders; Silurian? to recent; 3,000 species.
Subphylum Cephalochordata (Acrania)
Fishlike; persistent notochord; segmental muscles but no hard 

skeleton or heart; protonephridia; Cambrian to recent; 23 
species.
Subphylum Vertebrata (Craniata)
Skeleton of bone or cartilage; heart; kidneys; myelinated ax­

ons; includes the agnathans, Chondrichthyes, Osteichthyes, am­
phibians, reptiles, mammals, and birds; Ordovician to recent;
47.000 species.
Critical appraisal. This Classification includes only ex- 

tant groups. Because the aschelminths have not been stud­

ied adequately by modern methods, there is no consensus 
on their Classification, and the system used here differs 
in some respects from that in the artiele a s c h e l m in t h s . 
The Classification in this artiele is based on morphological 
work carried out in the late 1980s and remains to be tested 
by RNA sequence studies and other comparisons. This 
Classification defines the phylum Introverta as containing 
the classes Kinorhyncha, Loricifera, Priapulida, and Acan- 
thocephala and the phylum Nematoda as containing the 
classes Ademophorea, Secementa, and Nematomorpha.
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Annelids

Environ-
nents

T he Annelida, or segmented worms, constitute a 
major invertebrate phylum of the animal kingdom. 
The group numbers more than 9,000 species and 
includes three classes: the marine worms (Polychaeta), 

which are divided into free-moving and sedentary, or tube- 
dwelling, forms; the earthworms (Oligochaeta); and the 
leeches (Hirudinea). Annelids, named for the transverse 
rings, or annulations, of the body, are segmented animals 
with a body cavity (coelom) and movable bristles (setae). 
The coelom is reduced in leeches, and setae are lacking in 
a few specialized forms, including leeches.

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, section 313.

This artiele is divided into the following sections:
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GENERAL FEATURES

Distribution and abundance. Annelids are found world­
wide in all types of habitats, especially oceanic waters, 
fresh waters, and damp soils. Most polychaetes live in 
the ocean, where they either float, burrow, wander on 
the bottom, or live in tubes they construct; their colours 
range from brilliant to dull, and some species can produce 
light. The feather duster (Manayunkia speciosa) inhabits 
the Great Lakes and some rivers of the United States. 
The polychaetes include more than 6,000 known species, 
which are about evenly divided between free-moving and 
tube-dwelling forms. The oligochaetes number about 3,250 
known species. Oligochaetes, including earthworms, bur­
row into soil; certain small oligochaetes are found in fresh 
water, and a few are marine, usually inhabiting estuarial 
or other shallow waters. Leeches, which number about 
300 species, inhabit freshwater or humid environments 
and are carnivorous or parasitic on other organisms—e.g., 
all marine leeches are parasitic on fish.

Size range and diversity of structure. The length of 
annelids varies from a fraction of an inch to more than 
six metres (about 20 feet). The width may exceed 2.5 
centimetres (about one inch) in the contracted state. Free- 
moving polychaetes and earthworms include the largest 
species. Leeches attain lengths of about 0.4 metre in the 
contracted state.
Polychaetes. The body of free-moving polychaetes (see 

Figure 3) consists of a head, or prostomium, which may 
bear two or more eyes; a preoral segment, with such ap­
pendages as antennae, tentacles, and palpi (fleshy sensory 
projections); a trunk di visible into distinct segments; and 
a tail, or pygidium, which may bear anal cirri (fleshy 
projections) or plaques and a terminal anus. Each body 
segment following the second segment (peristome) usually 
has paired parapodia; i.e., fleshy, lateral outgrowths used

in feeding, locomotion, or breathing. The parapodia, gen­
erally prominent in free-moving polychaetes, bear bundles 
of setae, which can be extended, and aciculae (needlelike 
structures), which are used for support.
The heads of sedentary polychaetes (see Figure 3) may be 

distinct or indistinct. Forms with a distinct head generally 
lack head appendages. Branchiae, or gills, which serve for 
respiration and as food-gathering organs, are well-devel­
oped in many of the tube-dwelling forms. Some have 
tentacles at the anterior (front) end, and gills arise from 
the dorsal (upper) surface of a few anterior segments. In 
these species food is gathered by the tentacles and res­
piration is confined to the gills. The rest of the body is 
divided into thoracic and abdominal regions. Parapodia, 
if present, are generally simple lobes; frequently the setae 
project directly from the body wall. Many sedentary poly­
chaetes construct tubes made from a substance secreted Tube 
from cells that constitute the epidermis, or skin. Tubes construc- 
may consist of calcium carbonate, parchment, or mucus, tion 
to which sediment adheres. The anus is at the posterior 
tip. Tube dwellers generally have an extemal fecal groove 
along which fecal material passes forward. Eyes are occa­
sionally present on gills, along the sides of the body, or on 
the pygidium in sedentary forms that do not live in tubes.

Oligochaetes. The body of oligochaetes (Figure 1) is 
uniformly segmented and has conspicuous segmental lines.
The prostomium is usually a simple lobe overhanging the 
mouth and lacking appendages. The microscopically small 
eyes are scattered over the body. The clitellum, a saddle- 
shaped thickening of the body wall, is present at sexual 
maturity. The anus is at the posterior tip. Setae generally 
arise from the ventral (lower) surface of the body.
Leeches. Leeches (see Figure 4) have 34 segments, and 

elongation occurs by the subdivision of these segments.
Leeches have a small sucker at the anterior end and a 
large sucker at the posterior end. A clitellum is present in 
the mid-region during the reproductive period. The poorly 
developed eyes are paired stmctures at the anterior end.
Setae are absent.
Importance. Large earthworms, or night crawlers (Lum- 

bricus terrestris), are cultivated and sold as bait for fresh­
water fishes and as humus builders in gardens. The sludge 
worm Tubifex, abundant near sewer outlets and thus an 
indicator of water pollution, is collected and sold as food 
for tropical fish. Polychaetes play an important role in 
turning over sediment on the ocean bottom.
The medicinal use of leeches, which dates from antiq- 

uity, reached its peak in the first half of the 19th Century.
The European species Hirudo medicinalis formerly was 
exported throughout the world, and native species also 
were used. Hirudin, an extract from leeches, is used as a Hirudin 
blood anticoagulant.

The estuarine flats of Maine and Nova Scotia are the 
principal sources of the bloodworm (Glycera dibranchi- 
ata), which is used as bait for saltwater fishes. Reproduc-
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tive parts of the palolo (Palola siciliensis), which break off 
and are found in great numbers during the reproductive 
period, are used as food in Samoa in the south Pacific.

NATURAL HISTORY
Life cycle. Reproduction. In the polychaetes, sexes are 

usually separate but cannot be distinguished in the imma- 
ture state until gametes (eggs and sperm) appear. Gametes 
are derived from the mesodermal linings around the di­
gestive tract. The developing gametes are shed into the 
coelom, where they are nourished by nurse cells (eleo- 
cytes). The gametes, especially eggs, are nourished by the 
breakdown products of muscle tissue, which are passed 
on to the gametes via the eleocytes. Ripe eggs and motile 
sperm may leave the body through gonoducts, or tubes 
for the passage of reproductive cells; through excretory, or 
nephridial, pores; or through ruptures of the body wall.

Most polychaetes shed their gametes into the water. Var­
ious major body changes may precede the emission of 
gametes, the two most profound being epitoky (matura- 
tion into a modified, fertile form) and stolonization (the 
development of stemlike growths). In species of Ner eis, 
morphological changes include enlargement of the eyes, 
enlargement of a specific number of parapodia, replace- 
ment and alteration of setae, and development of an anal 
organ (rosette) for the emission of sperm. Morphological 
changes occur in species of Syllis as well, but they involve 
only the part that is shed in stolonization. At sexual ma- 
turity these polychaetes leave their burrows and swim in 
groups before releasing gametes.
The removal of the brain of a nereid that normally un- 

dergoes epitoky causes morphological changes without the 
subsequent formation of gametes. Nereids that normally 
do not undergo epitoky are unaffected by the removal 
of the brain. This suggests that apparently the hormone 
which stimulates epitoky is present only in species that 
normally undergo this phenomenon. In syllids, stoloniza­
tion may produce one or more stolons, or sterns, contain­
ing developing gametes; epitoky is controlled by a nerve 
ganglion in the proventriculus part of the digestive tract. 
Epitokous females produce a pheromone that stimulates 
the male to spawn. The presence of the sperm in the wa­
ter initiates spawning in the female. Swarming in certain 
epitokous species coincides with a specific phase of the 
Moon, but the causes of such behaviour are unknown. 
Palolos of the Pacific, for example, swarm on a specific 
day at certain places each year, an event that can be pre- 
dicted with precision.

Another type of epitoky occurs in some sedentary poly­
chaetes; in these worms, the parapodial lobes develop long, 
thin setae. Either the entire animal or only the posterior 
portion (e.g., the palolo) leaves the tube or burrow and 
swims before releasing gametes.

Hermaphroditism—that is, the production of eggs and 
sperm in one individual—rarely occurs in polychaetes. 
The free-moving polychaete Ophryotrocha, however, shows 
marked sexual variability; individual males or females 
may exist in association with hermaphroditic forms. Ex­
periments with Ophryotrocha suggest that the age at which 
transition from one sex to another occurs may differ 
among groups within certain species.
Asexual reproduction is known in a few sedentary poly­

chaete species. In some genera—Ctenodrilus, Pygospio, 
and Sabella—fragmentation of the body occurs, some­
times forming single segments, from which new individu­
als can develop.

Reproduction in oligochaetes is primarily hermaphroditic; 
the number, arrangement, and location of the male and 
female gonads and their pores vary considerably among 
the various species. Lower oligochaetes (Microdrili) have 
one pair of testes and one pair of ovaries in successive 
segments. Higher oligochaetes (Megadrili) retain the two 
pairs of testes in segments 1 0  and 1 1  and the pair of 
ovaries in segment 13. Developing sperm are frequently 
stored in seminal vesicles before transfer to female recep- 
tacles. Sperm ducts lead from the seminal vesicles to male 
pores located one or more segments behind the testes. The 
ovaries are simple outpouchings (ovisacs), with oviducts 
leading to female pores in the next posterior segment.

Copulation in oligochaetes is reciprocal—that is, both 
sperm and eggs are exchanged—and takes place in a head 
to tail position, with the two ventral surfaces in contact 
(see Figure 2). In lower oligochaetes, the male pores of 
one worm and the female pores of another are opposite 
each other, and sperm pass directly from the male pores 
into the seminal receptacle of the female. Cells associated 
with the brain secrete a hormone that stimulates gamete 
development. The worms separate after the gametes have 
been exchanged.

The clitellum of the earthworm secretes a case, or co- 
coon, into which is secreted a material that serves as 
nourishment for the young and a mucous substance that 
aids in copulation. The cocoon slips forward and receives 
eggs as it passes the female pores and sperm as it passes the 
male pores. Fertilization, therefore, takes place within the 
cocoon. The cocoon slides over the peristome, becoming 
completely sealed as it does so.
Asexual reproduction is common in aquatic oligochaetes; 

indeed, sexual reproduction is virtually unknown in cer­
tain naidid species. Some oligochaetes divide to form a 
chain of two or more individuals that later break off as 
young worms. In many genera, individuals lay self-fertil- 
ized eggs capable of development. Others exhibit partheno- 
genesis—the production of young without fertilization— 
a phenomenon associated with polyploidy (multiple sets 
of chromosomes) in earthworms and accompanied by de- 
generation of male gonads.

All leeches are hermaphroditic, and reproduction is al­
ways sexual. The testes, from four to 10 pairs, are arranged 
by segments, beginning with segment 12 or 13. The testes 
on each side of the body are connected with the vas def- 
erens, a duct that leads indirectly to the male pore. The 
female reproductive System consists of one pair of ovisacs 
containing the ovaries, which, although located in front of 
the testes, may extend some length posteriorly, depending 
on the animal. The ovaries connect to form an oviduct 
that forms either a female pore or, in those species that 
copulate, a vagina.

In one leech family (Gnathobdellae), sperm are trans­
ferred by the penis of one animal into the vagina of 
another. In two other families (Rhynchobdellae and Er- 
pobdellidae), sperm are transferred by sperm capsules, or 
spermatophores, onto the body of the leech, after which 
the sperm leave the spermatophore and enter the ovary 
through the female pore to unite with the eggs. Leech 
eggs, numbering from one to more than 1 0 0 , are usually 
deposited in cocoons, which may be oval or elongated in 
shape and are generally attached to rocks or Vegetation. 
Glossiphoniids produce a membranous cocoon and attach 
it to their ventral surface, where development takes place. 
A clitellum, which forms only during the reproductive 
period, secretes the cocoon and material (albumin) to 
nourish the developing young.

Development. Annelid eggs, like those of flatworms and 
mollusks, exhibit spiral, or determinate, cleavage, so called 
because early differentiation of various regions occurs; in 
indeterminate cleavage (in echinoderm and chordate eggs), 
early differentiation does not occur.
In annelids, the first four cells (blastomeres) give rise, by 

alternating clockwise and counterclockwise divisions, to 
a cap of smaller cells, called micromeres, at one end of 
the egg and a cap of larger cells, called macromeres, at 
the other end.

All cells divide simultaneously during the early stages 
of annelid development; during later stages, however, 
macromeres divide more slowly than micromeres. As a 
result, a ball of cells (solid gastrula) forms as the mi-

From W. Kukenthal and T. Krumbach (eds ), Handbuch der 
Zoologie; by permission of Walter de Gruyter, Berlin-New York
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Figure 2: Enchytraeus albidus in copulation, the male pore, on 
segment 12, being directly opposed to the spermathecal pore 
of the other worm, between segments 4 and 5.

Fertil­
ization 
in earth­
worms

Deter­
minate
cleavage



P80 Annelids

Tocho- 
>hore 
arva of 
>olychaetes

Develop- 
nent of 
>ligo- 
:haetes in 
:ocoons

cromeres grow over the macromeres. The gastrula may 
form by invagination (infolding of cells), epiboly (over- 
growth and lengthening), or by both processes. Some of 
the micromeres become arranged in a characteristic pat­
tem known as the annelid cross.

A free-swimming immature form called the trochophore 
larva develops in the polychaete annelids and during 
the development of certain other invertebrate groups— 
mollusks, sipunculids, and lophophores. The trochophore 
larva of polychaetes is typically diamond-shaped with a 
circle of short, hairlike projections (cilia), called the pro­
totroch, around the thickest part of the body. Cells bearing 
the prototroch develop from specific micromeres at the 
16-cell stage. The four cells of the annelid cross frequently 
give rise to a so-called apical tuft of cilia at the anterior 
end. A tuft of cilia (the telotroch) may appear later at the 
posterior end.
The upper half of the trochophore—that portion above or 

in front of the prototroch—will become the prostomium 
(head) containing the brain, the eyes, and the prostomial 
appendages, if present in the adult polychaete. The lower 
half of the trochophore contains the digestive tract, excre- 
tory organs, and other internal organs; it is also the site 
of future segmentation. The mouth and anus form during 
the trochophore stage, but the digestive tract may or may 
not be functional at that point.
Typically, the first three segments form almost simulta­

neously in the lower half of the trochophore. Development 
of the parapodial lobe and the appearance of larval bristles 
(setae) follow shortly thereafter. The body grows in length 
by the addition of new segments from the preanal seg­
ment (pygidium or tail), which is the site of all additional 
segment formation. The setae generally fall off the first 
segment, which becomes the adult peristome, or first pos­
toral segment. The parapodial lobes of this segment either 
develop peristomial appendages or atrophy, depending 
upon the polychaete species. Adult setae gradually replace 
larval setae on the second and third segments.

Although the features of the trochophore larva are rela­
tively uniform among species within an order, the nature 
of the larva also depends upon other factors—e.g., egg size 
and larval ecology. Species lacking a pelagic trochophore 
stage show special adaptive features—e.g., protection by a 
parent, formation of an egg capsule, the discharge of eggs 
within one of the parent’s tubes, or viviparity (live birth 
rather than hatching from eggs). The young of species 
with a short pelagic larval life—a few days or less—either 
are protected by a parent throughout much of larval life 
or are hatched from small eggs, with little or no yolk. 
The most common polychaete trochophore feeds and has 
a long pelagic life; food consists of microscopie organisms 
such as diatoms or dinoflagellates. Structural modifica­
tions, usually large numbers of setae or bands of cilia 
around each newly formed segment, facilitate the long 
pelagic life. After settling, the young polychaete quickly 
loses its trochophore characteristics and begins to resem- 
ble the adult.

Development in oligochaetes takes place entirely within 
the cocoon; there is no free-living larval stage. The co­
coon of the aquatic lower oligochaetes contains large eggs 
and relatively little albumin. The cocoon of the terrestrial 
higher oligochaetes contains small eggs but large amounts 
of albumin, which nourishes the developing embryos. The 
oligochaetes undergo a highly modified form of spiral 
cleavage. The ectoderm, endoderm, and mesoderm, how­
ever, arise in the same manner as in the polychaetes. The 
elongated gastrula has a ventral mouth at the front end 
and a posterior anus. At the gastrula stage, earthworms 
begin to feed on the albumin, the embryo elongates, and 
the mesoderm bands break into units to form the walls, 
or septa, of individual segments; the worm then leaves the 
cocoon and begins to construct a burrow nearby.
Early development in the leeches is similar to that of the 

oligochaetes. The mesodermal bands form the individual 
segments as in the oligochaetes, beginning anteriorly. As 
these mesodermal bands hollow out to form the coelom, 
mesenchymal cells from the lining of the coelom begin 
to form one large coelomic cavity extending the entire 
length of the worm; as the number of mesenchymal cells

increases, however, the coelom becomes filled with them. 
This is the characteristic state of adults. Young leeches 
hatch from cocoons after feeding upon albumin.
Life-span. Since both the polychaetes and oligochaetes 

are able to regrow lost parts— i.e., regenerate (see be­
low)—it may appear that they are essentially ageless. Few 
longevity studies have been carried out with polychaetes, 
however. Most of the adults of species studied have a char­
acteristic number of segments, which form rapidly during 
early life and prior to the appearance of gametes. Many 
polychaetes, especially among the nereids, reproduce only 
once and then die. In nature these worms, usually quite 
sluggish after spawning, are eaten by fish and other ani­
mals. Species of polychaetes are known to live from one 
month (Dinophilus) to three years (Perinereis). Species 
that form stolons (sterns), such as the syllids, or whose 
posterior end breaks off, such as the palolo, are capable 
of repeating the process; but the number of times and 
the length of time they are able to do so have not been 
established. Most sedentary polychaetes survive following 
spawning, but, again, it is not yet known how often this 
process can be repeated.

The life-span of oligochaetes is better established because 
they are frequently used in laboratory experiments. Asex­
ual reproduction for 130 generations has been reported 
in one aquatic species. Some earthworms are believed to 
live as long as 10 years. Senescence, or aging, is known to 
occur in oligochaetes; Eisenia, for example, lives beyond a 
reproductive period with a progressive loss of weight. Ag­
ing oligochaetes darken in colour, largely as a result of an 
increase in pigment deposition. In addition, the metabolic 
rates decrease, and their physiological processes slow.
Little is known about the life-span of leeches. One species 

of Erpobdella requires a year to reach sexual maturity, 
after which it lays cocoons once and dies. Another species 
breeds once a year for two years and dies during the third.
Regeneration. It has been said that annelids are the 

most highly organized animals with the power of complete 
regeneration. The powers of regeneration are greater in 
the polychaetes and lower oligochaetes than in the higher 
oligochaetes; leeches lack the ability to regenerate. Most 
polychaetes and oligochaetes can regenerate a new tail. The 
ability to replace an amputated part is usually restricted to 
the anterior end, where lost segments are replaced either 
by the same number or fewer; if fewer segments form, 
internal reorganization of the organ system follows. Re­
generation from a single segment occurs naturally in the 
polychaetes Ctenodrilus and Dodecaceria.

The process of regeneration occurs in a series of steps. 
First the wound seals over; then a structure (blastema) 
forms on the surface of the wound. New tissue probably 
arises from preexisting parent tissue, although mesodermal 
regenerative cells known as neoblasts, which migrate to 
the site of the injury, are found in polychaetes and lower 
oligochaetes. As healing begins, RNA (ribonucleic acid) 
accumulates at the wound site, first in the epidermal cells 
and later in mesodermal cells. The amount of glycogen, 
a complex carbohydrate that serves as an energy source 
in animals, in the oligochaete Eisenia decreases markedly 
near the point of injury, retuming to normal only after 
regeneration is complete.
There is evidence that specific hormones control regen­

eration in both polychaetes and oligochaetes. A hormone 
from the posterior part of the brain is essential for pos­
terior regeneration; its presence is apparent only after the 
second or third day following injury. A mature Ner eis 
is unable to regenerate unless brains from young worms 
with tails removed are implanted in its coelom.

Reversal of anterior-posterior polarity has been obtained 
in an earthworm (Perionyx excavatus). A piece removed 
from the anterior end regenerates a head at both cut ends 
if the cuts are made simultaneously. If the new anterior 
head then is removed, the posterior head becomes dom­
inant and evokes tail regeneration at the surface from 
which the new anterior head was removed.

Ecology. There are no marine habitats containing spe­
cific polychaetes as there are for mollusks and echino­
derms. Many species, such as Neanthes arenaceodentata 
and Capitella capitata, cosmopolitan in distribution, are
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found throughout the world. Aquatic oligochaete species 
are widespread in suitable environments; terrestrial forms 
are less widely distributed, except for the earthworm and 
others that have been transported to new habitats, gener­
ally inadvertently, by humans. The distribution of leeches 
is similar to that of oligochaetes, with the aquatic forms 
more widely distributed.

Mecha- Some oligochaete species can secrete a tough mucous 
nisms of covering to protect themselves against either summer heat 
adaptation or winter cold. Some terrestrial burrowing forms bur­

row deeper into the ground during periods of adverse 
conditions. Some aquatic leeches burrow deep into the 
bottom of a pond or stream during the warm months. 
Polychaetes have no known mechanism for adapting to 
adverse conditions.

Locomotion. The basic features of locomotion in an­
nelids are most easily observed in the earthworm because 
it lacks appendages and parapodia. Movement involves 
extending the body, anchoring it to a surface with setae, 
and contracting body muscles. When the worm begins a 
forward movement, circular muscles at the anterior end 
contract, extending the head forward. At the same time 
the anterior end lifts from the surface to facilitate forward 
movement. A wavelike contraction originating in the cir­
culatory muscles then passes toward the posterior end. 
When the wave of contraction nears the mid-region of the 
body, longitudinal muscles contract, thereby shortening 
the region. A wave of contraction of longitudinal muscles 
follows, and the cycle is repeated. The setae of a segment 
are extended by certain body muscles to prevent backward 
movement of the segment during the contraction of the 
longitudinal muscles. The setae are retracted during the 
circular contraction period. Muscular movement is aided 
by the compartmentalization of the segment—coelomic 
fluid, confined by the segment walls, provides a substance 
against which the muscles can work. The earthworm is 
capable of reversing the direction of its movement; the 
waves of contraction pass forward.

Locomotion in free-moving polychaetes is accomplished 
by circular, longitudinal, and parapodial muscles and by 
coelomic fluid. When a worm such as Nereis moves slowly, 
the contractual force comes from the sweeping movement 
of the parapodia. The parapodia of each segment are not 
aligned, and the effective stroke is the backward one, 
in which the aciculae (needlelike processes) are projected 
beyond the parapodium and come in contact with the 
crawling surface. In the recovery, or forward, stroke, the 
aciculae retract, and the parapodium lifts free of the sur­
face. When a parapodium ends its backward stroke, the 
next parapodium initiates one. Body undulations, which 
help the worm to move rapidly, are produced by the con­
traction of longitudinal muscles stimulated by the back­
ward stroke of parapodium of a particular segment.

Locomotion in the burrowing polychaetes, especially 
those forms lacking anterior appendages, is similar to that 
of the earthworm. In tube-dwelling sedentary forms, such 
as the Sabellidae, locomotion is restricted to movement 
within the tube. In this group, the parapodia are reduced 
or absent; specialized setae, the uncini, function in much 
the same way as do parapodia in free-moving forms.

Use of Locomotion in the leech may be compared, in part, to
suckers in that of the inchworm (immature members of the moth 
leeches family Geometridae); the anterior and posterior suckers 

serve as points of contact. When the posterior sucker 
attachés to a surface, the circular muscles contract, be­
ginning at the posterior end. The leech thus elongates 
and the anterior sucker fastens to the surface. When the 
posterior sucker is released, a wave of contraction of the 
longitudinal muscles moves in a forward direction; this 
completes one cycle. During swimming, the dorsoventral 
muscles maintain a contracted state, and undulations of 
the body are produced by waves of contraction of the 
longitudinal muscles.

Food and feeding. The nature of the food and feeding 
methods of the polychaetes is closely related to the struc­
ture of the species, particularly of the anterior end. Those 
species that feed on large particulate matter have a phar- 
ynx either with jaws (Glycera) or without (Phyllodoce); 
both types can be either herbivorous or carnivorous feed­

ers. Those species that feed on fine particulate matter may 
be filter feeders, surface-deposit feeders, or burrowers. Fil­
ter feeders either capture floating material with ciliated 
tentacles (Sabella) or pump water through their burrows 
and capture the fine material on a mucous secretion, upon 
which they feed (Chaetopterus). Surface-deposit feeders 
may take in material through a pharynx provided with 
jaws (.Neanthes), with an unarmed pharynx (Cirriformia), 
or with numerous long ciliated tentacles capable of ex­
tending one metre or more (Terebella). Burrowers have a 
structure similar to that of surface-deposit feeders and can 
be related species. Pectinaria lives with its anterior end in 
the Sediments and feeds on fine material with its tentacles.

The diet and feeding mechanisms in oligochaetes are not 
as varied as those in polychaetes. Terrestrial oligochaetes, 
such as the earthworm, are scavengers and feed upon de- 
caying organic material, especially of plant origin. Some 
aquatic oligochaetes, aside from being scavengers, feed on 
micro-algae or protozoans and other microscopie animals.

Leeches are primarily bloodsuckers. The medicinal leech 
Hirudo feeds principally on mammalian blood, but it also 
sucks blood from snakes, tortoises, frogs, and fish; when 
young, it may eat oligochaetes. Feeding is facilitated by 
the secretion of hirudin. The leech detaches after becom- 
ing engorged with blood, and it may not attempt to feed 
again for up to 18 months. Marine leeches attach to, and 
feed directly from, the gills of fish. Other leeches are car­
nivorous and feed on oligochaetes and snails.
Behaviour and associations. Various polychaetes (for 

example, Syllis, Chaetopterus, Cirratulus, Terebella) are 
bioluminescent—that is, capable of producing light. The Biolumi- 
phenomenon occurs within the cells of Polynoe; the lower nescence 
surfaces of some scale worms (Halosydna) have special 
photocells that produce light when stimulated. Odonto- 
syllis light production is related to sexual maturity and 
swarming, which is influenced by lunar cycles. The female 
produces a bright luminescence that attracts the lumines­
cent male; light production decreases in the female fol­
lowing the release of gametes. In the order Chaetopterida, 
the process, which involves the discharge of a luminescent 
secretion from certain segments and from the antennae, is 
under nervous control; in Chaetopterus, light can be pro­
duced in the parapodia by stimulating the ventral nerve.
The significance of light production in this genus is un­
known, however, because it lives in a tube through which 
light rays cannot pass. When stimulated, some earthworms 
produce a luminescent slime from the mouth, anus, dorsal 
pores, or exeretory pores; it is possible that the light is 
produced by bacteria living in the worm. Luminescence is 
unknown in leeches.
Polychaetes, especially the tube-dwelling Sabellida, gen­

erally respond to changes in light intensity by withdrawing 
into their tubes.

Aggressive behaviour has been reported in several species 
of nereids (a group of free-moving polychaetes); they re­
spond to a stimulus by extending the proboscis (feeding 
organ) to expose the jaws. Neanthes arenaceodentata fights 
members of its own sex but not those of the opposite sex.
The response may be related to spawning since this species 
does not swarm but lays gametes in the tube of another 
individual; fighting thus prevents the occupation of one 
tube by two individuals of the same sex.

Both polychaetes and oligochaetes can leam to choose 
between favourable and unfavourable environments. In an 
experiment earthworms try about 1 2  times to bring into 
their burrow a leaf made immobile by attachment to some 
object; when an unattached leaf is presented to the worm, 
it tums to it and ignores the immobilized leaf thereafter.

Commensalism, a beneficial relationship between two 
types of organisms, is common among certain scale worms Commen- 
(Phyllodocida, an order of polychaetes). These worms may salism and 
be found in the tubes of sedentary polychaetes, in the parasitism 
mantle cavity of mollusks, such as chitons and limpets; 
and on certain echinoderms, such as the starfishes and in 
the rectums of sea cucumbers. The scale worm Arctonoe, 
which normally lives on starfishes, is attracted to water 
flowing from the host starfish but not to that from other 
starfish species. It has been established that the attractant 
in the water is a Chemical secreted by the host, but its
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nature is unknown. Tube-dwelling polychaetes, such as 
Chaetopterus, may be the host to scale worms, pea crabs, 
or fish, which eat material carried in by water currents pro­
duced by the host. Commensalism occurs in some aquatic 
oligochaete species. The posterior end of Aspidodrilus, for 
example, is modified as a large sucker for attachment to 
other worms.
Parasitism is rare in polychaetes. Myzostomida, an atyp- 

ical polychaete group, are commensal or parasitic either 
on the surface of or within echinoderms, primarily the 
erinoids. Polychaete species that live on the surface feed 
on fine particles carried to the mouth of the crinoid. Par­
asites that live within erinoids may be found in the body 
wall, the coelom, or the digestive tract. Parasitic infesta- 
tions by polychaetes are frequently severe enough to cause 
wartlike growths on the surface of the host; such growths 
have been noted on the surfaces of fossil erinoids of the 
Paleozoic Era (more than 225,000,000 years ago), indicat- 
ing that these parasites established themselves early. Some 
forms, such as Iphitime, are parasitic in the branchial 
chamber of crabs. The young stages of the cosmopolitan 
polychaete species Arabella tricolor develop in the coelom 
of species of another polychaete (Diopatra). Some aquatic 
oligochaetes live in the ureters of toads or in the eyes 
of frogs. All members of the order Branchiobdellida are 
parasitic in the brood chambers of the crustacean isopods 
or on the gills of crayfish, where they suck blood. Many 
leeches, all of which feed on blood, attach to the host only 
during feeding. Marine leeches, however, attach perma- 
nently to their fish host.

FORM AND FUNCTION
External features. The body of an annelid is often 

described as a tube within a tube. The inner tube, or 
digestive tract, is separated from the outer tube, or body 
wall, by the coelom. The head region (prostomium) is 
followed by a series of segments similar to each other in 
appearance. The body in many species, especially in the 
sedentary polychaetes, is separated into two or three re­
gions. The cells constituting the epidermis (outermost cell 
layer) are usually simple columnar epithelial cells covered

by a cuticle; parts of the body may be ciliated; especially 
in smaller forms. The cuticle consists of thin layers of pro­
tein similar in composition to that of the collagen found 
in some vertebrate tissues.

The body form of polychaetes (see Figure 3) varies, de­
pending on whether the polychaete is free-moving, seden­
tary, or pelagic (ocean-dwelling). The first segment, the 
prostomium, is in front of the mouth and may be a simple 
lobe or a highly developed projection. The next segment, 
the peristome, surrounds the mouth and is followed by 
a series of segments, the total number of which may be 
limited or unlimited. The parapodia, fleshy outgrowths 
on each segment following the peristome, contain bun­
dles of setae (movable bristles), which differ in structure 
and function among species and thus provide a key to 
species identification. A seta consists of a basal portion 
within a follicle and a shaft projecting from the follicle; 
it is secreted from an epidermal cell, which encloses both 
the ciliary apparatus from which the seta arises and the 
lacuna in which the seta develops and through which it 
pushes to the outside. Composite, or pointed, setae are 
formed from two or more epidermal cells. New setae form 
in reserve follicles and move forward to replace old ones, 
which are discarded.
Branchiae, or gills, are not found in polychaete species 

that breathe through the body wall. When present, they 
are simple filaments or tufts near the anterior end of the 
worm. A mass of feeding structures in sabellid and serpulid 
polychaete worms, called a tentacular crown, functions 
both for food gathering and for respiration. Polychaete sen­
sory receptors include eyes, lateral organs, dorsal ciliated 
ridges, statocysts (organs of balance), taste buds, papillae 
(blunt-shaped projections), and stiff hairs. The eyes, which 
range in complexity from simple pigment spots to eyes 
with lenses, may be found on the prostomium, on the 
peristome, on the pygidium, along the sides of the body, 
or on the tentacular crown.
The oligochaete body (see Figure 1 ) is usually cylin­

drical, is sometimes flattened, and rarely has projecting 
structures. Segmental lines are usually conspicuous. and 
secondary segmentation may occur in larger forms. The

Polychaete
structure

Oligochaete
structure

(A,D) Adapted from original drawings by Janice L. Findley; (B,C) from F.A. Brown, Selected Invertebrate Types (1950); John Wiley and Sons, I
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Figure 3: The structure of polychaetes.
(Left) Free-moving polychaetes. (A) Neanthes, (B) Nereis. (Right) Tube-dwelling (sedentary) 
polychaetes. (C) Amphitrite, (D) Sabella.
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number of segments varies from seven in some aquatic 
species to 600 in the earthworms. Setae, embedded in the 
body wall, may be simple, S-shaped, forked, or hairlike. 
Except for the first, each segment may have either two 
pairs of S-shaped setae or a circle of setae. Many transi­
tional forms of setal arrangement occur, and copulatory 
setae are found on some segments in certain species. All 
sexually mature oligochaetes have a clitellum (a glandular 
structure derived from the epithelium), which secretes the 
egg capsule; it may be saddle-shaped or ring-shaped. In 
lower oligochaetes it consists of a single layer of modified 
epithelial cells; in higher forms, such as earthworms, it 
may have many layers.
The ends of nerves, which probably respond to touch, 

heat, and pain, branch among the epidermal cells of 
oligochaetes. Epithelial sense organs resembling taste buds 
occur in the skin and mouth cavity; they probably func­
tion as chemoreceptors (i.e., smell and taste receptors). 
Photoreceptors, or light-sensitive organs, are abundant at 
the anterior and posterior ends of earthworms. Earth­
worms respond negatively to strong light but are attracted 
to weak light. All oligochaetes are strongly stereotactic (at­
tracted to surfaces). Some forms have pressure receptors, 
sensory hairs, and pits.
A leech (see Figure 4), which has 34 segments, may in­

crease in length as a result of subdivision and elongation 
of the annuli, or rings, that divide each segment. The 
typical number of annuli per segment in the mid-region 
is three to five. The anteriorly located eyes usually vary 
in number from one to five pairs. The clitellum, which 
is present during reproduction, extends from segments 1 0  

through 12. The most conspicuous of the external features 
of the leech are the small anterior and the large poste­
rior suckers.
Internal features. Tissues andfluids. The body cavity of 

annelids is lined by epithelium. Successive body segments 
are separated by walls that correspond to the external rings. 
In grooves between the segments of some oligochaetes are 
dorsal pores through which coelomic fluid may be dis- 
charged. As the leech develops, its coelom becomes nearly 
filled with connective tissue. Internal features of the three 
annelid classes are shown in Figures 1 (oligochaetes), 3 
(polychaetes), and 4 (leeches).
The coelomic fluid of annelids plays a role in many 

important functions—e.g., locomotion and regulation of 
fluid transfer through the body wall (osmoregulation). 
Many metabolic processes occur in the coelom, which 
also serves as a site for temporary food storage, for ex- 
cretion of nitrogen-containing wastes, and for maturation 
of gametes. The coelomic walls of earthworms contain 
cells, called chloragocytes, that store and metabolize oil 
and glycogen and produce ammonia and urea. The chlor­
agocytes eventually disintegrate in the coelomic fluid, and 
their granules are taken up by amoebocytes, which in­
crease in size, becoming large brown bodies that are never 
eliminated from the body.

Osmo- The fluids of marine polychaetes have the same salt bal-
regulation ance as (i.e., are isosmotic with) the surrounding seawater 

and thus can tolerate no more than a moderate change in 
the salt (i.e., ion) content of the salt water. Coelomic fluids 
contain little or no protein. Certain aquatic oligochaetes, 
however, which live exclusively in fresh water, are capa­
ble of regulating the internal medium because, although 
their coelomic fluid contains fewer salts than does that of 
polychaetes, it contains more proteins. Freshwater leeches 
have osmoregulatory mechanisms similar to those of 
oligochaetes.
The body wall of a typical marine polychaete, such as 

Perinereis cultrifera, which cannot adapt to salinity fluctu- 
ations of seawater, swells and bursts if salinity is reduced 
to 2 0  percent that of seawater because the worm has no 
physiological mechanism for the control of water intake. 
On the other hand, certain individual Ner eis diversicolor 
worms are capable of tolerating intertidal changes of salin­
ity because they have enlarged nephridia that enable them 
to excrete excess water.
Nervous system. The nervous system of free-moving 

polychaetes is similar to that of oligochaetes. It consists of 
a dorsal brain, or supraesophageal ganglion, which is a dis-

Figure 4: The internal structure of leeches.
From D.J. Reish, Laboratory Manual for Invertebrate Zoology

crete mass of nervous tissue in the prostomium; a pair of 
nerves united ventrally to form the ventral subesophageal 
ganglion; and paired nerve cords with one ganglion per 
segment. In sedentary polychaetes, the brain may become 
highly modified.

The muscles of annelids are coordinated both by the 
ventral nerve cord, which is composed of two Strands and 
extends the length of the worm, and by a ganglion and 
nerves located within each segment. The nerves within 
each segment carry impulses away from the ganglion (mo­
tor nerves) or toward it from a sensory receptor (sensory 
nerves). The cell bodies of sensory nerves are located be- 
neath the surface epithelium; those of motor nerves are 
either within the ganglion or in separate parapodial gan- 
glia. Each segmental nerve innervates those components 
of the body wall, parapodia, and the digestive tract found 
in its segment.

The nerve cord of many annelids has giant nerve fi­
bres (neurochords), which may have either a simple or a 
compound structure. Simple neurochords are very large 
single nerve cells; their axons arise from cells situated in 
either the brain or a segmental ganglion. Compound neu­
rochords are multiple structures; each axon is connected 
to numerous cell bodies along its course. The function of 
the giant nerve cord is the rapid transmission of impulses 
from one end of the worm to the other; this enables 
the longitudinal muscles of each segment to contract at 
about the same time. The value of rapid contraction is 
evident in the escape reaction of tube-dwelling sedentary 
polychaetes.
Some giant nerve fibres convey impulses as fast as ver- Compar- 

tebrate nerve fibres (about 2 1  metres per second); annelid ison with 
fibres, however, are larger in diameter (1.5 millimetres vertebrate 
in Myxicola) and lack a thick insulating sheath (myelin). fibres 
Not only is recovery from the passage of impulses slower 
in giant nerve fibres than in other annelid nerves but the 
former are also the last component to develop in the nerve 
cord of a growing worm. The nerve cord of Myxicola 
contains one giant nerve fibre, which is used to study the 
properties of the nerve impulse. In Myxicola, an impulse 
may be conducted in either direction along the nerve, 
unlike Ner eis or the earthworm; may be initiated at any 
level; and is an all-or-none action.

Digestive system. The polychaete digestive system is
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generally a straight tube; a mouth leads into an esophagus, 
which is followed by the intestine and the anus. Some free- 
moving forms have a proboscis that can be thrust forward 
by being tumed inside out—that is, the proboscis is ever- 
sible. In oligochaetes such as the earthworm, the mouth 
opens into a muscular pharynx, which opens to the esoph­
agus and then to a muscular gizzard. The intestine, which 
extends most of the length of the worm, terminates in an 
anus. In leeches, the mouth, surrounded by the anterior 
sucker, opens into the esophagus; the crop and intestine 
follow—each with minute pockets (diverticula)—then the 
rectum and anus.

Most annelids, except leeches, either lack or have poorly 
developed diverticula, minute pockets that serve as diges­
tive glands. Instead, the gut lining contains secretory cells 
(concentrated in the foregut) and absorptive cells (concen­
trated in the hindgut). Digestive enzymes are most active 
in the gut. Digestion within cells has not been demon- 
strated in annelids. A lengthwise fold, the typhlosole, hangs 
downward in the intestinal cavity of oligochaetes. The 
absorptive surfaces of the typhlosole and of the anterior 
intestine may have a brush border; fats are absorbed only 
in this region.

Calciferous glands, found only in certain earthworms, 
apparently excrete calcium by secreting granules of cal­
cium carbonate that are transformed into calcite crystals 
in the intestine.

lasic Excretory system. The basic units of the annelid excre-
lements tory system are either protonephridia, which have tubules 

(solenocytes) that end blindly within cells, contain flagella 
(whiplike projections), and are joined to a common duct 
that drains to the outside; or metanephridia, which are 
funnel-shaped structures containing cilia (short, hairlike 
processes) that open to the outside.
Ammonia is the chief nitrogen-containing end product 

of protein metabolism in aquatic annelids; earthworms, 
adapted to living in the soil, excrete more of another 
nitrogen-containing compound, urea, probably as part of 
a mechanism to control salt and water balance in the 
worm. The sea mouse Aphrodita, a polychaete, excretes 
80 percent of its nitrogen as ammonia, which is also the 
primary nitrogenous excretory product in leeches (smaller 
amounts of urea also are excreted). Part of the ammonia 
excreted by leeches may come from bacteria in part of the 
leech’s excretory system (nephridial capsules). The ability 
of leeches to withstand high concentrations of ammonia 
is believed to result from a protective effect provided by 
high levels of calcium in their cells.

Three aspects of nephridial function in annelids corre- 
spond to those of the vertebrate kidney—filtration, resorp- 
tion, and secretion. Coelomic fluid Alters through soleno­
cytes. The ciliated funnels of metanephridia retain minute 
particles and those of moderate size. In oligochaetes, whose 
coelomic fluid contains proteins, particles are actively ab­
sorbed in the ciliated region of the tubule. The tubules of 
earthworms also resorb inorganic ions such as sodium and 
calcium and can selectively eliminate excretory products 
from both the coelomic fluid and the bloodstream.
Respiratory system. Gas exchange generally takes place 

through the skin, but it may occur through gill fllaments 
in some polychaetes or through the rectum of aquatic 
oligochaetes. Although oxygen may be transported directly 
in the blood, it is usually carried by a respiratory pig- 

Lespiratory ment, either hemoglobin or chlorocruorin. Hemoglobin, 
igments the most common pigment, is present in most free-moving 

and some sedentary polychaetes and in most oligochaetes 
and leeches. Chlorocruorin is found in several polychaete 
groups (Flabelligerida, Terebellomorpha, and Serpulimor- 
pha). A few free-moving polychaetes, some oligochaetes, 
and rhynchobdellid leeches have colourless blood. The 
blood of the polychaete Serpula vermicularis contains both 
pigments, the young having more hemoglobin and the old 
more chlorocruorin.
Annelid hemoglobin molecules have several properties in 

common with the hemoglobin found in vertebrates but dif­
fer in molecular weight and in the relative amounts of cer­
tain constituents. Chlorocruorin differs from hemoglobin 
in having a lower affinity for oxygen and in being green 
in dilute Solutions, red in concentrated ones.

The properties of annelid respiratory pigments are asso­
ciated with the mode of life of the worm. The hemoglobin 
of the lugworm Arenicola, a polychaete, releases oxygen 
to the tissues only under conditions of extreme oxygen 
deAciency. The hemoglobin of some earthworms takes up 
oxygen from a normal atmosphere but releases it only 
when tissue oxygen is low and, thus, may protect the 
worm from oxygen poisoning.

Circulatory system. The circulatory system in the lower 
oligochaetes consists of a dorsal vessel that arises from a 
blood sinus or capillary network surrounding the intestine 
and conveys blood forward; a ventral vessel that conveys 
blood backward; and connective vessels between the two.
The blood vessel walls consist of an outer membranous 
(peritoneal) layer containing muscle Abres, a middle region 
of collagenous material, and an inner lining of thin cells 
(endothelium). In higher oligochaetes, one or more pairs 
of hearts connect the dorsal and ventral vessels and propel 
the blood. In free-moving polychaetes the dorsal vessel is 
the chief propulsive force, and networks of small vessels 
connect the dorsal and ventral ones. In some leeches the 
blood is propelled by a dorsal vessel connected by loops 
at both ends to a ventral one.

Blood is moved by wavelike contractions of the blood 
vessels, by the beating of cilia, or by Dumping provided 
by hearts. In Arenicola and the earthworm the heartbeat 
apparently is initiated in nerve cells rather than in mus­
cle tissue, as occurs in vertebrates. The blood apparently 
carries nitrogen-containing products to the nephridia for 
excretion. The only blood cells are amoebocytes, which 
are free-moving cells that engulf particles.
Hormones. The brain contains several types of cells 

whose secretory activities relate to phases of the life cycle, 
especially those of reproduction, growth, and regeneration.

Neurosecretory cells, which are nerve cells that produce Neuro- 
hormones, are found in the brain; their structure, sim- secretory 
ilar to that of nonsecretory nerve cells, consists of Ane cells 
projections (an axon and neuroAbrils) and a cell body.
The secretions of neurosecretory cells, which terminate in 
the walls of a blood vessel. in other fluid Systems, or in 
the epidermis, are in the form of microscopie droplets or 
granules. Neurosecretory cells seem to be derived from 
epidermal secretory cells that have been incorporated into 
the central nervous system.
Inhibitor hormones are known in some Phyllodocida, 

and a Stimulator substance has been identifled in Drilo- 
morpha, both of which are polychaete groups. (For a 
discussion of inhibitor hormones in nereids and syllids, 
see above Reproduction.) The maturation of gametes is 
apparently inhibited in nephtyid polychaetes by neurose- 
cretions of the brain. The brain of the lugworm Arenicola 
stimulates maturation of gametes.

The brain has been shown to play a role in the regener­
ation of the posterior end of the body of polychaetes such 
as nereids and nephtyids, but the effect may be an indirect 
one involving the genital inhibiting hormone. Neurosecre­
tory cells occur in the brain and subesophageal ganglia 
of several terrestrial and aquatic oligochaete species. Re­
moval of the brain from sexually maturing earthworms 
causes degeneration of the clitellum and prevents gamete 
formation. The brain also plays a role in osmoregulation, 
as indicated by the increase in chloride concentration in 
the urine of oligochaetes lacking a brain. The neurosecre­
tory cells in the brain of leeches control gamete formation.

EVOLUTION AND PALEONTOLOGY
The annelids are considered to have evolved in the sea, Early de- 
perhaps from an ancestral flatworm that evolved through velopment 
the trochophore larva, the characteristic early stage of 
polychaetes. The oligochaetes are thought to have de­
veloped from polychaete stock; the leeches, which have 
the clitellum in common with the oligochaetes, probably 
evolved from the latter (see Figure 5).
The question of which polychaete order preceded the 

others remains unresolved. The Archiannelida were long 
considered to have been the earliest polychaete group be­
cause of their primitive condition; however, some members 
(e.g., Polygordius) that lack setae and extemal segmenta­
tion and have simple nervous, muscular, and circulatory
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Polychaeta

Oligochaeta Hirudinea

The fossil record of annelids is limited because they 
have almost no hard body parts. Tubes constructed 
by polychaetes and polychaete jaws are the most com­
monly encountered fossil specimens. Most fossil records of 
oligochaetes are doubtful, and fossil leeches are unknown. 
Some burrows, or tubes, have been interpreted as belong­
ing to wormlike creatures from Precambrian strata (more 
than 620,000,000 years old). Fossils resembling the scale 
worm Halosydna and the sea mouse Aphrodita, Nereis-like 
forms, and calcareous tubes similar to present-day Serpula 
and Spirorbis species have been described. The Shells of 
Paleozoic mollusks (more than 230,000,000 years old) are 
occasionally marked by U-shaped tubes similar to those 
made by the polychaete Polydora, a modern-day pest of 
oysters. The tough jaws of polychaetes, containing minute 
spiny black teeth known as scolecodonts, occur from the 
Cambrian Period (about 570,000,000 to 500,000,000 years 
ago) onward.

primitive oligochaete

trochophore larva 

ancestral flatworm

Figure 5: Possib le origin of relationships among annelids.

Systems are now considered to be a specialized group. 
Polygordius species typically are small in size; they have 
cilia on their surfaces for locomotion, respire through the 
skin, and have intemal fertilization. Finally, the larvae un­
dergo non-pelagic development. The polychaetes appear 
therefore to have undergone radiative evolution, in which 
every character has been modified independently of the 
others. There is thus little basis for regarding any one 

Adaptation order as ancestral to the others.
to fresh The evolution of oligochaetes from polychaetes may be 
water related to the change from a marine to a freshwater habitat.

One view is that oligochaetes evolved in marine swamps 
and were subjected to periodic drying; survival during dry 
periods would have been made possible by egg cocoons. 
A contrary hypothesis is that the primitive oligochaete 
was adapted to permanent freshwater conditions rather 
than to a terrestrial habitat. Some authorities consider the 
oligochaetes to have evolved from some members of the 
order Eunicida {e.g., the family Lumbrineridae) or the 
order Capitellida (e.g., the family Capitellidae), but this 
may result from a superficial resemblance in body form 
and thus may be of little evolutionary significance.
Reproductive stmctures provide not only the main cri­

teria for understanding the course of evolution within 
the oligochaetes, but the basis for the Classification of 
oligochaetes as well.

Each of the oligochaete orders, Lumbriculida, Monilo- 
gastrida, and Haplotaxida, is considered to have evolved 
separately from primitive oligochaetes. Many, however, 
believe that two paths of evolution occurred. In one path­
way, the vas deferens (the tube carrying sperm from the 
testes) opened outward on the segment immediately be- 
hind the segment that contains the testes and evolved into 
two lines differentiated on the basis of whether the seminal 
receptacle (a storage cavity) opened in front of the testes, 
or at the same segment, or posterior to the testes. In the 
second principal pathway, the vas deferens opened a few 
segments behind the testes.
There is little doubt that the leeches evolved from the 

primitive oligochaetes, since both groups have a clitel­
lum, at least during the reproductive period, and both 
are hermaphroditic. The Acanthobdellae are considered to 
be the link between the oligochaetes and leeches because 
they possess setae and walls between segments; the order 
contains only one known species, however. The three re­
maining orders of leeches evolved into two lines based on 
whether or not the animals have jaws.

CLASSIFICATION
Distinguishing taxonomie features. Classification of 

free-living and sedentary polychaetes relies almost exclu- 
sively on extemal characters, such as the shape of the 
head, and on the number and nature of stmctures, such 
as appendages (including anal ones), parapodia, and setae, 
and on tube constmction. Oligochaete Classification relies 
largely on internal stmctures, especially the arrangement 
and number of gonads, the position of the gonoducts, and 
particularly the location of the male pore. Setal character­
istics are generally uniform among species. Leech Classi­
fication is based on the presence or absence of setae and 
the nature of the mouth, proboscis (feeding organ), jaws, 
suckers, eyes, and reproductive system.
Annotated Classification. The following Classification in- 

corporates the views of several authorities.
PHYLUM ANNELIDA (segmented worms)
Body wall covered with a cuticle secreted by the epidermis 

and containing an outer circular and inner longitudinal mus­
cle layer; chitinous (tough, complex carbohydrate material) 
setae usually present, secreted by follicular cells and arranged 
segmentally; head or prostomium preoral, with or without 
appendages; closed circulatory system, with blood often con­
taining a respiratory pigment; coelom, of schizocoelic origin, 
divided segmentally into compartments by walls, or septa; ner­
vous system includes a dorsal, bilobed brain and a pair of 
connective nerves that encircle the digestive tract and unite to 
form a ventral nerve cord with 1 ganglion per segment, 
dass Polychaeta (marine worms)
Paired lateral appendages, or parapodia, bearing chitinous 

setae; name of group refers to the many setae per segment; 
head with or without appendages; sexes generally separate with 
gametes discharged directly into the water, where fertiliza­
tion and development occur; the free-swimming larva called a 
trochophore; more than 6 , 0 0 0  living species; free-moving and 
sedentary (tube-dwelling) forms.
Order Aphroditamorpha (scale worms)
Free-moving; dorsally rounded, with flattened pairs of scales 

more or less alternating with the dorsal cirri (slender pro­
jections); head with 1 or 3 tentacles, 2 palpi (fleshy sensory 
projections), and 4 tentacular cirri used for feeding and respi- 
ration; projecting (protrusible) proboscis cylindrical in shape, 
with border of soft papillae (nipplelike projections) and 4 chi­
tinous jaws; size, 0.5 to 25 cm; examples of genera: Aphrodita 
(sea mouse), Halosydna (common scale worm), Arctonoe.
Order Amphinomida
Free-moving; prostomium with 1 to 5 antennae, 2 palpi, and 

a caruncle (posterior ridge) deeply set into anterior segments; 
parapodia with 2 lobes and branchiae (gills); size, 0.5 to 35 cm; 
examples of genera: Eurythoe (fireworm), Euphrosyne.
Order Spint her ida
Body oval; median antenna on prostomium; pharynx re- 

tractable; dorsal surface with membranous ridges; ventral setae 
strongly curved; found on sponges; small; single genus, Spinther.
Order Phyllodocida
Free-moving; a large group characterized by a protrusible pro­

boscis that may or may not be armed with chitinous jaws, teeth, 
or papillae; prostomium with 1 to 5 antennae, with palpi, and 
with 0 to 3 pairs of eyes; parapodia well developed into 1 or 
2  lobes usually bearing compound setae; size, 0 . 2  to over 1 m; 
examples of genera: Anaitides, Syllis, Hesione, Nereis, Glycera 
(bloodworm), Nephtys, Halosydna.

Fossil
record



786 Annelids

Order Eunicida
Free-moving; head with or without appendages and eyes; pro­

boscis with dorsal maxillae (upper jaws) of 1 to many paired 
pieces, a ventral pair of mandibles (lower jaws) more or less 
fused along the median line, and a pair of embedded maxil- 
lary carriers; parapodia single-lobed, often with many aciculae 
(needlelike structures); size, minute to 3 m; examples of genera: 
Palola (palolo), Eunice, Stauronereis, Lumbineris, Onuphis.
Order Orbiniida
Sedentary; head pointed or rounded without appendages; pro­

boscis eversible and unarmed; body divided into distinct thorax 
and abdomen; gills arise dorsally from thoracic region; size, 
minute to 40 cm; examples of genera: Scoloplos, Paraonis.
Order Spionida
Sedentary; at least 2 long feeding tentacles adapted for grasp- 

ing and arising from prostomium; size, 0.5 to 25 cm; examples 
of genera: Spio, Polydora.
Order Chaetopterida
Two to 3 distinct body regions; prostomium with palpi; mod­

ified setae on segment 4; tube dweller; examples of genera: 
Chaetopterus (parchment worm), Spiochaetopterus.
Order Magelonida
Long, slender bodies divided into 2 regions; prostomium flat­

tened with 2  long palpi arising from the ventral surface at the 
junction of the prostomium and next segment; capillary and 
hooded hooks; single genus, Magelona.
Order Psammodrilida
Prostomium and peristome lack appendages; parapodia in 

mid-region long and supported by aciculae; minute; 2  genera, 
Psammodrilus and Psammodriloides, each with a single species.
Order Ctenodrilida
No prostomial appendages; no parapodial lobes; setae arise 

directly from body wall; all setae simple; minute; examples of 
genera: Ctenodrilus, Zeppilina.
Order Cirratulida
Sedentary; prostomium pointed and without appendages; 1 

or more pairs of tentacular cirri arising from dorsal surface of 
anterior segments; gills, if present, long and slender, inserted 
above parapodia; size, minute to 2 0  cm; examples of genera:
Cirratulus, Cirriformia.
Order Cossurida
No prostomial appendages; a single median tentacle arises 

from the dorsum between segments 2  and 6 ; parapodia bi- 
ramous with weakly developed lobes; all setae simple; size, 
usually less than 2 cm; Cossura.
Order Opheliida
No prostomial appendages; body with limited number of seg­

ments; setae all simple; size, 1 to 1 0  cm; examples of genera: 
Ophelia, Polyophthalmus, Scalibregma.
Order Capitellida
No prostomial appendages; 1 or 2 anterior segments without 

setae; parapodia biramous; setae all simple; size, 1 to 2 0  or 
more cm; examples of genera: Capitella, Notomastus, Arenicola, 
Maldane, Axiothella.
Order Flabelligerida
Sedentary; setae of anterior segments directed forward to form 

a cephalic (head) cage; prostomium and peristome retractile, 
with 2  palpi and retractile branchiae; size, 1 to 1 0  cm; examples 
of genera: Flabelligera, Stylariodes.
Order Sternaspida
Sedentary; anterior setae short and thick; posterior end with 

ventral shield bearing radiating setae and anal branchiae; size, 
3 cm; genera include Sternaspis.
Order Oweniida
Sedentary; anterior end with or without divided lobed mem­

brane; anterior segments long; dwelling tube mucoid, coated 
with sand or shell fragments; size, 0 . 2  to 1 0  cm; genera in­
clude Owenia.
Order Terebellida
Sedentary; head concealed by filamentous tentacles; branchiae, 

simple or branched, arising from dorsal surface of anterior end; 
body divided into thorax and abdomen; tube of mucoid sub­
stance to which sediment adheres; size, 1 to 40 cm; examples 
of genera: Amphicteis, Terebella, Pista, Thelepus.
Order Sabellida (feather dusters)
Sedentary; head concealed with featherlike filamentous 

branchiae; body divided into thorax and abdomen; tube mu­
coid or calcareous; size, minute to 50 cm; examples of genera: 
Sabella, Eudistylia, Serpula, Hydroides.

Order Archiannelida
Minute, primitive, with ciliated epidermis; prostomium small, 

with or without appendages; parapodia absent; septa reduced 
or absent; size, minute. Contains 4 groups of poorly known 
species considered separate orders by some (Nerillida, Dinophil- 
ida, Polygordiida, Protodrilida); genera include Dinophilus and 
Polygordius.
Order Myzostomida
Body disk-shaped or oval without external segmentation; ex­

ternal or internal commensals or parasites of echinoderms, 
especially erinoids; size, minute to 1 cm; genera include
Myzostoma.
Order Poeobiida
Body saclike without extemal segmentation; anterior end with 

circle of tentacles; 2  intemal septa only polychaete characteris­
tics; pelagic; single genus, Poeobius.
Class Oligochaeta
Primarily freshwater or terrestrial with setae arising directly 

from body wall; name of group refers to the few setae 
per segment; head and body appendages generally lacking; 
hermaphroditic, with testes located anteriorly to ovaries; gon- 
oduct system complex; seminal receptacle used to store sperm; 
reproduction by copulation, with fertilized eggs laid in a co­
coon secreted by clitellum; development direct, without larval 
stages; about 3,250 living species.
Order Lumbriculidci (earthworms)
Male gonopores several segments behind segments containing 

the testes or, when 2  pairs of testes are present, in more pos­
terior segment; size, minute to 30-40 cm; examples of genera: 
Haplotaxis, Eisenia, Lumbricus (earthworm), Megascolides.
Order Moniligastrida
Male gonopores, 1 or 2 pairs on segment posterior to testes; 

clitellum 1 cell thick; 4 pairs of setae per segment; size, minute 
to 3 m; examples of genera: Moniligaster, Drawida.
Order Haplotaxida
Chiefly aquatic worms; male gonopores in segment imme- 

diately behind testes; seminal receptacle at or near segment 
containing testes; size, minute to 1-3 cm; examples of genera: 
Nais, Tubifex (sludge worm).
Class Hirudinea (leeches)
Primarily freshwater, but also terrestrial and marine forms; 

smal! sucker at anterior end, large sucker at posterior end; 
fixed number of body segments at 34; body cavity filled with 
connective tissue; hermaphroditic, with fertilized eggs laid in a 
cocoon secreted by clitellum; development direct without larval 
stages; about 300 living species.
Order Branchiobdellida
Head modified as sucker with fingerlike projections; poste­

rior segments also modified to form sucker; body with 14 to 
15 segments; all species parasitic or commensal on freshwater 
crayfish; size, minute; Stephanodrilus.
Order Acanthobdellida
Primitive group; setae present on 5 anterior segments; no an­

terior sucker; parasitic on fish in Lake Baikal (U.S.S.R.); size, 
small; genera include Acanthobdella.
Order Rhynchobdellida
An eversible pharynx used to penetrate host tissue; jawless; 

distinct blood vessels contain colourless blood; freshwater or 
marine inhabitants; size, minute to 2 0  cm; examples of genera: 
Glossisphonia, Piscicola, Pontobdella.
Order Arhynchobdellida
Pharynx with 3 toothed jaws or none, noneversible; terrestrial 

or freshwater; bloodsuckers or carnivorous; size, minute to 2 0  
cm; examples of genera: Hirudo, Haemopis, Erpobdella.

Critical appraisal. Most authors accept the annelids as 
having three major classes: Polychaeta, Oligochaeta, and 
Hirudinea. Older systems would place the polychaetes 
and oligochaetes under the class Chaetopoda because 
both groups possess setae. Other systems would join the 
oligochaetes and leeches in a single class, called the Clitel- 
lata, because both groups possess a clitellum. The Archi­
annelida and Myzostomida treated as polychaete orders 
in the Classification system above have been considered 
as separate classes in the past. The Branchiobdellida are 
considered an order of Hirudinea, but they have been 
considered as a separate class in the past or as an order of 
Oligochaeta. Depending upon the author, annelids could 
consist of as many as six classes.

Orders were frequently ignored in the past, especially 
with the polychaetes, but authors have come to greater
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a g reem en t a s to  th e  p la c e m e n t o f  fa m ilie s  w ith in  orders. 
P la ce m e n t o f  a n n e lid s  w ith in  Orders h as b een  d ifficu lt 
b eca u se  o f  th e  tr e m e n d o u s  d iversity  in  structure an d  spe­
c ia liz a tio n  in  h a b ita t, e sp ec ia lly  in  th e  p o ly ch a etes .

The class Polychaeta has also been divided into sub­
classes or orders, the Errantiata (free-moving forms) and 
Sedentaria (sedentary, or tube-dwelling, forms), based on 
the mode of living. This arrangement, while convenient, is 
not based on morphology and is not generally used. The 
Classification system given above lists 23 orders (Archian- 
nelida was considered as one order in the Classification 
above, while other schemes divide the group into four 
orders). There are approximately 87 known families of 
polychaetes.
The oligochaetes are divided into three Orders based es­

pecially on the placement of the male gonopores. There 
are approximately 43 families in the class. The families of 
leeches, organized into the four orders outlined above, are 
generally accepted.
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ular account; d .t . anderson , Embryology and Phylogeny in 
Annelids and Arthropods (1973); p .j . mill (ed.), Physiology of 
Annelids (1978), a review; robert d . barnes, Invertebrate Zo­
ology, 4th ed. (1980), ch. 10, “The Annelids,” pp. 263-341; r.o . 
brinkhurst, “Evolution in the Annelida,” Canadian Journal

of Zoology, 60(5): 1043-59 (1982), a summary of current schol­
arship; donald  j. klemm  (ed.), A Guide to the Freshwater 
Annelida (Polychaeta, Naidid and Tubificid Oligochaeta, and 
Hirudinea) of North America (1985), on ecology and taxonomy; 
and vicKi pearse et al, Living Invertebrates (1987), ch. 16, 
“Annelid Body Plan,” and ch. 17, “A Diversity of Annelids,” 
pp. 387-437. For information on polychaetes, see kristian 
fauchald , The Polychaete Worms: Definitions and Keys to 
the Orders, Families, and Genera (1977); kristian  fauchald 
and p a . jum ars, “The Diet of Worms: A Study of Polychaete 
Feeding Guilds,” Oceanography and Marine Biology, 17:193- 
284 (1979); and albrecht fischer  and hans-dieter  pfannen- 
stiel (eds.), Polychaete Reproduction: Progress in Comparative 
Reproductive Biology (1984), a collection of symposium papers. 
For oligochaetes, see r .o . brinkhurst and b.g .m . jamieson , 
Aquatic Oligochaeta of the World (1971); c.a . Edwards and j .r . 
lofty , Biology of Earthworms, 2nd ed. (1977); and o. giere and 
o. PFANNKUCHE, “Biology and Ecology of Marine Oligochaeta: 
A Review,” Oceanography and Marine Biology, 20:173-308 
(1982). See also the proceedings of three international symposia 
on aquatic oligochaete biology: r .o . brinkhurst and david  
g . Cook (eds.), Aquatic Oligochaete Biology (1980); G. bonömi 
and c. erséus (eds.), Aquatic Oligochaeta (1984); and r .o . 
brinkhurst and r .j . DiAZ (eds.), Aquatic Oligochaeta (1987). 
For leeches, see kenneth  j . m uller , jo h n  g . nicholls, and 
Günther  s. stent (ed.), Neuwbiology of the Leech (1981); and 
ROY T. SAWYER, Leech Biology and Behaviour, 3 vol. (1986), an 
extensive overview.

(D.J.R.)
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Antarctica

Lying almost concentrically around the South Pole, 
Antarctica—the name of which means “opposite to 
the Arctic”—is the southemmost continent, a cir- 

cumstance that has had momentous consequences for all 
aspects of its character. It is the fifth largest continent, 
covering about 5,500,000 square miles (14,200,000 square 
kilometres), and would be essentially circular except for 
the outflaring Antarctic Peninsula, which reaches toward 
the southem tip of South America (some 600 miles [970 
kilometres] away), and for two principal embayments, the 
Ross Sea and the Weddell Sea. These deep embayments 
of the southemmost Pacific and Atlantic oceans make 
the continent somewhat pear shaped, dividing it into two 
unequal-sized parts. The larger is generally known as East 
Antarctica because most of it lies in east longitudes. The 
smaller, wholly in west longitudes, is generally called West 
Antarctica. East and West Antarctica are separated by the 
1,900-miie-iong Transantarctic Mountains. Whereas East 
Antarctica consists largely of a high, ice-covered plateau, 
West Antarctica consists of an archipelago of mountain- 
ous islands covered and bonded together by ice.

The continent is almost wholly overlain by a Continen­
tal ice sheet, containing approximately 7,000,000 cubic 
miles (30,000,000 cubic kilometres) of ice and represent- 
ing about 90 percent of the world’s ice. The average 
thickness is about 6,500 feet (2,000 metres). Many parts 
of the deep embayments of the Ross and Weddell seas 
are covered by ice shelves, or ice sheets floating on the 
sea. These shelves—the Ross Ice Shelf and the Ronne and 
Filchner ice shelves—together with other shelves around 
the Continental margins, constitute about 10 percent of the 
area of Antarctic ice. Around the Antarctic coast, shelves, 
giaciers, and ice sheets continuaily "caive,” or discharge, 
icebergs into the seas.

Because of this vast ice, the continent supports only 
a primitive indigenous population of cold-adapted land 
plants and animals. The surrounding sea is as rich in life 
as the land is barren. With the decline of whaling and 
sealing, the only economie base in the past, Antarctica 
now principally exports the results of scientific investiga- 
tions that lead to a better understanding of the total world 
environment. The present scale of scientific investigation 
of Antarctica began with the International Geophysical 
Year (IGY) in 1957-58. Although early explorations were 
nationalistic, leading to territorial claims, modem ones 
have come under the international aegis of the Antarctic

Treaty. This treaty, which was an unprecedented landmark 
in diplomacy when it was signed in 1959 by 12 nations, 
preserves the continent for nonmilitary scientific pursuits.
Antarctica, the most remote and inaccessible continent, 

is no longer the most unknown area in the world. All of 
its mountain regions have been mapped and visited by 
teams of geologists, geophysicists, glaciologists, and biol- 
ogists. Many hidden ranges and peaks are known from 
geophysical soundings of the Antarctic ice sheets. By using 
sophisticated radio-echo sounding Instruments, systematic 
aerial surveys of the ice-buried terrains can be made, and 
some of these are almost as well mapped as the exposed 
ones.
The ice-choked and stormy seas around Antarctica long 

hindered exploration by wooden-hulled ships. No lands 
break the relentless force of the prevailing west winds 
as they race clockwise around the continent, dragging 
westerly ocean currents along beneath. The southemmost 
parts of the Atlantic, Pacific, and Indian oceans converge 
into a cold, oceanic water mass with singularly unique 
biologie and physical characteristics. Early penetration of 
this Antarctic (or Southem) Ocean, as it has been called, 
in the search for fur seals led in 1820 to the discovery of 
the continent. Icebreakers and aircraft now make access 
relatively easy, although still not without hazard in stormy 
conditions. Many tourists have visited Antarctica, and it 
seems likely that, at least in the short run, scenic resources 
have greater potential for economie development than do 
mineral and biologie resources.
The term Antarctic regions refers to all areas—oceanic, 

island, and Continental—lying in the cold Antarctic cli­
matic zone south of the Antarctic Convergence, an impor­
tant boundary with little seasonal variability, where warm 
subtropical waters meet and mix with cold polar waters. 
For legal purposes of the Antarctic Treaty, the arbitrary 
boundary of 60° south latitude is used. The familiär map 
boundaries of the continent known as Antarctica, de­
fined as the South Polar landmass and all its nonfloating 
grounded ice, are subject to change with future changes 
of climate. The continent was ice-free during most of its 
lengthy geologie history, and there is no reason to believe 
it will not become so again in the probably distant future. 
When it does, the inhabitants will know a continent (East 
Antarctica) and nearby island archipelago (West Antarc­
tica) of about the size of Australia and Indonesia today.

This artiele is divided into the following sections:

Physical geography 788 Biological resources
The land 788 Other resources

Geologie record History 799
Relief The “heroic era” of exploration 799
Climate From World War I to IGY 800
Giaciers and seas IGY and the Antarctic Treaty 801
Plant life The development of IGY
Animal life The Antarctic Treaty

Economie resources 797 Post-IGY research
Mineral resources Bibliography 803

Physical geography
THE LAND

Geologie record. Antarctica and Continental drift. The 
geological evolution of Antarctica has followed a course 
generally similar to that of the other southem continents. 
The earliest chapters in Antarctica’s rather fragmentary 
record extend far back, perhaps as much as 3,000,000,000 
years, into early Precambrian time. Similarity in pattems 
of crustal and biologie evolution in the southem continents 
extends up until some 150,000,000 years ago, and evolu­

tionary courses began to diverge conspicuously by about
70,000,000 years ago, or the early Cenozoic Era. Plant and 
animal migration routes that had apparently freely inter- 
connected all of the southem continents were largely cut 
off by the beginning of the Cenozoic. Antarctica became 
isolated at a time when land mammals diversified and 
flourished elsewhere, populating all the other continents 
of the world. Antarctica had long been thought to be a 
migratory path for marsupials moving between southem 
continents in early Cenozoic time. Documentation for the 
theory was not discovered, however, until 1982, when the
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MAP INDEX

Physical features 
and points of interest
Abbot Ice Shelf . .  72 45 s 96 00 w 
Adare, Cape . . . .  71 17 s 170 14 e
Adélie C o a s t___  67 00 s 139 00 e
Agassiz, Cape . . .  68 29 s 62 56 w 
Alexander Island . 71 00 s 70 00 w 
American
H igh land..........  72 30 s 78 00 e

Amery Ice She lf. .  69 45 s 71 00 e 

Amundsen Bay . .  66 55 s 50 00 e 

Amundsen Sea . .  73 00 s 112 00 w 
Amundsen-Scott,
research station 90 00 s 0 00

Ann, Cape ........ 66 10 s 51 22 e

Antarctic
Peninsula ........ 69 30 s 65 00 w

Arctowski,
research station . 62 09 s 58 28 w 

Argentina Range . 82 20 s 42 00 w 
Atlantic Ocean ..  58 00 s 45 00 w 
Axel Heiberg
Glacier ............ 85 25 s 163 00 w

Bakutis Coast . . .  74 45 s 120 00 w 
Bear Peninsula .. 74 36 s 110 50 w 
Beardmore
Glacier .............83 45 s 171 00 e

Bellingshausen,
research station . 62 12 s 58 58 w 

Bellingshausen
S e a ................... 71 00 s 85 00 w

Berkner Island . . . 79 30 s 47 30 W
Biscoe Islands . . . 66 00 s 66 30 w
Boothby, Cape .. 66 34 s 57 16 E
Bryan C o a s t___ 73 35 s 84 00 w
Burke Island 73 08 s 105 06 w
Byrd, research
station............... 80 02 s 119 45 w

Captain Arturo
Prat, research
station............... 62 30 s 59 41 w

Carney Island . . . 73 57 s 121 00 w
Casey, research
station............... 66 17 s 110 32 E

Charcot Island . .. 69 45 s 75 15 w
Coats Land,
region............... 77 00 s 27 30 w

Colbeck, Cape .. 77 07 s 157 54 w
Coman, Mount .. 73 49 s 64 18 w
Dakshin Gangotri,
research station. 70 05 s 12 00 e 

Dalton Iceberg
T ongue .............66 15 s 121 30 e

Darnley, Cape . . .  67 43 s 69 30 e 

Davis, research
station.................68 35 s 77 58 e

Davis S e a ............ 66 00 s 92 00 e
Dibble Iceberg
Tongue .............65 30 s 135 00 e

Dotson Ice Shelf . 74 24 s 112 22 w
Dufek C o a s t___ 84 30 s 179 00 w
Dumont d ’Urville,
research station . 66 40 s 140 01 e 

East Antarctica,
region ..............80 00 s 80 00 e

Eights C o a s t___ 73 30 s 96 00 w

Ellsworth Land,
region . ........... 75 30 s 85 00 w

Ellsworth
Mountains......... 78 45 s 85 00 w

Eltanin B a y ......... 73 40 s 82 00 w
Enderby Land,
region............... 67 30 s 53 00 e

English Coast . . .  73 30 s 73 00 w 
Erebus, Mount . .  77 32 s 167 10 e 
Esperanza,
research station . 63 24 s 56 59 w 

Executive
Committee
R ange ............... 76 50 s 126 00 w

Faraday,
research station . 65 15 s 64 16 w 

Farwell Island . . .  72 49 s 91 10 w 
Faure Peak . . . . .  85 42 s 128 35 w 
Filchner Ice
Shelf ............... 79 00 s 40 00 w

Fimbul Ice
Shelf ............... 70 30 s 0 10 w

Flying Fish,
Cape ........ .. . . 72 06 s 102 29 w

Ford Ranges . . . .  77 00 s 144 00 w 
Gaussberg,
peak ............... 66 48 s 89 11 e

General Belgrano
II, research
station............... 77 46 s 34 34 w

General Belgrano
III, research
station............... 77 54 s 41 49 w

General
Bernardo
O ’Higgins,
research station . 63 19 s 57 54 w 

General San
Martin, research
station........ .. 68 07 s 67 08 w

Georg von
Neumeyer,
research station . 70 37 s 8 22 w 

George VI
Sound .............71 00 s 68 00 w

Getz Ice Shelf . . .  74 15 s 125 00 w 
Graham Land,
region............... 66 00 s 63 30 w

Halley, research
Station............... 75 31 s 26 56 w

Hegfonna
Mountain........... 72 45 s 3 33 w

Hollick-Kenyon
P la teau ............. 78 00 s 105 00 w

Horlick
Mountains.........85 23 s 121 00 w

Indian Ocean . . .  63 00 s 90 00 e 
Ingrid
Christensen
C o a s t ................69 30 s 77 00 e

Jackson, Mount. .  71 23 s 63 22 w 
Jason Peninsula . 66 10 s 61 00 w 
Kirkpatrick,
M o un t............... 84 20 s 166 25 e

Knox C o a s t........  66 30 s 105 00 e

Lambert Glacier . 71 00 s 70 00 e 
Larsen Ice Shelf . 67 30 s 62 30 w 
Latady Island . . .  70 45 s 74 35 w

Leningradskaya,
research station . 69 30 s 159 23 e 

Little America,
research station . 78 42 s 164 05 w 

Mac. Robertson
Land, region . . .  70 00 s 65 00 e 

Mackintosh,
C a p e ................  72 53 s 60 03 w

McMurdo,
research station . 77 51 s 166 40 e 

McMurdo Sound . 77 30 s 165 00 e 
Marie Byrd Land,
region ............ 80 00 s 120 00 w

Markham, Mount . 82 51 s 161 21 e 
Masson Island . . .  66 08 s 96 35 e 
Mawson,
research station . 67 36 s 62 52 e 

Mawson Coast . .  67 40 s 63 30 e 
Menzies, Mount. . 73 30 s 61 50 e 
Mertz Glacier
Tongue ............ 67 10 s 145 30 e

Mill Is land ..........  65 30 s 100 40 e
Minto, Mount . . . .  71 47 s 168 45 e 
Mirnyy, research
Station..............  66 33 s 93 01 e

Mizuho, research
Station...............70 42 s 44 20 e

Molodezhnaya,
research station . 67 40 s 45 51 e 

Novolazarevskava,
research station . 70 46 s 11 50 e 

Orcadas,
research station . 60 45 s 44 43 w

Orville C o a s t___  75 45 s 65 30 w
Pacific Ocean . . .  63 00 s 170 00 e 
Palmer, research
Station..............  64 46 s 64 03 w

Palmer
Archipelago . . . .  64 15 s 62 50 w 

Palmer Land,
region.............. 71 30 s 65 00 w

Pensacola
Mountains........  83 45 s 55 00 w

Poinsett, Cape ..  65 46 s 113 13 e
Porpoise B a y___  66 30 s 128 30 e
Primavera,
research station . 64 09 s 60 57 w 

Prince Charles
Mountains........ 72 00 s 67 00 e

Princess Martha
Coast ..............  72 00 s 7 30 w

Princess
Ragnhild Coast . 70 30 s 27 00 e

Prydz B a y .......... 69 00 s 75 00 e
Queen Mary
C o a s t ...............66 45 s 96 00 e

Queen Maud
Land, region . . .  72 30 s 12 00 e 

Queen Maud
Mountains........ 86 00 s 160 00 w

Recovery G lacier. 81 10 s 28 00 w 
Rennick G lacier..  70 30 s 160 45 e 
Riiser-Larsen Ice
S h e lf................. 72 40 s 16 00w

Riiser-Larsen
Peninsula ........ 68 55 s 34 00 e

Rockefeller
P la teau ............ 80 00 s 135 00 w

Rönne Ice She lf. .  78 30 s 61 00 w 
Roosevelt
Is la n d ............... 79 25 s 162 00 w

Ross Ice Shelf . . .  81 30 s 175 00 w
Ross Is land........  77 30 s 168 00 e
Ross Sea . . . . . .  75 00 s 175 00 w
Rothera,
research station . 67 34 s 68 08 w 

Ruppert Coast . . 75 45 s 141 00 w 
Russkaya,
research station . 74 46 s 136 51 w 

Sabrina Coast . . .  67 20 s 119 00 e 
SAN AE, research
station............... 70 18 s 2 24w

Scotia Sea ......... 57 30 s 40 00 w
Scott Base,
research station . 77 51 s 166 45 e 

Seelig, Mount . . .  82 28 s 103 54 w 
Sentinel Range ..  78 10 s 85 30 w 
Seymour Island ..  64 17 s 56 45 w 
Shackleton
Coast ............... 82 00 s 162 00 E

Shackleton Ice
S h e lf ................. 66 00 s 100 00 e

Sidley, Mount . . .  77 02 s 126 06 w 
Signy, research
station...............60 43 s 45 36w

Siple, research
station............... 75 56 s 84 15 w

Siple C o a s t ........ 82 00 s 155 00 w
Siple Is land........  73 39 s 125 00 w
Skelton Glacier . .  78 35 s 161 30 e 
Skytrain Ice Rise . 79 40 s 78 30 w 
Smyley Island . . .  72 55 s 78 00 w 
South
Geomagnetic
Pole . ............... 79 13 s 109 00 e

South Magnetic
Pole ................. 64 50 s 139 22 e

South Pole ........  90 00 s 0 00
Spaatz Island . . .  73 12 s 75 00 w 
Stancomb-Wills
Glacier Tongue . 75 00 s 22 00 w 

Sulzberger Ice
S h e lf ................. 77 00 s 148 00 w

Syowa, research
station............... 69 00 s 39 35 e

5 33 00 vv
Toney Mountain . 75 48 s 115 48 w 
Transantarctic
Mountains........ 85 00 s 175 00 w

Vicecomodoro
Marambio,
research station . 64 14 s 56 43 w 

Victoria Land,
region...............74 15 s 163 00 e

Vinson Massif . . .  78 35 s 85 25 w 
Vostok, research
station............... 78 28 s 106 48 e

Walgreen Coast . 75 30 s 107 00 w
Weddell S e a ___ 72 00 s 45 00 w
West Antarctica,
region .............79 00 s 100 00 w

West Ice She lf. . .  66 40 s 85 00 e  

Wilkes Land,
region............... 69 00 s 120 00 e

Wordie Ice Shelf . 69 15 s 67 45 w 
Wright Island . . . .  74 03 s 116 45 w

first mammal remains, a marsupial fossil, were discovered 
on Seymour Island in the Weddell Sea. The subsequent 
growth of Antarctica’s ice sheets cut off any further mi- 
grations by land animals into or across the continent.
Now bathed by polar ice, Antarctica has abundant fossil 

evidence that its climate and terrain at one time sup­
ported far more populous flora and fauna than today’s 
few seedless plants and primitive insects. Remains of a 
luxuriant extinct flora, as well as fossils of Mesozoic rep­
tiles and amphibians that have been discovered, compare 
so closely to those of other southem continents that many 
geologists have postulated former contiguity of these lands 
in a single, giant continent called Gondwanaland. Conti­
nental Stratigraphie evidence and the dating of seafloors 
seem to indicate that the supercontinent broke apart along 
Jurassic rift faults, and fragments such as Africa and Aus­
tralia separated from Antarctica in Cretaceous and early 
Cenozoic times. Early stages of rifting were marked by 
immense outpourings of plateau lavas (Kirkpatrick Basalt, 
on Mt. Kirkpatrick) and by related sill intmsions (Ferrar 
Dolerites) across Antarctica, including one of the world’s

largest layered gabbroic igneous complexes, the Dufek in- 
trusion, in the Pensacola Mountains.
Modem theory ties mobile zones to the interaction and 

jostling of immense crustal plates (see p l a t e  t e c t o n i c s ). 
Modem plate boundaries may be far different from an­
cient ones presumably marked by old fold beits. Ancient 
Antarctic mobile beits, such as are followed by today’s 
Transantarctic Mountains, terminate at Continental mar­
gins abruptly, as if sliced off, and seemingly reappear in 
other lands across young ocean basins. Much research 
has been concentrated on attempting to match intercon- 
tinentally the detailed stmcture of opposed coasts, such 
as between Antarctica and Australia, in an effort to leam 
whether they had been actually connected before the latest 
cycle of crustal spreading from intervening midoceanic 
ridges.

Structural fram ew ork . Most of the Antarctic geologie 
record lies hidden beneath the vast regions of snow and 
ice that make up more than 95 percent of the con- 
tinent’s surface terrain. No one knows what important 
segments of the record lie concealed in buried ranges such
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(Left) Researchers working on Seymour Island, where the fossil of a marsupial was 
discovered in 1982. Among the evidence of former plant and animal life on Antarctica are 
(top right) the fossil of a leaf, from Southern Victoria Land, and (bottom right) the fossil of 
the skull, nearly 61 centimetres (24 inches) in length, of a capitosaurid amphibian, from the 
Transantarctic Mountains.
By courtesy of (left) William J. Zinsmeister, (top right) Edith L. Taylor, and (bottom right) William R. Hammer

as the Gamburtsev Mountains, the topography of which 
has been mapped only by seismic reflections through the 
great East Antarctic Ice Sheet. The extraordinarily thick 
cover, the extremely difficult working conditions, and the 
tremendous expense of mounting expeditions into remote 
areas have long held geologie knowledge of Antarctica far 
behind that of other continents. Great advances by geol- 
ogists of many Antarctic Treaty nations, however, have 
yielded geologie maps of at least reconnaissance scale for 
virtually all exposed mountain areas.

From results mainly of British expeditions early in the 
20th Century, the concept arose that Antarctica is made up 
of two structural provinces—a long, stable Precambrian 
shield in East Antarctica and a much younger Mesozoic 
and Cenozoic mobile belt in West Antarctica—separated 
by the fault-block belt, or horst, of the Transantarc­
tic Mountains. East and West Antarctica have come to 
be known respectively as the Gondwana and Andean 
provinces, indicating general affinities of each sector with 
other regions—that is, the east seems to have affinity with 
the Gondwana region of peninsular India, and the west 
seems to represent a southerly continuation of the South 
American Andes. As new expeditions study and restudy 
each range in ever-increasing detail, concepts of the geo- 
logical structure are continually modified. Antarctica’s 
structural record is now known to be more complex than 
that implied in the past by the simple two-fold Continental 
subdivision.
The average thickness of the Earth’s ernst for both East 

and West Antarctica approximates that of other conti­
nents. Although it has been postulated that West Antarc­
tica might be an oceanic island archipelago if the ice were 
to melt, its crustal thickness of about 2 0  miles indicates an 
absence of oceanic structure. This thickness is similar to 
that of Coastal parts of other continents. The crust thickens 
sharply along the Transantarctic Mountains front, possibly 
a deep crustal fault system, and averages about 25 miles 
thick in East Antarctica. Significant earthquakes are not 
known along this or other faults in Antarctica, now the 
most seismically quiet of all continents. Seismic activity 
occurs chiefly along surrounding oceanic ridges, with rare 
minor activity associated with volcanoes of the continent 
or nearby islands.

The ancient crust of Antarctica must have been highly 
mobile and the configuration of the continent many hun- 
dreds of millions of years ago in the Precambrian far dif­
ferent from today’s. Ancient marine and lake basins were

filled with a variety of sedimentary and volcanic debris 
eroded from primeval lands. During mountain-building 
episodes these materials were complexly deformed and re- 
crystallized deep within the crust to form, particularly in 
East Antarctica, great crystalline-rock complexes. At the 
surface, rocks were uplifted and mountains were carved 
by erosion as sediments filled new basins, and new folds 
of the Earth’s crust were formed. Again and again this 
cycle was repeated during the evolution of Antarctica. 
Mobility ceased approximately 400,000,000 years ago in 
the Transantarctic Mountains. Between that time, in the 
Devonian Period, and about 160,000,000 years ago, in 
the Jurassic Period, a series of mainly quartzose sediments 
was laid down in ancient lakes and shallow seas in the 
sites of former mountain chains that had been carved 
away by erosion. Known as the Beacon Sandstone, this 
formation of platform sediments contains a rich record 
of extinct Antarctic life forms, including freshwater fish 
fossils in Devonian-age rocks; ancient, temperate forests of 
trees known as Glossopteris in coal deposits of Permian- 
and Triassic-age rocks (roughly 280,000,000 to 190,000,- 
000 years ago); and large reptiles, such as Lystrosaurus, 
and amphibians in Triassic-age rocks. Tillites—rocks de- 
posited by ancient giaciers—underlie Permian-age coal 
beds in numerous places in Antarctica just as they do 
in the other southem, including now tropical, continents. 
The widespread occurrence of glacial erratics, containing 
microfossils of Cretaceous and Cenozoic age, indicates 
the presence of rocks younger than the Beacon Sandstone 
under ice sheets near the Transantarctic Mountains. The 
youngest mountain chain in Antarctica is the southward 
extension of the Andes that makes up the Antarctic Penin­
sula, Ellsworth Land, and part of Marie Byrd Land.

Relief. There are two faces of the present-day continent 
of Antarctica. One, seen visually, consists of the exposed 
rock and ice-surface terrain. The other, seen only indirectly 
by seismic or other remote-sensing techniques, consists of 
the ice-buried bedrock surface. Both evolved through long 
and slow geological processes.

Effects of glacial erosion and deposition dominate ev- 
erywhere in Antarctica, and erosional effects of running 
water are relatively minor. Yet, on warm summer days, 
rare and short-lived streams of glacial meltwater do lo­
cally exist. The evanescent Onyx River, for example, flows 
from Lower Wright Glacier terminus to empty into the 
nondrained basin of Lake Vanda near McMurdo Sound. 
Glacially sculptured landforms now predominate, as they

Beacon
Sandstone



792 Antarctica

must have some 300,000,000 years ago, in an earlier period 
of Continental glaciation of all of Gondwanaland. Through 
most of its history, however, Antarctica was affected by 
more normal processes of erosion and deposition, as are 
other continents today.
Antarctica, with an average height estimated at between

7,000 and 8,000 feet above sea level, is the world’s highest 
continent. (Asia, the next, averages about 3,000 feet.) The 
vast ice sheets of East Antarctica reach heights of 11,500 
feet or more in two main centres: one at about 80° S 
in western Wilkes Land, the other in a belt Stretching 
southeastward from about 75° S in central Queen Maud 
Land. Without its ice, however, Antarctica would prob­
ably average little more than about 1,500 feet. It would 
then consist of a far smaller continent (East Antarctica) 
and a nearby island archipelago. A vast lowland plain 
between 90° E and 150° E (today’s Polar and Wilkes 
subglacial basins) would be fringed by the ranges of the 
Transantarctic Mountains and of the Gamburtsev Moun­
tains, 6,500 to 13,000 feet high. The rest might be a hilly 
to mountainous terrain. Relief in general would be great, 
with elevations ranging from 16,864 feet (5,140 metres) 
at Vinson Massif in the Sentinel Range, the highest point 
in Antarctica, to more than 8,200 feet below sea level in 
an adjoining marine trough to the west (today’s Bentley 
Subglacial Trench). Areas that are now called “lands,” 
including most of Ellsworth Land and Marie Byrd Land, 
would be beneath the sea.

f olcanoes Ice-scarred volcanoes, many still active, dot western
Ellsworth Land, Marie Byrd Land, and sections of the 
coasts of the Antarctic Peninsula and Victoria Land, but 
principal activity is concentrated in the volcanic Scotia 
Are. Only one volcano, Mt. Gaussberg (90° E), occurs 
along the entire coast of East Antarctica. Long dormant, 
Mt. Erebus, on Ross Island (see illustration), showed 
increased activity from the mid-1970s. Lava lakes have 
occasionally filled, but not overspilled, its crater, but the 
volcano’s activity has been closely monitored because Ant- 
arctica’s largest Station (McMurdo Station, U.S.) lies on its 
lower flank. One of several violent eruptions of Deception 
Island, a volcanic caldera, in 1967-70, destroyed nearby 
British and Chilean stations. Whereas volcanoes of the 
Antarctic Peninsula and Scotia Are are mineralogically 
similar to the volcanoes typical of the Pacific Ocean rim, 
the others in Antarctica are chemically like those of vol­
canoes along the East African Rift Valley. The differences 
are related to different styles of interaction between the 
Pacific and Antarctic crustal plates.
Climate. The unique weather and climate of Antarctica 

provide the basis for its familiär appellations—Home of 
the Blizzard and White Desert. By far the coldest conti­
nent, Antarctica has winter temperatures that range from 
—128.6° F (—89.2° C), the world’s lowest recorded tem­
perature, measured at Vostok Station on July 21, 1983, 
on the high inland ice sheet, to —76° F (—60° C) near sea 
level. Temperatures vary greatly from place to place, but 
direct measurements in most places are generally avail­
able only for summertime. Only at fixed stations operated 
since the IGY have year-round measurements been made. 
Winter temperatures rarely reach as high as 52° F (11 ° C) 
on the northem Antarctic Peninsula, which because of its 
maritime influences is the wärmest part of the continent. 
Mean temperatures of the coldest months are —4° to —22° 
F (—20° to —30° C) on the coast, and —40° to —94° F 
(—40° to —70° C) in the interior, the coldest period on the 
polar plateau being usually in late August just before the 
retum of the Sun. Whereas midsummer temperatures may 
reach as high as 59° F (15° C) on the Antarctic Peninsula, 
those elsewhere are usually much lower, ranging from a 
mean of about 32° F (0° C) on the coast to between —4° 
and —31° F (—20° and —35° C) in the interior. These 
temperatures are far lower than those of the Arctic, where 
monthly means range only from about 32° F in summer 
t o —31° F in winter.

Wind chili—the cooling power of the atmosphere—is the 
major debilitating weather factor of Antarctic expeditions.

Vinds Fierce winds characterize most Coastal regions, particu­
larly of East Antarctica, where cold, dense air flows down 
the steep slopes off interior highlands. Known as katabatic

Ross Island seen across frozen McMurdo Sound. McMurdo 
Station is on the tip of the island at right with its aircraft 
runway in the foreground. The volcanic Mt. Erebus is in the
upper esmrs.
By courtesy of the U.S. Navy

winds, they are a surface flow that may be smooth if of 
low velocity but that may also become greatly turbulent, 
sweeping high any loose snow, if a critical velocity is sur- 
passed. This turbulent air may appear suddenly and is re- 
sponsible for the brief and localized Antarctic “blizzards” 
during which no snow actually falls and skies above are 
clear. During one winter at Mimy Station, gusts reached 
more than 110 miles per hour on seven occasions. At 
the Adélie Coast camp of Douglas Mawson’s Australasian 
Antarctic Expedition (1911-14), velocities in the winter 
of 1912-13 averaged 40 miles per hour for 64 percent of 
the time. Gusts estimated at between 140 and 155 miles 
per hour on Dec. 9, 1960, destroyed a Beaver aircraft at 
Mawson Station on the MacRobertson Land coast. Winds 
on the polar plateau are usually light, with monthly mean 
velocities at the South Pole ranging from about nine miles 
per hour in December (summer) to 17 miles per hour in 
June and July (winter).

The Antarctic atmosphere, because of its low tempera­
ture, .contains only about one-tenth of the water-vapour 
concentration found in temperate latitudes. This atmo- 
spheric water largely comes from ice-free regions of the 
southem oceans and is transported in the troposphere 
into Antarctica mostly in the 140° sector (80° E to 140° 
W) from Wilkes Land to Marie Byrd Land. Most of this 
water precipitates as snow along the Continental margin. 
Rainfalls are almost unknown. Despite the tremendous 
volume of potential water stored as ice, Antarctica must be 
considered as one of the world’s great deserts; the average 
precipitation (water equivalent) is only about two inches 
(50 millimetres) per year over the polar plateau, though 
considerably more, perhaps 1 0  Times as much, falls in the 
Coastal beit. Lacking a heavy and protective water-vapour- 
rich atmospheric layer, which in other areas absorbs and 
reradiates to Earth long-wave radiation, the Antarctic sur­
face readily loses heat energy into space.

Many factors determine Antarctica’s climate, but the pri-
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Cloud patterns around the South Pole as photographed by the U.S. satellite, ESSA 3, Jan. 28, 
1967. At the top is the Southern end of Africa and Madagascar.
By courtesy of the Commerce Department, National Oceanic and Atmospheric Administration, National Environmental Satellite Service, Washington, D.C.

mary one is the geometry of the Sun-Earth relationship. 
The 23.5° axial tilt of the Earth to its annual plane of 
orbit, or ecliptic, around the Sun results in long winter 
nights and long summer days altemating between both 
polar regions and causing seasonal variations in climate. 
On midwinter day, about June 21, the Sun’s rays reach to 
only 23.5° (not exact, due to refraction) from the South 
Pole along the latitude of 66.5° S, a line familiarly known 
as the Antarctic Circle. Although “night” theoretically is 
six months long at the geographic pole, one month of this 
actually is a twilight period. Only a few Coastal fringes lie 
north of the Antarctic Circle. The amount of incoming 
solar radiation, and thus heat, depends additionally on the 
incident angle of the rays and therefore decreases inversely 
with latitude to reach a minimum at the geographic poles. 
These and other factors are essentially the same for both 
polar regions. The reason for their great climatic differ- 
ence primarily lies in their reverse distributions of land 
and sea: the Arctic is an ocean surrounded by land, while 
Antarctica is a continent surrounded by ocean. The Arctic 
Ocean, a climate-ameliorating heat source, has no counter­
part at the South Pole, the great elevation and perpetually 
reflective snow cover of which instead intensify its polar 
climate. Moreover, during Antarctic winters, freezing of 
the surrounding sea effectively more than doublés the size 
of the continent and removes the oceanic heat source to 
nearly 1,800 miles from the central polar plateau.
Outgoing terrestrial radiation greatly exceeds absorbed 

incoming solar radiation. This loss results in strong surface 
cooling, giving rise to the characteristic Antarctic tem­
perature inversions in which temperature increases from 
the surface upward to about 1 , 0 0 0  feet above the surface. 
About 90 percent of the loss is replaced by atmospheric 
heat from lower latitudes, and the remainder by latent 
heat of water-vapour condensation.

Great cyclonic storms circle Antarctica in endless west- 
to-east procession, exchanging atmospheric heat to the 
continent from sources in the southem Atlantic, Pacific, 
and Indian oceans. Moist maritime air interacting with 
cold polar air makes the Antarctic Ocean in the vicinity of 
the Polar Front one of the world’s stormiest. Few storms 
bring snowfalls to interior regions. With few reporting 
stations, weather prediction has been exceedingly difficult 
but is now greatly aided by satellite imagery.

A number of studies on the upper atmosphere of Antarc­
tica have been leading toward solving problems that are 
worldwide in scope. Very low-frequency radio waves, 
called whistlers, which are generated by lightning at oppo­
site, or conjugate, points in the Northem Hemisphere and 
received in Antarctica, are providing much information 
about the Earth’s magnetosphere. Research in Antarctica 
has also made many contributions to knowledge of the 
ionosphere, geomagnetism, and solar cosmic radiation.

Giaciers and seas. Glaciation. Antarctica provides the 
best available picture of the probable appearance 2 0 , 0 0 0  

years ago of northem North America under the great 
Laurentide Ice Sheet. Mountain giaciers, which formed 
on such highlands as the Sentinel Range perhaps as early 
as about 50,000,000 years ago, advanced down valleys to 
calve into the sea. Fringing ice shelves were built and later 
became grounded as glaciation intensified. Local ice caps 
developed, covering West Antarctic island groups as well 
as the mountain ranges of East Antarctica. The ice caps 
eventually coalesced into great ice sheets that tied together 
West and East Antarctica into the single continent that is 
known today. The continent has apparently been contin­
uously glaciated since the first giaciers appeared.
Causal factors leading to birth and development of these 

Continental ice sheets and then to their decay and death 
are, nevertheless, still poorly understood (see ice and
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ice Formations). The factors are complexly interrelated. 
Moreover, once developed, ice sheets tend to form inde­
pendent climatic pattems and thus to be self-perpetuating 
and eventually perhaps even self-destructing. Cold-air 
masses draining off Antarctic lands, for example, cool and 
freeze surrounding oceans in winter to form an ice pack, 
which reduces solar-energy input by increasing reflectivity 
and makes interior Continental regions even more remote 
from sources of open oceanic heat and moisture. The East 
Antarctic Ice Sheet has grown to such great elevation and 
extent that little atmospheric moisture now nourishes its 
central part.

One hypothesis on the causes of Continental glaciation 
ties periodic Northem Hemisphere ice ages, or glaciations, 
to periodic instability and surging of the Antarctic Ice 
Sheet. Instability is believed to occur when glacier buildup 
becomes so great as to cause pressure sufficiënt to melt 
the base of the ice sheet. Then, riding on water, the 
East Antarctic ice dorne rapidly collapses, and, according 
to the hypothesis, the outflowing ice forms extensive ice 
shelves reaching perhaps to the Antarctic Convergence. 
The resulting increased reflectivity over such a large area 
would then cool the entire Earth. Once collapsed, the ice- 
dome base would no longer be at the pressure melting 
point, and the ice shelves, no longer fed, would soon 
disappear by calving and melting. Consequent decreased 
reflectivity over the Antarctic Ocean would then result in 
global warming and thus an interglacial period. The pro­
cess could repeat itself many times.

The volume of South Polar ice must have fluctuated 
greatly at times since the birth of the ice sheets. Glacial 
erratics and glacially striated rocks on mountain sum- 
mits now high above current ice-sheet levels testify to an 
overriding by ice at much higher levels. General lowering 
of levels caused some former giaciers flowing from the 
polar region through the Transantarctic Mountains to re- 
cede and nearly vanish, producing such spectacular “dry 
valleys” as the Wright, Taylor, and Victoria valleys near 
McMurdo Sound. Doubt has been shed on the common 
belief that Antarctic ice has continuously persisted since its 
origin by the disco very reported in 1983 of Cenozoic ma­
rine diatoms—believed to date from the Pliocene Epoch 
(about 7,000,000 to 2,500,000 years ago)—in glacial tili 
of the Beardmore Glacier area. The diatoms are believed 
to have been scoured from young sedimentary deposits of 
basins in East Antarctica and incorporated into deposits of 
giaciers moving through the Transantarctic Mountains. If 
so, Antarctica may have been free or nearly free of ice as 
recently as about 3,000,000 years ago, when the diatom- 
bearing beds were deposited in a marine seaway; and the 
Antarctic Ice Sheet may have undergone deglaciations per­
haps similar to those that occurred later during interglacial 
stages in the Northem Hemisphere. Evidence of former 
higher sea levels found in many areas of the Earth seems 
to support the hypothesis that such deglaciation occurred. 
If Antarctica’s ice were to melt today, for example, global 
sea levels would probably rise about 150 to 2 0 0  feet. 

Antarctic The Antarctic Ice Sheet seems to be approximately in 
:e budget a state of equilibrium, neither increasing nor decreasing 

significantly according to the best estimates. Snow precip- 
itation is offset mainly by Continental ice moving seaward 
by three mechanisms—ice-shelf flow, ice-stream flow, and 
sheet flow. The greatest volume loss is by calving from 
shelves, particularly the Ross, Rönne, Filchner, and Amery 
ice shelves. Much loss may also occur by bottom melting 
from ice shelves, but its importance is controversial and 
some glaciologists believe ice shelves actually gain mass by 
bottom accretion.

The Antarctic ice sheets are, in effect, settling tanks 
for atmospheric constituents and extraterrestrial material. 
They contain a record of climates and ancient atmo- 
spheres, of global volcanic activity, and of cosmic-particle 
bombardment extending back for thousands of years. Up­
per layers of ice, for instance, record the effects of high- 
latitude pollution by industrial wastes and of fallout of 
radioactive Strontium (strontium-90) from the testing of 
nuclear weapons. This record in ice has been studied in 
cores from deep holes drilled through the ice sheet.

The “heroic era” of exploration in Antarctica in the

Wright Valley, a dry valley in the McMurdo Sound area.
By courtesy of the U.S. Navy

early 20th Century has given way to an “extraterrestrial 
era” there, brought about by the discovery of thousands 
of meteorites on its ice sheets. Only five fragments had 
been found by 1969, but since then more than 7,000 
have been recovered by Japanese and American scientists. 
In 1969 Japanese glaciologists began finding great num­
bers on blue-ice fields near their Syowa station, and an 
early recognition of the process by which the fragments 
are concentrated soon led to profitable searches in other 
areas, especially in the Transantarctic Mountains. Most 
specimens appear to have landed on Antarctic ice sheets 
between about 700,000 and 10,000 years ago. They accu- 
mulated and were carried by ice to areas near mountains 
where the ancient ice ablated and meteorites became con­
centrated on the surface. Probably only 1 to 10 percent 
of the finds, however, represent discrete meteorite falls. 
Most meteorites are believed to be from asteroids and 
a few from cornets, but one found in 1982 is the first 
that is thought to be of lunar origin. Its composition and 
structure are like those of the soils on the Moon’s surface 
collected by U.S. astronauts on the Apollo missions, and it 
seems likely that the meteorite came from material spalled 
off the Moon by some giant lunar impact and impelled 
into an Earth-crossing orbit. The discovery lends support 
to the hypothesis that meteorites from a rare class called 
shergottites had a similar origin from Mars; a few of the 
small handful known are from Antarctica. Antarctic ice 
is thus a rieh storehouse of extraterrestrial samples. The 
cold, dry environment preserves them in a pristine state 
for great lengths of time, and they thus can provide much 
information about their parental bodies not available from 
meteorites collected elsewhere on Earth.

The surrounding seas. The seas around Antarctica have 
often been likened to the moat around a fortress. The 
turbulent “Roaring Forties” and “Furious Fifties” lie in a 
circumpolar storm track and a westerly oceanic current 
zone commonly called the West Wind Drift, or Circum­
polar Current. The three major oceans, Atlantic, Pacific, 
and Indian, are bounded on the south by Antarctic shores. 
Warm, subtropical surface currents move southward in the
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western parts of these oceans and then turn eastward upon 
meeting the Circumpolar Current. The warm water meets 
and partly mixes with cold Antarctic water, called the 
Antarctic Surface Water, to form a mass with intermediate 
characteristics called Subantarctic Surface Water. Mixing 
occurs in a shallow but broad zone of approximately 1 0 ° 
latitude lying south of the Subtropical Convergence (at 
about 40° S) and north of the Antarctic Convergence 
(between about 50° and 60° S). The Subtropical Conver­
gence generally defines the northern limits of a water mass 
having so many unique physical and biologie characteris­
tics that it is often given a separate name, the Antarctic, 
or sometimes the Southem, Ocean; it contains about 10 
percent of the global ocean volume.

The two convergences are well defined and important 
oceanic boundary zones that profoundly affect climates, 
marine life, bottom Sedimentation, and ice-pack and ice­
berg drift. They are easily identified by rapid changes in 
temperature and salinity. Antarctic waters are less saline 
than tropical waters because of their lower temperatures 
and lesser evaporational concentration of dissolved salts. 
When surface waters move southward from the Subtrop­
ical Convergence zone into the subantarctic climatic belt, 
their temperatures drop by as much as about 9° to 16° F 
(5° to 9° C). In Crossing the Antarctic Convergence, from 
the subantarctic into the Antarctic climatic zone, sürface- 
water temperature drops further, lowering from about 46° 
to 39° F (8 ° to 4° C) in summer, and from about 37° to 
3 4 ° f  (3° to 1° C) in winter.
Whereas the pattern of surface currents, controlled largely 

by the Earth’s rotation, winds, water-density differences, 
and the geometry of basins, is relatively well understood, 
that of deeper water masses is more complex and less 
well known. North-flowing Antarctic Surface Water sinks 
to about 3,000 feet beneath warmer Subantarctic Surface 
Water along the Antarctic Convergence to become the 
Subantarctic Intermediate Water. This water mass, as well 
as the cold Antarctic Bottom Water, spreads far north 
beyond the Equator to exchange with waters of the North­
em Hemisphere. The movement of the Antarctic Bottom 
Water is identifiable in the Atlantic as far north as the 
Bermuda Rise. Currents near the continent result in a 
circumferential belt of surface-water divergence accompa- 
nied by upwelling of deeper water masses.

Two forms of floating ice masses build out around the 
continent: ( 1 ) glacier-fed semipermanent ice shelves, some 
of enormous size, such as the Ross Ice Shelf, and (2) an 
annually frozen and melted ice pack that in winter reaches 
to about 56° S in the Atlantic and 64° S in the Pacific. 
Antarctica has been called the pulsating continent because 
of the annual buildup and retreat of its secondary ice- 
fronted coastline. Pushed by winds and currents, the ice 
pack is in continual motion. This movement is westward

By courtesy of the U.S. Navy

U.S. Navy icebreakers cutting a path through floating sea ice 
near Little America.

in the Coastal belt of the East Wind Drift at the continent 
edge and eastward (further north) at the belt of the West 
Wind Drift. Icebergs—calved fragments of giaciers and 
ice shelves—reach a northem limit at about the Subtrop­
ical Convergence. With an annual areal Variation about 
six times as great as that for the Arctic ice pack, the 
Antarctic pack doubtless plays a far greater role in varying 
heat exchange between ocean and atmosphere and thus 
probably in altering global weather pattems. Long-term 
synoptic studies, now aided by satellite imagery, have been 
searching for long-period changes in the Antarctic ice- 
pack regimen and the possible relation of these changes to 
global climate changes.

As part of the Deep Sea Drilling Project conducted from 
1968 to 1983 by the U.S. govemment, the drilling ship Glo- 
mar Challenger undertook several cruises of Antarctic and 
subantarctic waters to gather and study materials on and 
below the ocean floor. Expeditions included one between 
Australia and the Ross Sea (1972-73); one in the area 
south of New Zealand (1973); one from southem Chile 
to the Bellingshausen Sea (1974); and two in the Drake 
Passage and Falkland Islands area (1974 and 1979-80). 
Among the ship’s most significant findings were hydrocar- 
bons discovered in Tertiary sediments in the Ross Sea and 
rocks carried by icebergs from Antarctica found in late 
Oligocene sediments at numerous locations. Researchers 
inferred from these ice-bome debris that Antarctica was 
glaciated at least 25,000,000 years ago. A second long­
term project that includes exploration of Antarctic waters, 
the Ocean Drilling Program, began operations in 1985.

Plant life. The cold-desert climate of Antarctica sup­
ports only an impoverished community of cold-tolerant 
land plants that are capable of surviving lengthy winter 
periods of total or near-total darkness during which pho­
tosynthesis cannot take place. Growth must occur in short 
summer bursts lasting only a few days, a few weeks, or 
a month or two, depending upon such diverse factors as 
latitude, seasonal snowpacks, elevation, topographic Ori­
entation, wind, and moisture, in both the Substrate and 
the atmosphere. Moisture is the most important single 
variable and is provided mainly by atmospheric water 
vapour and by local melt supplies from fallen snow, drift 
snow, and permafrost. Stream runoff is exceedingly rare. 
Extreme cold, high winds, and aridity inhibit growth even 
in summer in most areas. There are, however, certain 
areas at high latitude and high elevation that have local 
microclimates formed by differential solar heating of dark 
surfaces, and these areas are able to support life. The 
importance of such microclimates was defnonstrated by 
the second Byrd Antarctic Expedition (1933-35), which 
found that lichens in Marie Byrd Land grow preferentially 
on darker-coloured heat-absorbing rock.
Antarctic plants total about 800 species, of which 350 

are lichens. Lichens, although slow growing, are particu­
larly well adapted to Antarctic survival. They can endure 
lengthy high-stress periods in dormancy and almost in- 
stantly become photosynthetic when conditions improve. 
Bryophytes (mosses and liverworts), totaling about 100 
species, predominate in maritime regions, but mosses can 
grow nearly everywhere that lichens grow. Liverworts are 
reported only from Coastal and maritime regions. Nu­
merous species of molds, yeasts, and other fungi, as well 
as freshwater algae and bacteria, complete the listing of 
Antarctic plants. These forms are extremely widespread 
and are reported as far as 87° S latitude. In addition, 
Antarctic seas are highly productive in plankton plant 
life, particularly in near-shore, nutrient-rich zones of up­
welling. Diatoms, a type of algae, are especially abundant.

Although soils are essentially not of humic type, they 
commonly are not sterile either, in that they may contain 
such microorganisms as bacteria or a variety of blue-green 
algae. The blue-green algae Nostoc locally contribute mi­
nor organic compounds to soils.

Today’s barren Antarctic landscape little resembles an­
cient Paleozoic and Mesozoic ones with their far greater 
floral displays. Antarctic glaciation, probably beginning
50,000,000 years ago, forced the northward migration of 
all vascular plants (ferns, conifers, and flowering plants). 
Only nonwoody forms have again populated subantarctic
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regions and have scarcely repenetrated the Antarctic zone.
In contrast to Antarctica, lying south of the Antarctic 

Convergence, the islands north of the Convergence in the 
5lant life subantarctic botanical zone—including the South Georgia, 
n the sub- Crozet, Kerguelen, and Macquarie islands—are character- 
mtarctic ized by an abundance of vascular plants of many species, 

at least 50 being identified on South Georgia alone. Thus, 
whereas plants reproducing by spores are characteristic of 
Antarctica, seed plants chiefly characterize subantarctic 
regions.

Humans have greatly influenced the natural ecosystem 
in many Antarctic and subantarctic regions. A number 
of alien species of vascular plants near whaling stations 
have been introduced, and doubtless many alien microor­
ganisms exist near all Antarctic stations. Alien herbivores, 
chiefly sheep and rabbits, have decimated plant commu­
nities on many subantarctic islands. Rabbits have exter- 
minated the native cabbage Pringlea antiscorbutica over 
wide areas on Kerguelen, and sheep have decimated tus- 
sock communities on South Georgia.

Animal life. Land fauna. The native land fauna is 
wholly invertebrate. Apparently climatically less tolerant 
and less easily dispersed, the fauna follows plant col- 
onization of newly deglaciated regions and therefore is 
not as widely distributed. The Antarctic microfauna in­
cludes heliozoans, rotifers, tardigrades, nematodes, and 
ciliate protozoans. The protozoans dominate soil and 
freshwater communities. The terrestrial macrofauna con­
sists entirely of arthropods, many species being parasitic 
on birds and seals. The principal arthropod groups repre­
sented include Acarina (mites), Mallophaga (biting lice), 
Collembola (springtails), Anoplura (sucking lice), Diptera 
(midges), and Siphonaptera (fleas). Two species of beetles, 
probably alien, are known from islands near the Antarc­
tic Peninsula. The dominant free-living forms, mites and 
springtails, live under stones and are associated with spore- 
reproducing plants.

Birds. About 45 species of birds live south of the Antarc­
tic Convergence, but only three—the emperor penguin, 
Antarctic petrel, and South Polar (McCormick’s) skua— 
breed exclusively on the continent or on nearby islands. 
An absence of mammalian land predators and the rich 
offshore food supply make Antarctic coasts a haven for 
immense seabird rookeries. Penguins, of the order Sphenis- 

’enguins ciformes, symbolize this polar region, though they live on 
seacoasts throughout the Southern Hemisphere. Of the 18 
living species (of which two may only be subspecies), only 
the Adélie and emperor live along the Antarctic coastline. 
The habitats of five other polar species—king, chinstrap, 
gentoo, rockhopper, and macaroni—extend only as far

By courtesy of A.B. Ford

Adélie penguins at Cape Royds rookery on Rose Island. In the 
background is Mt. Erebus.

south as the northern Antarctic Peninsula and subantarc­
tic islands. The evolution of these flightless birds has 
been traced to the late Eocene Epoch, about 40,000,000 
years ago, using fossils found on Seymour Island, off the 
northern tip of the Antarctic Peninsula, and at a few 
other places. The largest modern penguin, the emperor, 
standing between three and four feet in height, would be 
dwarfed by some of its extinct New Zealand and Seymour 
Island relatives, the fossil bones of which indicate that they 
reached heights up to five feet seven inches. Some authori­
ties believe that penguins may have a shared ancestry with 
other birds of Antarctica, capable of flight, from the order 
Procellariiformes. Birds of that order, mainly species of 
petrels but also a few of albatrosses, make up more than 
half of the Antarctic and subantarctic breeding species.
Other birds of the region include species of cormorants, 
pintails, gulls, terns, sheathbills, and pipits.

Banding and recovery studies show that some Antarctic 
birds travel throughout the world. One giant petrel caught 
alive at Fremantle, Australia, had been banded as a nestling 
only two months previously in the South Orkney Islands.
In that time span, it had learned to fly and had traveled 
some 10,000 miles, about halfway around the world. Rare 
sightings of skuas and petrels far in the Continental inte­
rior, even near the South Pole, suggest that these powerful 
birds may occasionally cross the continent. Experiments 
show that Antarctic birds, including the flightless penguin, 
have strong homing instincts and excellent navigational 
capability; they apparently have a highly developed Sun- 
azimuth orientation system and biological clock mecha­
nism that functions even with the Sun remaining continu­
ously high. Adélie penguins released as far as 1,900 miles 
from their nests, for example, are known to have returned 
within a year. The mechanism fails to explain, however, 
how emperor penguins living south of the Antarctic Circle 
in winter can navigate during the long polar night.

Feeding habits vary widely from species to species. Most Feeding 
depend on the abundantly provisioned larder of the sea. habits of 
The seabirds feed mainly on crustacea, fish, and squid, birds 
mostly at the surface or, in the case of cormorants and 
penguins, at depths of up to about 150 feet. Shore birds 
forage for mollusks, echinoderms, and littoral crustacea.
Sheathbills, the Southern black-backed gull, giant petrels, 
and skuas feed occasionally, as allowed, on other birds’ 
unguarded eggs. The voracious skua and giant petrel are 
even known to attack the young or weak of other species, 
particularly penguins. Low aircraft overflights of rookeries 
are now prohibited because frightened adults leave chicks 
and nests undefended from predators.
Dependent upon seafood, most birds leave the continent 

each autumn and follow Antarctica’s “secondary” coast­
line as the ice pack builds northward. The emperor pen­
guins, however, are unique exceptions and remain behind 
as solitary guardians (other than humans) of the conti­
nent through the long winter night. The emperors, once 
thought rare, are now estimated to number more than
1,000,000 in about 25 known colonies. They congregate in 
close-packed hordes, females each autumn laying a single 
egg that their mates incubate by carrying on their broad 
feet beneath a warm fold of abdominal skin. Whereas 
other penguins build pebble nests for summer use, the 
emperors, without nests, have uniquely adapted to violent 
winter conditions in which nest maintenance would be 
impossible in the driving snows of Antarctic blizzards.

Sea life. The prolific Zooplankton of Antarctic waters 
feed on the copious phytoplankton and, in turn, form 
the basic diet of whales, seals, fish, squid, and seabirds.
The Antarctic waters, because of their upwelled nutrients, 
are more than seven times as productive as subantarctic 
waters. The most important organism in the higher food 
chain is the small, shrimplike krill, Euphausia superba, Krill 
only an inch or two in length when mature. But for their 
habit of congregating in vast, dense schools, they would 
have little food value for the large whales and seals. Their 
densities are great, however, and a whale, with built-in 
nets of baleen and hairlike fibres, can strain out meals 
of a ton or more in a few minutes. During the three to 
four months spent in Antarctic waters, the original popu­
lation of baleen whales alone could consume an estimated
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150 .000 . 0 0 0  ton s o f  krill. A nim als on the sea bottom  o f  
the near-shore zo n e  include the sessile hydrozoans, corals, 
sponges, and  bryozoans, as w ell as the foraging, crablike 
pycnogon ids and isopods, the annelid  w orm  polychaeta, 
echinoids, starfish, and a variety o f  crustaceans and m ol­
lusks. W inter and anchor ice, however, keep the sublittoral 
zon e relatively barren to  about 50 feet in depth.

O f the nearly 2 0 ,0 0 0  kinds o f  m odem  fish, no m ore than  
about 100 are know n from  seas south o f  the Antarctic 
C onvergence. N early three-fourths o f  the 90 or so sea- 
bottom  species b elong to the superfam ily N otothenioidea, 
the A ntarctic perches. A t sea bottom  there are also the 
Zoarcidae, or eel-pouts; the Liparidae, or sea snails; the 
M acrouridae, or rat-tailed fishes; and the Gadidae, or 
codlike fishes. Rare n on b ony types in the Antarctic zone  
include hagfish and skates. M any species o f  deep-sea fish 
are know n south  o f  the A ntarctic Convergence, but only  
three, a barracuda and tw o lan tem  fishes, seem  to be 
confined  to  this zone. A ntarctic fishes are well adapted to  
the cold  waters; the b ottom  fish are highly endem ic, 90  
percent o f  the species being found nowhere else. T his sup­
ports other b io logie and geologie evidence that Antarctica 
has been  isolated  for a very long tim e.

A ntarctic native m am m als are all m arine and include seals 
(pinnipeds), porpoises, dolphins, and whales (cetaceans). 
O nly on e otariid, or fur seal, breeds south o f  the Antarc­
tic C onvergence; four species o f  phocids, or tm e seals—  
the gregarious W eddell seal, the ubiquitous crabeater seal, 
the solitary and aggressively carnivorous leopard seal, and  
the rarely seen R oss seal— breed alm ost exclusively in the 
Antarctic zone, and another, the southem  elephant seal, 
breeds near the C onvergence at South Georgia, Kergue­
len, and M acquarie islands. The sea lion, an otariid, is 
plentiful in  the Falkland Islands but probably never ven- 
tures in to  the cold  A ntarctic waters. The fur seal and the 
elephant seal are now  regenerating after near extinction: 
the form er have been  estim ated to num ber about 30,000  
or m ore and the latter about 700,000. W eddell seals are 
thought to  num ber about 500,000, the crab-eater about
5 .000 . 000  to 6 ,0 0 0 ,0 0 0 , and the R oss seals about 50,000. 
W eddell seals are unique in being able to  survive under 
fast ice, even  in  winter, by m aintaining open breathing 
holes w ith their teeth. T he leopard seal, armed with pow- 
erful jaw s and huge canines, is one o f  the few predators o f  
adult penguins. A  num ber o f  m um m ified  seal carcasses, 
chiefly crab-eaters, have been found at distances o f  nearly 
30 m iles from  the sea and elevations up to about 3 ,000  
feet in  the M cM urdo dry valleys. Finding no food  in  such
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Ross seal at Cape Hatlett.

in land wanderings, the crab-eaters eventually died, and  
their leathery carcasses were preserved by the coldness and  
aridity o f  the clim ate.

W hales and their cetacean relatives, porpoises and dol­
phins, range w idely from  Arctic to  A ntarctic waters and  
are found in all oceans and seas. A  num ber o f  species 
range to, but generally not across, the Antarctic C on­
vergence and so are considered only peripheral Antarctic 
types. A m on g the fish- and squid-eating toothed  whales, or 
odontocetes, are a few  peripheral Antarctic porpoises and  
dolphins and the p ilot whale. M ore typical o f  Antarctic 
waters are the killer w hale, sperm whale, and rare bottle- 
nosed, or beaked, whale. Seven species o f  baleen, or whale- 
bone, w hales also inhabit A ntarctic waters, subsisting on  
the plentiful krill; these include the southem  right whale, 
hum pback whale, and four kinds o f  rorqual— the blue 
whale, the fin whale, the sei whale, and the lesser rorqual, 
or m inke. The pygm y right whale is endem ic to Antarctic 
and subantarctic waters. The killer whale, one o f  the m ost  
intelligent o f  m arine anim als, hunts in  packs and feeds on  
larger anim als, such as fish, penguins and other aquatic 
birds, seals, dolphins, and other whales. D espite its nam e, 
there have been no authenticated accounts o f  attacks on  
hum ans near Antarctica. Excessive slaughter in the past 
has drastically decim ated stocks o f  the larger whales, par­
ticularly the giant blue whales. N ear extinction , the blue 
w hales have been protected by international agreement.

A lien  m am m als that now  reside sem iperm anently in  
Antarctic and subantarctic regions include sheep, rabbits, 
dogs, cats, rats, m ice, and hum an beings. Effects on  lo ­
cal ecosystem s are great, from  pollution  o f  station areas 
by hum an wastes to  erosion from  overgrazing by sheep  
and to  decim ation  o f  bird populations by dogs and cats 
and o f  whale and fur-seal stocks by hum ans. Even so, 
Antarctica rem ains by far the least contam inated land on  
Earth. U nder the A ntarctic Treaty, it is designated as a 
special conservation area, and m any former hum an activ­
ities have been prohibited in  an attem pt to  preserve the  
natural ecological system  o f  the unique environm ent.

ECONOMIC RESOURCES
Antarctica, it has been  suggested, m ay have becom e a con ­
tinent for Science because it was useful for nothing else. 
Certainly, the great success o f  the Antarctic Treaty and  
o f  the political experim ent in  international cooperation is 
in  n o  sm all way attributable to  the fact that exploitable 
resources have not been  found. Articles o f  the treaty do  
not exclude econ om ie activities, but neither do they set 
up jurisdictional procedures in  the event that any are un- 
dertaken (see below  H istory).

Increasing econ om ie pressures have forced m ineral and  
petroleum  exploration into m ore and m ore rem ote regions 
as resources have gradually b ecom e depleted in other, 
m ore accessible lands. It is likely that m arket and tech- 
nological cond itions w ill m ake it econom ically  feasible to  
carry the search to Antarctica and its Continental shelves. 
T he political volatility o f  the resource question, especially  
the problem s o f  rights o f  ownership and developm ent, has 
prom pted proposals that range from  sharing any found  
m ineral wealth equally am ong nations to  establishing the  
continent as a world park; it is understood that any signif­
icant m ineral discovery will provide a severe test for the 
Antarctic Treaty.

M ost early Antarctic expeditions through the 19th Cen­
tury were directly or indirectly o f  econ om ie incentive. For 
som e, it was the search for new  trading routes; for oth ­
ers, it m eant the opening o f  new  fur-sealing grounds; still 
others saw a possibility o f  m ineral riches. The exploita- 
tion  o f  natural resources has centred in the subantarctic 
and Antarctic seas, and virtually none has yet occurred  
on  the continent. In one analysis o f  resource potentials, 
“Antarctic natural resources” were defined as “any natu­
ral m aterials or characteristics (in the A ntarctic region) o f  
significance to  m an .” By this broad definition, the term  
includes not only b io logie and m ineral resources but also  
the land itself, water, ice, clim ate, and space for living and  
working, recreation, and storage. “E conom ie” resources 
are those that can be used or exported at a cost that is less 
than their value. A ny attem pted appraisal m ust therefore
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be continually  reevaluated in  term s o f  current m arket val- 
icon om ics ues, logistical costs, and technological developm ents. Few  
)f resource know n Antarctic resources have any econ om ie im por- 
levelop- tance in  term s o f  present-day estim ates o f  these factors, 
nent T he factors are com p lex ly  interrelated and difficult to

assess for the present, let a lone the future. For exam ple, 
technological advances that could  allow  developm ent in  
Antarctica m ight instead allow  d evelopm ent o f  w hat are 
considered m arginally econ om ie resources in other re­
gions. M oreover, by the tim e it m ight becom e feasible to  
develop  an A ntarctic resource, such as petroleum , other 
suppliers for the m arket m ight be found, such as, in  this 
case, fusion reactors or solar or geotherm al energy, which  
w ould greatly change cost factors.

M ineral resources. T he geology o f  Antarctica is 
know n sufficiently w ell to  allow  rather certain prediction  
o f  the existence o f  a variety o f  m ineral deposits, som e 
probably large. T he fact that none o f  significant size, be- 
sides coal in  the Transantarctic M ountains and iron near 
the Prince Charles M ountains o f  East Antarctica, is know n  
to  exist is largely the result o f  inadequate sam pling. W ith 
the am ount o f  ice-free terrain in  Antarctica estim ated at 
som ew here betw een 1 and 5 percent, the probability is 
practically nil that a potential ore body w ould be ex­
posed. M oreover, whereas generations o f  prospectors have 
com bed tem perate and even  Arctic m ountains, Antarctic 
m ountains have been  visited m ostly by reconnaissance  
parties since the IG Y .

By courtesy of the U.S. Geological Survey

Exposed stratified rock of the Beacon Group in the Pensacola 
Mountains near the South Pole. Flat-lying Permian siltstone 
and coal measures are capped by Jurassic diabase sill.

arallels T he high degree o f  certainty that m ineral deposits do  
etw een  exist is based on  the close geological sim ilarities that have 
m tarctica been  observed betw een areas o f  A ntarctica and o f  m in- 
nd other eral-rich provinces o f  South Am erica, South Africa, and  
ontinents Australia and on  the consensus that has been  reached on  

the configuration o f  the G ondw analand landm ass during 
M esozoic tim es. T he gold-producing W itwatersrand beds 
o f  South Africa m ay correspond to  the terranes o f  west­
ern Q ueen  M aud Land. T he young m ountain  belt o f  the  
copper-rich South A m erican A ndes continues southward, 
loop ing through the Scotia Are in to  the Antarctic P enin­
sula and probably beyond in to  Ellsworth Land. T he m ostly  
ice-covered areas o f  W ilkes Land m ay parallel the gold- 
producing greenstone beits and platinum -bearing intru- 
sions o f  southw estem  Australia. T he D u fek  intrusion, an  
im m ense layered gabbroic com plex in  the northem  Pen­
sacola M ountains, is geologically sim ilar to , though m uch

younger than, the B ushveld  com p lex  o f  South Africa, 
w hich is a leading producer o f  platinum -group m etals, 
chrom ium , and other resources. M ineral occurrences have 
been found in  som e o f  these A ntarctic areas, including  
antim ony, chrom ium , copper, gold, lead, m olybdenum , 
tin, uranium , and zinc. N o n e  approaches a grade or size 
warranting econ om ie interest. A lso  n on econ om ic are the 
very large deposits o f  coal and sedim entary iron. Because 
o f  the high costs o f  polar operations, few conceivable  
resources— excepting those w ith  high unit value such as 
platinum , gold, and perhaps d iam on d s— have any likeli- 
hood for exploitation.

Offshore resources o f  petroleum , how ever, are a differ­
ent matter. The finding o f  gaseous hydrocarbons in cores 
drilled in the R oss Sea by the G lom ar C hallenger  in 1973 
aroused considerable international interest. Cruises o f  the
U .S. research vessel E ltan in  had by then m ade a num ber o f  
reconnaissance geophysical studies investigating the nature 
o f  the Antarctic Continental m argin. Since the late 1970s 
oceanographic research ships o f  m any nations, including  
those o f  France, W est G erm any, Japan, and the U nited  
States, have undertaken detailed  studies o f  the structure o f  
the Continental m argin, using the sophisticated geophysical 
techniques o f  seism ic reflection and gravity and m agnetic 
surveys. Thicknesses o f  sedim entary rock needed for siz- 
able petroleum  accum ulations m ay occur in  continental- 
m argin areas o f  the R oss, A m undsen , Bellingshausen, and  
W eddell seas and perhaps near the A m ery Ice Shelf; and  
som e m ay also exist in  in land basins covered by Continen­
tal ice, particularly in  W est Antarctica. It seem s unlikely, 
however, that fields o f  a size needed  for exploitation  are 
present. If  they should be found, any petroleum  extrac- 
tion  w ould be difficult but n o t im possib le in  the offshore 
areas, as technologies have been  developed  for drilling for 
and recovering petroleum  in  A rctic regions. Drill ships 
and platform s w ould be m ore severely affected by iceberg 
drift and m oving ice packs than  in  the Arctic. Icebergs 
are com m on ly  far larger than  those in  the Arctic and  
have deeper keels; they scour the seafloor at deeper levels 
and would be m ore likely to  dam age seafloor installations 
such as wellheads, p ipelines, and m ooring system s. These  
problem s, even  though great, are far fewer than those that 
w ould be encountered in  develop ing in land m ineral re­
sources o f  any kind. Thus, although petroleum  is generally 
considered to  be the m ost likely prospect for exploitation  
in  Antarctica, there is little potentia l for its developm ent 
before reserves are con su m ed  from  m ore accessible areas 
throughout the world.

B iological resources. R esources o f  the sea first attracted 
m en to  Antarctica and provided the on ly  basis for com ­
m ercial activity in  this region for m any years. C om m er­
cial fur sealing began about 1766 in  the Falkland Islands 
and rapidly spread to  all subantarctic islands in  the zeal 
to  supply the wealthy m arkets o f  Europe and China. 
Im m ense profits were m ade, but the to ll was equally im ­
m ense. Early accounts relate that m illion s o f  skins were 
taken from  the Falklands during the m id-1780s. W ithin a 
Century, however, the herds o f  fur seals had disappeared. 
Elephant seals were then hunted  for their oil, and as their 
num bers dw indled the sealers tu m ed  to  whaling. During  
the 20th Century herds o f  som e w hale species (notably  
blue, fin, and sei) were largely driven from  Antarctic wa­
ters, but com m ercial w haling w as n ot effectively curtailed  
until catch quotas were im posed  in  the 1970s and 1980s. 
A lthough populations o f  m any species o f  seals and whales 
have been regenerating, it appears unlikely  that they will 
again becom e an exploitable resource.

C om m ercial fishing, although little developed  before 
1970, has been  rising in  significance since then, especially  
with the increased use o f  factory ships, w hich  can catch  
and process large quantities o f  fish. C atches o f  one species 
o f  Antarctic cod  (N otothenia  rossii) have been as high  
as 400 ,000  tons, prom pting concerns about overfishing in  
Antarctic waters. Interest in  fishing for A ntarctic krill has 
also been growing. A n  alm ost unfathom able abundance o f  
krill lives in  the nutrient-rich Coastal waters o f  Antarctica  
and the subantarctic islands. Predators (sea m am m als, fish, 
and birds) take an enorm ous quantity o f  them  annually, 
but their num bers are so great that there has been som e

Offshore
petroleum
resources

Sealing and  
whaling



Antarctica 799

T ourism

Terra
Australis

activity, notably by the Soviet U n ion , toward establishing 
a krill-based fishing and processing industry.

O ther resources. A  rich im agination can see m any pos­
sible uses o f  A ntarctica and its materials. The Continental 
ice sheet contains nearly 90  percent o f  the world’s glacial 
ice— a huge potential supply o f  fresh water— but any eco­
nom ie value is precluded by delivery costs. Antarctica has 
been proposed as a long-term  deep-freeze storage site for 
grain and other foods, but calculations show  that such  
usage cannot be econ om ie, because o f  excessive shipping, 
handling, and investm ent costs. The Antarctic Treaty pre- 
vents the con tinent from  being used as a site for radioac- 
tive-w aste disposal and storage. Antarctica and its nearby 
islands cou ld  play an im portant role in  wartime, partic­
ularly in  the Scotia Sea region and Drake Passage, for 
control o f  interocean shipping. In 1940-41 , for exam ple, 
G erm an com m erce raiders m ade considerable use o f  Ker­
guelen Island for this purpose. The Antarctic Treaty rules 
out m ilitary use, how ever, and the increasing capability 
o f  long-range aircraft, rocketry, and satellite surveillance 
and reentry decreases the possible m ilitary im portance 
o f  Antarctica.

A ntarctica contains abundant scenic resources, and these 
have been  increasingly exploited  since the late 1950s. 
The tourist industry began in  a m odest way in January 
and February 1958, w ith  tours to the Antarctic Penin­
sula area arranged by the Argentine N aval Transport 
C om m and. Since January 1966, yearly tourist ships have 
plied A ntarctic Coastal waters, stopping here and there 
for visits at scientific stations and at penguin rookeries. 
The num ber o f  visits by cruise ships has increased, and  
in the m id-1970s sightseeing flights by com m ercial airlin- 
ers were inaugurated. Polar visionaries see an all-weather 
landing strip for w heeled  je t aircraft at M arble Point near 
M cM urdo Sound; one or m ore hotels nearby, perhaps in  
one o f  the M cM urdo dry valleys and served by helicopter 
from the jet runway; and possibly even a centre for skiing 
and m ountaineering. W ith  such facilities, they believe, 
greatly increased num bers o f  tourists could  be brought to  
the continent, and costs w ou ld  be decreased accordingly. 
M any other problem s, though, w ould be raised, including  
m ethods o f  sewage and w aste disposal that w ould not af­
fect highly sensitive local ecosystem s; ways to  ensure that 
A ntarctic flora and fauna are n ot disturbed; provisions for 
search and rescue facilities; and a system  for handling the  
civil and crim inal cases that w ould  inevitably arise.

History

A  great m any nations, large and sm all, played im portant 
roles in  the discovery and exploration o f  Antarctica. W ho  
first saw the con tinent is clouded in  controversy. The 
Russian exped ition  leader Fabian G ottlieb  von  Bellings­
hausen, the E nglishm an Edward Bransfield, and the Am er­
ican N athaniel Palm er all claim  first sightings in 1820: 
B ellingshausen sighted a sh e lf edge o f  Continental ice on  
January 20; tw o days later Bransfield caught sight o f  land  
that the British later considered to be a m ainland part 
o f  the A ntarctic Peninsula; and on  N ovem ber 18 Palmer 
unequivocally  saw the m ainland-peninsula side o f  Orleans 
Strait.

In about a d  650 , how ever, long before European geog- 
raphers o f  the M iddle A ges and the Renaissance were to  
conjecture about the m ythical Terra Australis, M aori leg­
end teils o f  a N ew  Z ealand Polynesian war canoe, under 
the com m an d  o f  on e U i-te-R angiora, that sailed at least 
as far south  as the frozen ocean . The legendary vast size 
o f  the con tinent shrank to  nearly its present one when  
in 1 7 7 2 -7 5  the E nglishm an Jam es C ook circum navigated  
the globe in  high sou th em  latitude, pro ving that Terra 
Australis, i f  it existed at all, lay som ewhere beyond the ice 
packs that he d iscovered betw een  about 60° and 70° S.

The period from  the 1760s to  about 1900 was one dom - 
inated by exp loitation  o f  Antarctic and subantarctic seas, 
particularly along Scotia Ridge. Sealing vessels o f  m any  
nations, principally U .S . and British but including Argen­
tine, A ustralian, South African, N ew  Zealand, Germ an, 
and N orw egian, participated in  hunting that eventually  
led to  near extinction  o f  the southem  fur seal. M any also

hunted whales, but the less profitable w haling industry cli- 
m axed follow ing W orld W ar I after the decline o f  sealing. 
A m ong the few geographic and scientific expeditions that 
stand out during this period are those o f  Bellingshausen, 
com m anding the Russian ships V ostok  and M irny, in the  
first close-in  circum navigation o f  A ntarctica in  1819-21; 
Bransfield, on  a British expedition  charting part o f  the 
A ntarctic P eninsula in  1819-20; D u m o n t d ’U rville, on  
a French expedition  in  1 8 3 7 -4 0 , w hen A délie Land was 
discovered and claim ed for France; Charles W ilkes, on  a 
U .S. naval expedition  in  1 8 3 8 -4 2  that explored a large 
section o f  the East Antarctic coast; and Jam es Clark R oss, 
on  a British expedition  in  1 8 3 9 -4 3  that discovered the  
R oss Sea and R oss Ice Barrier (now  called R oss Ice Shelf) 
as well as the coast o f  V ictoria Land.

THE “HEROIC e r a ” OF EXPLORATION 

D uring the first tw o decades o f  the 20th  Century, com ­
m only  called the “heroic era” o f  A ntarctic exploration, 
great advances were m ade in  n ot on ly  geographic but also  
scientific know ledge o f  the continent. T he Englishm en  
Robert F. Scott and E m est H enry Shackleton led three ex­
peditions betw een 1901 and 1913, p ioneering routes in to  
the interior and m aking im portant geological, glaciologi- 
cal, and m eteorological d iscoveries that provided a firm  
foundation  for present-day scientific program s. T his era 
w as preceded by tw o events that proved the feasibility  
o f  Antarctic overwintering: (1) the Belgian ship  Belgica, 
under com m an d  o f  Capt. A drien de G erlache, becam e  
the first vessel to  winter in  A ntarctic waters w hen, from  
M arch 1898 to  M arch 1899, it was trapped and drifted 
in  pack ice o f  the Bellingshausen Sea; and (2) a scientific 
party under Carsten E. Borchgrevink spent the next w inter 
cam ped at Cape Adare, for the first p lanned overwintering  
on  the continent.

Sledge probes deep in to  the interior were m ade by Scott 
on  the British N ational A ntarctic D iscovery  Expedition  
(1 9 0 1 -0 4 ) and by Shackleton on  the British Antarctic 
N im ro d  E xpedition (1 9 0 7 -0 9 ) from  base cam ps on  R oss Is­
land. N ew  southing records were set by Scott, in  Company 
w ith Shackleton and E.A. W ilson , w ho reached 82° 17' S 
on  R oss Ice Shelf on  D ec. 30, 1902, and by Shackleton  
in  a party o f  five, w hich reached 88° 23' S, a poin t w ithin  
97 m iles o f  the pole, on  Jan. 9, 1909. T he aerial age 
in  Antarctica w as presaged by Scott in  1902, w ho w ent 
aloft in  a captive balloon  for aerial reconnaissance, and  
the m echanical age by Shackleton in  1908, w ho used an 
autom obile at Cape Royds, R oss Island. T he experim ental 
use o f  hardy M anchurian pon ies and the p ioneering o f  a  
route up the great Beardm ore G lacier to  the polar plateau  
by Shackleton paved the w ay for the ep ic siedging trip o f  
Scott in  1 9 1 1 -1 2  to  the South Pole.

N ational and personal prestige in  attaining the Earth’s 
poles, as w ell as territorial acquisition  and scientific in- 
quiry, provided strong m otivation  for polar exploration in  
the early 1900s. T he south m agnetic pole, the point o f  
vertical Orientation o f  a m agnetic d ip  needle, w hich was 
predicted by the G erm an physicist Carl Friedrich G auss 
to  lie at 66° S, 146° E, inspired the unsuccessful quest, in  
about 1840, o f  the seafarers W ilkes, d ’U rville, and R oss 
(R oss had earlier discovered the north m agnetic pole). The  
point was later reached, on  Jan. 16, 1909, at 72°25 ' S, 
155° 16' E, on  the high ice plateau o f  V ictoria Land by
T .W .E . D avid  and D ouglas M aw son on  a sledge jo u m ey  
from  Cape R oyds. T he pole has m igrated m ore than 550  
m iles since then  to  its present location  near the Adélie  
Land coast. T he South Pole o f  the Earth’s rotation was 
the unattained goal o f  Shackleton in  1 9 0 8 -0 9  but was 
eventually reached on  D ec. 14, 1911, by R oald  A m undsen  
o f  the N orw egian Antarctic Expedition o f  1 9 1 0 -1 2  and, 
a m onth  later, on  Jan. 17, 1912, by Scott o f  the British 
A ntarctic Terra N ova  E xpedition o f  1 9 1 0 -1 3 . W hereas 
A m undsen’s party o f  skiërs and dog team s, using the A xel 
H eiberg G lacier route, arrived back at Fram heim  Station  
at Bay o f  W hales w ith little difliculty, Scott’s m an-haul- 
ing polar party— Scott, E.A. W ilson, H .R . Bowers, L.E.G. 
Oates, and Edgar Evans— using the Beardm ore G lacier 
route, perished during a blizzard on  the R oss Ice Shelf on  
the return march.

T he expe­
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Shackleton
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Shackleton ’s ship the Endurance caught in an ice pack in the Weddell Sea off Coats Land 
during his Imperial Trans-Antarctic Expedition, 1914.
By courtesy of the Royal Geographical Society; photograph, Underwood and Underwood, New York

T w o other related discoveries were accom plished during 
the IG Y . T he south geom agnetic pole, the theoretical pole 
o f  the Earth’s m agnetic field, on  the East Antarctic Ice 
Sheet at 7 8 °2 8 ' S, 106°48' E, w as reached by a Soviet 
IG Y  tractor traverse on  D ec. 16, 1957. The pole o f  relative 
inaccessibility, the poin t m ost rem ote from  all coasts, at 
8 2 °0 6 ' S, 54° 58' E, was reached by a Soviet IG Y  tractor 
traverse on  D ec. 14, 1958.

After A m undsen  and Scott attained the South Pole, the 
idea that particularly haunted m en ’s m inds was that o f  
an overland Crossing o f  the continent. C onceived  earlier 
by the Scotsm an W .S. Bruce and the G erm an W ilhelm  
Filchner to test the thought that a channel m ight exist 
connecting the R oss and W eddell seas, a trans-Antarctic 
exped ition  was finally organized in  1914 by Shackleton. 
H is ship, the Endurance, was caught and crushed, how­
ever, in pack ice o f  the W eddell Sea, thus aborting one  
o f  the m ost am bitious polar expeditions hitherto planned. 
T he idea lay dorm ant for several decades and cam e 
to  fruition during IG Y  with the British C om m onw ealth  
Trans-A ntarctic E xpedition led by V ivian  Fuchs. U sing  
tracked vehicles and aided by aerial flights, the party left 
Shackleton Base on  Filchner Ice Shelf on N ov. 24, 1957, 
and by w ay o f  the South Pole reached the N ew  Zealand  
Scott Base on  R oss Island on  M arch 2, 1958. The con­
tinent was again crossed (1 9 7 9 -8 1 ) as part o f  the British 
Transglobe E xpedition that undertook the first polar cir- 
cum navigation  o f  the Earth.

FROM WORLD WAR I TO IGY
T he period betw een W orld Wars I and II marks the be­
ginning o f  the m echanical, particularly the aerial, age o f  
A ntarctic exploration. W artim e developm ents in  aircraft, 
aerial cam eras, radios, and m otor transport were adapted  
for polar Operation. O n N ov. 16, 1928, the first heavier- 
than-air flight in  Antarctica was m ade by the A laskan bush 
pilot C.B. E ielson and G eorge H ubert W ilkins in a wheel- 
equipped Lockheed Vega m onoplane. T his flight was 
quickly follow ed by the better-equipped, aircraft-supported  
exped itions o f  the A m erican naval officer Richard E. Byrd 
(1 9 2 8 -3 0 , 19 3 3 -3 5 , 1939 -4 1 , and 1946-47), in  which  
progressively greater use was m ade o f  ski-planes and aerial 
photography. Byrd, on  N ov. 29, 1929, was first to  fly over 
the South Pole (after having flown over the N orth  Pole 
in  1926). H is fourth expedition, called “O peration High  
Ju m p ,” in  the sum m er o f  19 4 6 -4 7 , was the m ost m as­
sive sea and air exploratory assault hitherto attem pted in  
A ntarctica and in volved  13 ships, including tw o seaplane 
tenders and an aircraft carrier, and a total o f  25 airplanes.

Ship-based aircraft retum ed  w ith  4 9 ,0 0 0  photographs that, 
together with those taken by land-based aircraft, covered  
about 60  percent o f  the A ntarctic coast, nearly one-fourth  
o f  w hich had been  previously unseen . Innovations by  
Byrd included the use o f  an autogiro in  193 3 -3 4  and six  
helicopters in  1 9 4 6 -4 7 . M eanw hile, the courageous flight 
o f  L incoln  Ellsworth, an A m erican, and Herbert H ollick- 
K enyon, a Canadian pilot, across uncharted lands and  
icefields on  the first aerial Crossing o f  the continent from  
N ov. 23 to  D ec. 5, 1935, clearly dem onstrated the feasibil- 
ity o f  aircraft landings and takeoffs for in land exploration.
These early aerial operations and the extensive use o f  
ship-based seaplanes in  N orw egian explorations o f  Coastal 
Q ueen M aud Land during the 1930s were forerunners o f  
present-day aerial programs.

The early discoveries led  to  a few  controversies not on ly  
for territorial claim s but also in  geographical nom encla- 
ture. The struggle for national in fluence was especially N ational 
acute in the slender peninsular landm ass south o f  Sco- rivalries 
tia Sea that becam e know n as O ’H iggins Land (Tierra 
O ’Higgins) to  C hileans and San M artin Land (Tierra San  
M artin) to Argentines, nam ed for national heroes w ho  
helped in gaining independence from  Spain. T o the En- 
glish it was know n as G raham  Land, for a former first lord  
o f  the admiralty, and to  A m ericans as Palm er Peninsula, 
for the sealer and explorer N athaniel Palm er. By interna-

Territoria! Claims in Antarctica

country sector date o f claim

Norway (Queen 
Maud Land)

20°W-45°E January 14, 1939, by Norwegian 
Order in Council (also claimed 
Bouvet Island on January 23, 
1928, and Peter I Island on 
May 1, 1931)

Australia (Australian 45°E-136°E, February 7, 1933, by British
Antarctic Territory) 142°E-160°E Order in Council; and June 

13, 1933, by Australian 
Antarctic Territory Acceptance 
Act

France (Adélie Land) 136°E-142°E April 1, 1938, by official decree 
(placed under Governor of 
Madagascar in 1924)

New Zealand (Ross 
Dependency)

160°E-150°W July 30, 1923, by British Order 
in Council

Chile (Antarctic 
Peninsula)

90°W-53°W November 6, 1940, by official 
decree

Great Britain (British 
Antarctic Territory)

80°W-20°W July 21, 1908

Argentina (Antarctic 
Peninsula)

74°W-25°W 1942
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tional agreem ent, the region is now  know n sim ply as the  
A ntarctic Peninsula, G raham  Land its northem  half and  
Palm er Land its sou th em  half.

T he first h a lf o f  the 20th  Century is the colonial period in  
the h istory o f  Antarctica. B etw een 1908 and 1942, seven  
nations decreed sovereignty over pie-shaped sectors o f  the  
continent. M any nations— including the U nited  States, the  
Soviet U n io n , Japan, Sw eden, Belgium , and G erm any—  
carried ou t A ntarctic exploration w ithout lodging formal 
territorial claim s, even  though claim s m ay have been an- 
nou n ced  by som e o f  their exploratory parties. The U .S. 
govem m en t, for exam ple, has never taken up the claim s 
m ade in  1929 by R ichard Byrd’s expedition in the Ford  
R anges o f  M arie Byrd Land (an area presently unclaim ed), 
nor those m ade by L incoln  Ellsworth on  aerial landings on  
N ov . 23 , 1935, in  Ellsworth Land (an area now  claim ed  
by C hile) and on  Jan. 11, 1939, in  the A m erican H ighland  
near A m ery Ice S h elf o f  East Antarctica (an area now  
cla im ed by Australia). T he G erm an A ntarctic Expedition  
o f  1939 aerially photographed an extensive segm ent o f  
Princess Astrid and Princess Martha coasts o f  western  
Q ueen M aud Land and, dropping m etal swastikas over 
the region, claim ed it for the H itler govem m ent (the area 
is now  cla im ed  by N orw ay). Other claim s were trans­
ferred, such as that m ade in  1841 by Jam es R oss, who, 
after discovering and nam ing the Coastal R oss Sea region  
after Q ueen  V ictoria, claim ed it for the British crown; 
the area w as later transferred to, and is now  claim ed by, 
N ew  Zealand.

After the French claim  o f  A délie Land caused A m ericans 
to d em and  retaliatory action , the U n ited  States’ official 
p osition  w as ann ou nced  in  1924 by the Secretary o f  State, 
Charles Evans Hughes:

It is the op in ion  o f  this D epartm ent that the discovery o f  
lands unknow n to civ ilization , even  w hen coupled with a 
form al taking o f  possession , does not support a valid  claim  
o f  sovereignty, unless the discovery is follow ed by an actual 
settlem ent o f  the d iscovered  country.

This po licy  has been  reiterated m any tim es since.
Few  com bative activities have marred the history o f  

Antarctica. W orld W ar II brushed the continent lightly, 
only in  that its nearby seas were used by N azi com ­
m erce raiders. T he threat o f  increased activity, however, 
prom pted British warships to  keep the northem  Antarctic 
P eninsula under surveillance. O n one visit to D eception  
Island in  January 1943, it was discovered that Argentine 
visitors had been there the year before, leaving a brass 
cylinder w ith  notice o f  claim  to  the peninsular region. The  
British obliterated the Argentine signs, hoisted the U n ion  
Jack, posted  a notice o f  crown ownership, and returned  
the cylinder to  the A rgentine govem m ent. R eaction was 
swift. In L ondon , grow ing concern that the territory m ight 
possibly be lost and that a pro-G erm an Argentine govem ­
m ent m ight control b oth  sides o f  the vital Drake Passage 
linking A tlantic and Pacific Sea routes resulted in  a secret 
m ilitary plan, code-nam ed  “O peration Tabarin,” to estab- 
lish a base on  D eception  Island for closer watch. W hen the  
British returned to  the island in  February 1944, they found  
their earlier sign gone and an Argentine flag painted in its 
place. T h is they soon  replaced with their ow n flag, and  
their base was established to  back up the British claim s 
to  the region. Several other stations were built, and, with  
the con clu sion  o f  the war, the U nited  K ingdom  decided  
to m aintain  a con tinu ed  presence in Antarctica.

A rgentina and C hile both  were stim ulated to increase ac­
tivities to  back up their claim s to the Antarctic Peninsula  
as a result o f  the British occupancy. (Chile had expressed a 
claim  in  1940.) T he A rgentines had m aintained a weather 
station in  the South O rkney Islands continuously since 
1903, and after 1947 they and the Chileans constm cted  
bases at several sites. W ith the com ing o f  the U .S . R onne  
A ntarctic Research Expedition  (R A R E) in  1947-48  to the  
old U .S . A ntarctic Service East Base cam p on  Marguerite 
Bay, the peninsula protagonists— British, Argentine, and  
C hilean— becam e con cem ed  that the U nited  States m ight 
rejuvenate its claim s. A ny antagonism  was soon  overcom e, 
and the A m ericans and British jo ined  forces for an ardu- 
ous sledging journey dow n the east side o f  the peninsula. 

M ilitary v io lence has flared on tw o occasions in  the re­

gion and in  both instances has involved  Argentina and the  
U n ited  K ingdom . T he first incident took  place in 1952, 
w hen Argentine navy sm all-arm s fire chased a British m e- 
teorological party that had landed at H ope Bay (at the  
northem  end o f  the A ntarctic Peninsula) back to its ship. 
The m atter was resolved w hen the Argentine govem m ent  
agreed not to  interfere w ith  the party. T he second, m uch  
m ore serious confrontation  took  place in 1982 in the  
Falkland Islands, a British co lon y  that is also claim ed by  
Argentina (called the Islas M alvinas by the Argentines). 
A rgentine forces invaded the Falklands and South Georgia  
Island in  early April. T he British responded by sending a 
m ilitary task force, reoccupying the islands, and forcing  
the A rgentines to surrender on  June 14.

By the m id-1950s, m any nations had active Antarctic in - 
terests, som e com m ercial and som e scientific but generally  
political. In 1 9 4 7 -4 8 , Australia had established stations on  
H eard and M acquarie islands and in  1954 built M aw son  
Station on  the m ainland coast o f  M acR obertson Land as 
a basis for its vast territorial claim . South Africans raised 
their flag over Prince Edward and M arion islands. France 
established perm anent bases by 1953 in  the Kerguelen  
and Crozet islands and surveyed m uch o f  the Adélie Land  
coast. In 1955, w ith  icebreaker aid, Argentina established  
G eneral Belgrano Station on  the Filchner Ice Shelf. A  pro- 
fusion o f  British, C hilean, and Argentine bases had been  
built in  such proxim ity to  on e another on  the peninsula  
and nearby islands that their purpose seem ed m ore for 
intelligence activities than for Science. T he international 
Norw egian-British-Sw edish Expedition o f  1 949-52  carried 
out extensive explorations from  M audheim  Base on  the  
Q ueen M aud Land coast in  the territory claim ed in  1939  
by N orw ay. T he U n ited  States had show n little interest in  
Antarctica since the R on n e expedition  and the U .S . naval 
“O peration W indm ill,” both  in 1947-48  (the latter expe­
d ition  was to  obtain ground checks on  the aerial photogra- 
phy o f  the previous season’s “O peration H igh Jum p”), but 
it continued  its policy  o f  nonrecognition  o f  any claim s. 
The Soviet U n io n  had show n little interest, other than  
whaling, in  Antarctica since Bellingshausen’s pioneer voy- 
age. O n June 7, 1950, how ever, the Soviet govem m ent  
sent a m em orandum  to  other interested govem m ents in - 
tim ating that it could  not recognize any decisions on  the  
regim e for Antarctica taken w ithout its participation. Such  
was the political clim ate on  the continent during the orga- 
nizational years for the com in g  International G eophysical 
Y ear o f  1957 -5 8 .

IGY AND THE ANTARCTIC TREATY

The im portance o f  coordinating polar Science efforts w as 
recognized in  1879 by the International Polar C om m ission  
m eeting in  H am burg, G er., and thus the 11 participating  
nations organized the First International Polar Year o f  
1882 -8 3 . M ost work was planned for the better know n  
Arctic, and, o f  the four geom agnetic and m eteorologie  
stations scheduled for A ntarctic regions, on ly  the G erm an  
station on  South G eorgia m aterialized. T he decision w as 
m ade at that tim e to  organize sim ilar programs every 50  
years. In 1 9 3 2 -3 3  the Second International Polar Y ear  
took  place, w ith 34 nations participating, but no expedi­
tions were m ounted  to  Antarctica.

T he developm ent o f  IG Y . The idea for m ore frequent 
programs was b o m  in  1950, w hen it was proposed that 
scientists take advantage o f  increasing technological de- 
velopm ents, interest in  polar regions, and, not the least, 
the m axim um  sunspot activity expected in  1957-58 . (T he  
earlier, second polar year was a year o f  sunspot m in i­
m um .) T he idea quickly germ inated and grew: a form al- 
ized version was adopted by the International C ouncil o f  
Scientific U n io n s (ICSU), and in 1952 IC SU  appointed  
a com m ittee that was to  becom e know n as the C om ité  
Spécial de 1’A nnée G éophysique Internationale (CSAGI) 
to coordinate IG Y  planning. Plans w idened to include  
the scientific study o f  the w hole Earth, and eventually  
67 nations show ed interest in joining. Plans were laid  
for sim ultaneous observations, at all angles, o f  the Sun, 
weather, the aurora, the m agnetic field, the ionosphere, 
and cosm ic rays. W hereas in  the first polar year observa­
tions were confined to ground level and in the second to
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Snow-cat traverse party near the Dufek Massif in Ronne Ice Shelf during the International 
Geophysical Year (IGY), 1958.
By courtesy of the National Academy of Sciences

about 33 ,000  feet by balloon , during IG Y  satellites were 
to  be launched by the U n ited  States and the Soviet U n ion  
for exploration o f  space. Several international data centres 
were established to  collect all observations and m ake them  
freely available for analysis to  scientists o f  any nation.

T w o programs, outer space and Antarctica, were es- 
pecially em phasized at an IC SU  com m ittee m eeting in  
R om e in 1954. A ntarctica was em phasized  because very 
few geophysical studies had yet been m ade on  the conti­
nent, because the south geom agnetic pole focuses aurora! 
and cosm ic-ray activity in  the Southern H em isphere, and  
because on  the eve o f  IG Y  alm ost h a lf the continent had  
not yet even been seen by hum ans. T he First Antarctic 
C onference was held  in  Paris in  July 1955 to  coordinate  
plans for expeditions, the advance parties o f  w hich were 
soon  to set sail for the continent. Early tensions, due 
in  part to  overlapping political cla im s on  the continent, 
were relaxed by the conference president’s statem ent that 
overall aim s were to  be entirely scientific. P lans were laid  
for extensive explorations: 12 nations were to  establish  
m ore than 50 overwintering stations on  the continent and  
subantarctic islands; the first regulär aircraft flights to the 
continent were to be inaugurated (by the U nited  States); 
m assive tractor traverses were to  be run in  order to  estab­
lish inland stations in  W est Antarctica (Byrd Station for 
the U nited  States), at the south geom agnetic pole (V ostok  
Station for the Soviet U n ion ), and the pole o f  relative 
inaccessibility (also for the Soviet U n ion); and an airlift 
by giant cargo aircraft was to  be established in  order to  
set up a station at the South Pole itself (A m u n d sen-S cott  
Station for the U n ited  States). Several m ajor scientific 
programs were scheduled for Antarctica, dealing w ith the 
aurora and airglow, cosm ic rays, geom agnetism , glaciol- 
ogy, gravity m easurem ent, ionospheric physics, m eteorol- 
ogy, oceanography, and seism ology. B iology and geology  
were not primary studies o f  IG Y.

Coastal bases were established in  the sum m er o f  1955— 
56 and inland stations the next sum m er for the official 
opening o f  IG Y  on  July 1, 1957. For 18 m onths, until the 
end o f  IG Y  on  D ec. 31, 1958, a frenzy o f  activity n o t only  
in  Antarctica but all over the world and in  space resulted  
in  a m ultitude o f  d iscoveries that revolutionized concepts 
o f  the Earth and its oceans, landm asses, glaciers, atm o- 
sphere, and gravitational and geom agnetic fields. Perhaps 
the greatest contribution was the political m oratorium  by 
the govem m ents and the cooperative interchange betw een  
scientists o f  participating nations.

T he Antarctic T reaty. W ith the ending o f  IG Y  the 
threat arose that the m oratorium  too  w ould  end, letting

the carefully w orked ou t A ntarctic structure collapse into  
its pre-IG Y  chaos. In the fall o f  1957 the U .S . D epartm ent 
o f  State reviewed its A ntarctic p olicy  and sounded out 
agreem ents w ith the 11 other go v em m en ts with Antarctic 
interests. O n M ay 2, 1958, Pres. D w ight D . Eisenhower 
issued identical notes to  these g ovem m en ts proposing that 
a treaty be concluded to  ensure a lasting free and peace- 
ful status for the continent. Preparatory talks by the 12 
govem m ents were held in W ashington, D .C ., beginning in  
June 1958 and continu ing for m ore than  a year. A final 
conference on  Antarctica con ven ed  in  W ashington on Oct. 
15, 1959. A greem ent on  the final draft w as reached w ithin  
six w eeks o f  negotiations, and the A ntarctic Treaty was 
signed on  D ec. 1, 1959. W ith final ratification by each o f  
the 12 govem m ents (Argentina, Australia, Belgium , Chile, 
France, Japan, N ew  Zealand, N orw ay, South Africa, So­
viet U n ion , U n ited  K ingdom , and U n ited  States), the 
treaty was enacted on  June 23, 1961.

The achievem ent o f  the A ntarctic Treaty was an un- 
precedented landm ark in  political diplom acy: an entire 
continent was reserved for free and n onpolitical scientific 
investigation. Article I o f  the treaty provides for the peace- 
ful use o f  Antarctica; Article II for international Coopera­
tion and freedom  o f  scientific investigation; Article III for 
free exchange o f  plans, scientific results, and personnel; 
Article IV for the nonrenunciation  o f  prior claim  rights 
and for the prohibition o f  new  claim s and the citation o f  
any activities during the treaty term  as a basis for past or 
future claims; Article V  for prohibition o f  nuclear explo- 
sions or waste disposal; Article VI for application o f  the  
treaty to  all areas south o f  latitude 60° S, excluding the  
high seas, which com e under international law; Article VII 
for open  inspection o f  any n ation ’s A ntarctic operations 
by any other nation; Article X I for reference o f  disputes to  
the International Court o f  Justice i f  they cannot be settled  
by peaceful negotiation or arbitration by involved  parties; 
and Article XII for a review  o f  the treaty after it has been  
in  force for 30 years, i f  such a review is requested by any  
contracting party.

A s stated in Article IV, the m any territorial claim s that 
existed before the signing o f  the treaty were not abrogated  
by signatory nations. M ultiple claim s in  som e regions 
have never been resolved by international courts, and a 
num ber o f  countries, including the U n ited  States, recog- 
nize the validity o f  no claim s in  the absence o f  perm anent 
habitation and settlem ents on  the continent. A n im por­
tant Provision o f  the treaty requires periodic m eetings o f  
representatives o f  signatory nations to  take up occasional 
Problems. Such m eetings have ägreed upon im portant

C ontents 
o f  the 
Antarctic 
Treaty
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m easures for Conservation o f  Antarctic flora and fauna  
and for the preservation o f  historie sites. The granting o f  
consu ltative status w ithin  the Antarctic Treaty, perm itting  
full participation in  its Operation with that o f  the original 
12 contracting States, began in  1977 with the addition o f  
Poland, fo llow ed by W est G erm any (1981), and Brazil 
and India (1983). Several other nations have also acceded  
to  the treaty and have been  granted partial status.

P ost-IG Y  research. In order to continue and coordi- 
nate the international A ntarctic scientific effort in the 
post-IG Y  period, IC SU  in  Septem ber 1957 organized the  
Special C om m ittee on  Antarctic Research, or SCAR. (In 
1961 the word Scien tific  was substituted for Special.) The  
foundations for the com m ittee were laid at its first m eet­
ing in  T he H ague in  1958. SCAR, a nonpolitical body, 
Coordinates not on ly  research activities in  Antarctica itself 
but also, through IC SU , those Antarctic programs that re- 
late to  w orldw ide projects, such as the International Years 
o f  the Q uiet Sun, the W orld M agnetic Survey, the Upper  
M antle Project, the International B iological Program, and  
the International H ydrological D ecade. M em ber nations 
send representatives to  periodic m eetings o f  “working  
groups” for the various scientific disciplines. International 
scientific sym posia are organized by SC A R  for exchange 
o f  latest research results, on  a tim etable depending upon  
progress in  the discipline. T he great success o f  the political 
venture o f  the A ntarctic Treaty depends in  no sm all way  
on  the ach ievem ents o f  SC A R  and o f  the scientific and  
support team s in  the field and laboratory.

Scientific know ledge o f  Antarctica has increased steadily. 
M any im portant problem s relating to knowledge o f  the 
entire Earth can be resolved only  in  the polar region. A s 
poin ted  ou t by R .F. Scott’s son Peter on  an Antarctic visit 
in  1966, about h a lf the topics o f  m od em  polar research 
could  not even  have been  guessed at in his father’s era only  
a h a lf Century earlier. W ho at that tim e but a Jules Y em e  
cou ld  have foreseen the advent o f  jet aircraft, turbine- 
pow ered helicopters, ski-planes, and o f  data-recording m a­
ch ines pow ered by radioactive isotopes and polar-orbiting 
satellites that autom atically  collect m eteorologie and upper 
atm osphere data across the continent and transm it it to  a 
base co llection  station? T he polar know ledge gained in the 
decades during and after IG Y  far outw eigh that learned in  
the preceding m illennia. T he incredible advances in  m od­
em  A ntarctic Science have only been possible by adapting 
to  polar Operation the great technological advances in  
aircraft, oceanographic technique, and rem ote data acqui- 
sition  and telem etry Systems (unm anned weather stations, 
satellite surveillance, and the like).

D uring the period o f  the Antarctic Treaty there has been  
a steady growth in  the num ber and nature o f  cooperative 
international scientific projects (the International Antarctic 
G laciological Project, D ry V alley D rilling Project, Biom ass 
[B iological Investigations o f  Antarctic System s and Stocks], 
International W eddell Sea O ceanographic Expedition); o f  
the various SC A R  working groups; and, notably, o f  proj­
ects at the interface o f  astronom y and atm ospheric physics 
(the International M agnetospheric Study, Antarctic and  
Southern H em isphere A eronom y Year).

In addition  to these in tem ationally  supported programs, 
there have been  m ajor increases in individual national 
program s, m ostly  am ong those countries with territorial 
interests in  the con tinent but also am ong countries that 
had n ot for decades (or never) supported programs there. 
T his latter group includes Italy, w hich m ounted  its first 
exped ition  during 1975-76; U m guay, w hich m ade its first 
land exped ition  in  1975; Poland, w hich established m a­
rine and land program s during 1976-77; W est Germ any, 
w hich first undertook  large-scale operations in 1980-81;  
India, w hich  began work in  the early 1980s; and China, 
w hich established its first station in 1984.

Virtually all of the physical Sciences are represented in 
the studies carried out under these programs, often hav- 
ing direct impact on such disparate fields as meteoritics 
and planetary geology, Continental drift, hydrology and 
world water balance, meteorology and climate history, or 
biology and population studies. The biological programs 
reflect both the inherent interest of the Antarctic subjects 
themselves and the interest elsewhere in the world in ecol-

ogy and Conservation. T he history o f  Antarctic w haling  
had m ade apparent to  scientists the necessity o f  conserv- 
ing biological populations, and the area below  60° S had  
long contained nature reserves o f  greater or lesser extent, 
but the C onvention  on  the C onservation o f  Antarctic M a­
rine Living R esources (1982) gave especial im pulse to  the  
principle. O ne o f  the m ost unexpected ly fertile areas o f  
research in  the late 20th  Century w as that o f  m eteoritics, 
brought about by the Japanese m eteorite discoveries in  
1969. In less than a decade, the w orld’s supply o f  m ete- 
orites available for study w as doubled.

The gradual recognition by scientists o f  the extent o f  po- 
tentially exploitable m ineral resources on  Antarctica and  
on  the seabed surrounding it, as w ell as the long, tortuous 
process that led to  the final Law o f  the Sea C onvention  
(1983), has induced consultative m em bers o f  the treaty 
to initiate d iscussions that w ould  eventually  perm it or- 
derly exploitation o f  those resources w ithin  the conserving  
framework o f  existing agreem ents.
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Antwerp

The second-largest city  in  the K ingdom  o f  Belgium  
and the Capital o f  the Belgian province o f  the sam e 
nam e, A ntw erp (Flem ish: Antwerpen; French: A n- 

vers) is situated on  the Schelde (Scheldt) River, about 55  
m iles (88 kilom etres) from  the N orth  Sea. The Schelde, 
together w ith  the M euse and the R hine, form s the biggest 
estuary in  western Europe, and Antwerp is an essential 
part o f  an en orm ou s harbour com plex, one o f  the greatest 
in  the world. T he harbour installations o f  Antwerp grew  
especially after W orld W ar II. For m any years this expan- 
sion  took  place on  the right bank o f  the Schelde only, but 
during the 1970s and ’80s there was m uch developm ent

on  the left bank, indicating that A ntw erp’s harbour facil- 
ities w ill u ltim ately extend on  both banks o f  the river to  
the D u tch  frontier, alm ost 13 m iles downstream . Because 
A ntw erp lies in  the D utch- (Flem ish-) speaking part o f  
B elgium , the city plays the role o f  unofficial Capital o f  
Flanders. A ntw erpians generally take this role very seri- 
ously, conscious as they are o f  the great im portance o f  
their city  in  the past and present. T he pride and com - 
petitive attitude thus exhibited by the residents has led to  
their being designated by the nicknam e Sinjoren (from the  
Spanish sehores).

T his article is d ivided in to  the follow ing sections:
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Physical and human geography
THE LANDSCAPE

T he city site . A ntw erp’s site on  the right bank o f  the  
generally south -north -flow ing  Schelde is a vast, flat allu­
vial plain. Since 1923, how ever, the city’s territory also  
has included  an area on  the left bank o f  the river. A nnex- 
ation o f  villages on  the right bank north o f  Antwerp in  
1929 and 1958 extended  the city’s territory to the D utch  
frontier, and further annexation  in  1983 o f  m unicipali- 
ties surrounding the original city added considerably to  
A ntw erp’s area and population . The total area o f  Con­
tem porary A ntw erp m easures 75 square m iles (195 square 
kilom etres), com pared w ith  7 square m iles before the be- 
ginning o f  the annexations. O nly a part o f  this territory is 
com pletely  built up. T he extension  o f  the agglom eration is 

Spread o f  continuing; m any outly ing villages have already lost their 
the city agricultural character and have grown in population as a 

result o f  em igration from  the city.
T he city layout. U n til 1859 Antwerp lay surrounded by  

its 16th-century fortified walls, w hich were transformed in  
the latter h a lf o f  the 19th Century into broad avenues as 
a larger h a lf circle o f  fortifications was built. This later 
encircling belt w as replaced after W orld W ar II by another 
system  o f  ring roads, w hich connect w ith a network o f  
national and international highways. Several tunnels con­
nect the right bank o f  the city w ith the left bank, where 
considerable residential and industrial developm ent has 
taken place since W orld W ar II. The city centre, however, 
rem ains on  the right bank; it Stretches westward from  the 
Central (railway) Station  along the lively artery constituted  
by the K eyserlei and the M eir in to  the old  city and thence  
to the terraced right bank o f  the Schelde.

T he o ld  city, w ithin  the are once form ed by the 16th- 
century fortifications, has m any narrow, w inding streets 
and old  buildings. T h is area contains the Cathedral o f  
Our Lady, begun in  the 14th Century and restored in  the 
19th and 20th  centuries; it is one o f  the nation’s finest 
G othic buildings. T he 19th-century city, with broader and  
substantially right-angled streets, Stretches beyond the old  
city and m erges w ith  som e o f  the suburban extensions 
annexed  in  1983. A  third right-bank area spreads beyond  
the 19th-century fortifications and is characterized by nu- 
m erous m odern  buildings.

T he largest part o f  Antwerp, however, is the essentially  
nonresidential northern seaport com plex. M ost o f  the agri­

cultural waterside villages incorporated by the city have 
been elim inated  to  m ake room  for expanding, i f  som ew hat 
bleak, areas o f  docks, industrial sites, and railway yards.
Six locks connect this right-bank com plex with the tidal 
Schelde River: the first, the Kattendijk, was opened in  
1860; and the new est, the 1,640-foot (500-m etre) Beren- 
drecht, was w hen it opened  in  1988 the largest lock in  the  
world. Left-bank port and industrial facilities have access 
to  the Schelde via the K allo lock.

THE CHARACTER OF THE CITY

T he un ique flavour o f  A ntwerp is derived from  the com - 
bination  of, and tensions betw een, the diverse aspects o f  
its personality: a passionate com m itm en t to  com m erce  
goes hand in  hand w ith an abiding interest in  the life o f  
ideas and in  the arts; respect and affection for the past are 
juxtaposed  w ith a fervent desire to participate fully in  the  
present and in  the future; and awareness o f  being a truly 
European and cosm opolitan  city, w ith a resulting op en ­
ness and broad curiosity, coexists w ith a sense o f  tradition  
and o f  id iosyncratic particularity, w hich lend an alm ost 
provincial charm  to  life in  the city. In its centre a lively  
social activity is conducted  on  the streets and in  the count- 
less cafés. T he Schelde is the verkable heart and soul o f  
Antwerp, the raison d ’être not on ly o f  A ntw erp’s dynam ic  
econ om ie life but also o f  its sense o f  identity and o f  the  
deep attachm ent— touchingly expressed in  m any literary 
works— that Antw erpians tend to  feel for their city.

THE PEOPLE

T he residents o f  Antwerp generally speak the local Bra- 
bantian-A ntw erp dialect o f  D utch. D utch  as spoken in  D ialects 
T he N etherlands and by D utch-speaking cultured Bel- and  
gians, how ever, is taught in  the schools and is gaining languages 
ground in  econ om ie life. A lthough French is still m uch  
used in  com m ercial and industrial circles, it is losing  
steadily as a m eans o f  expression. T his does not m ean  
that D utch-speaking A ntwerpians do not know  French or 
other languages, for the international character o f  the city  
im plies a readiness o f  m any o f  its residents to  understand  
foreign languages.

M ost o f  the foreigners living in  Antwerp are D utch, fol- 
low ed by M oroccans, Spaniards, French, and Germ ans; 
there are also sm all num bers o f  British, A m ericans, and  
Israelis. U n lik e the other foreigners, the M oroccan and  
Spanish groups are largely unskilled workers w ho m igrated



$06 Antwerp

to Belgium  during periods o f  labour scarcity after World 
W ar II. There have been associated social tensions, no- 
tably concerning d iscrim ination in housing.

T he prevalent religion in  A ntwerp is R om an  C atholicism . 
There are also sm all groups o f  various Protestant churches 
and a sizable Jewish group o f  different tendencies. (By 
the 19th Century, Antwerp already had a great num ber o f  
Jewish residents, but m any Jews died in  W orld War II 
G erm an concentration cam ps.) A  large and growing part 
o f  the population  is nonreligious.

THE ECONOMY

Industry and com m erce. A ntw erp’s econ om ic life has 
long been closely connected  with its existence as a seaport, 
and as such it is inseparable from  the city ’s favourable 
geographic location  and from  the port’s facilities and 
functions. In the 16th Century the city developed  an im ­
portant sugar-refining industry, in  w hich partially worked  
sugarcane was brought in by ship, refined, and reexported. 
T he first petroleum  refineries were established during the 
1920s and ’30s, and they were soon  jo in ed  by autom obile  
assem bly plants. After W orld W ar II, industry expanded at 
a rapid pace. Larger petroleum  refineries, closely follow ed  
by petrochem ical industries, were established, together 
w ith chem ical plants in the 1960s, and the autom otive  
industry was restructured on  a larger scale.

Other im portant products include photographic and elec- 
The tronie equipm ent and cut diam onds, the latter for which
iia m o n d  Antwerp is w orld-fam ous. A ccording to  legend, the first 
ndustry d iam ond  was cut in A ntwerp in  1476. S ince the 16th 

Century, cutting and dealing establishm ents have thrived  
in the so-called d iam ond  quarter adjacent to  the Central 
Station, and Antwerp has becom e the international centre 
o f  the d iam ond industry.
Antwerp’s complex of harbour and industrial activities is 

served by many commercial agencies, Commission agents, 
import and export firms, banking establishments, insur- 
ance Companies, road-transport enterprises, and railways.

Transportation. A  dense network o f  railway lines and 
highways serves A ntw erp’s huge port and industrial com ­
plex, and the city is a rail and road centre for Belgian and  
international destinations. A ntwerp is also w ell integrated  
in to Europe’s vast inland waterway network. T he airport 
at D eurne is im portant for freight and passenger flights. 
O n the local level, public transportation in  the city con- 
sists o f  a network o f  bus lines and tramways; som e o f  the  
tram ways have been transform ed in to  subway lines.

ADMINISTRATION AND SOCIAL CONDITIONS
Governm ent. Like all Belgian m unicipalities, Antwerp  

is governed by an elected city council, w hich in  turn elects 
a board o f  alderm en, headed by a burgom aster, nom inated  
by the king on  recom m endation  o f  the council. G ener­
ally the burgom aster is a m em ber o f  the elected council, 
but this is not obligatory. Each alderm an has a specified  
departm ent to  m anage, but decisions and resolutions are 
always taken by the board as a w hole. U nder the board o f  
alderm en is the tow n clerk, the ch ie f  official to  w hom  the  
different adm inistrative services report. T he city is also the 
residence o f  the governm ent o f  the province o f  Antwerp, 
headed by a govem or appointed by the king; a provincial 
council, elected every four years; and its board o f  deputies, 
w ho have, in  regard to  the province, the sam e task as the  
city alderm en. The provincial recorder is the counterpart 
o f  the tow n clerk. A  third kind o f  public service is the  
C om m ission  for Public R elief. T he m em bers o f  the com - 
m ission  are appointed for six years by the city council.

H ealth  and education. T he C om m ission  for Public R e­
lief, responsible for public health and care o f  the aged and  
orphans, m anages a series o f  institutions, am ong which  
are several large hospitals. T ogether w ith these official es­
tablishm ents, there are a num ber o f  independent, m ostly  
R om an Catholic, institutions. T his duality is also found in  
education. Besides the different schools o f  all grades ( i .e ,  
kindergarten, primary and secondary schools, and techni­
cal institutions) m anaged by the city adm inistration (and  
for a sm all part by the state), there exists an independent, 
essentially R om an C atholic, network. T his is also the case 
at the university level: both an official (state) and an in ­

dependent (Jesuit) institute were founded in  1965. Higher 
artistic training is given  in the N ational Higher Institute 
and Royal A cadem y for F ine Arts (1663) and the R oyal 
Flem ish Conservatory o f  M usic (1898).

CULTURAL LIFE

It is significant, in  view  o f  A ntw erp’s long-standing in-
volvem ent with learning and w ith the arts, that tw o o f  the
m ost im portant figures o f  its cultural past are still present
in the m odern city through the preservation o f  their hom es
and workshops as m useum s: the 16th-century hum an- M useum s
ist printer C hristophe P lantin  (Plantin-M oretus M useum )
and the 17th-century painter Peter Paul R ubens (R ubens
H ouse). R ubens’ works m ay be seen in  the R oyal M useum
o f  Fine Arts, as w ell as in  the Cathedral o f  Our Lady
and m any other A ntw erp churches, such as the Church
o f  St. James, where the painter is buried. Rubens united
Italianate traits and an attachm ent to  the Flem ish artistic
tradition to create a highly personal style. H is students and
coworkers included the three 17th-century Antwerpians
Jacob Jordaens, A n thon y V an D yck, and Frans Snyders;
their works also m ay be seen in the R oyal M useum , which
houses a vast collection from  the 15th to the 20th Century.

A num ber o f  other m useum s are located in historical 
buildings such as the Steen, the m edieval riverside castle 
that is hom e to the N ational M aritim e M useum ; the 16th- 
century Butchers’ H all and Brewers’ H all, both o f  w hich  
house historie arts and artifacts; and the M aagdenhuis 
(Flemish: “M aidens’ H o u se”), a 16th-century charitable 
foundation for needy young w om en , where Renaissance  
art and fum iture m ay be seen. Other sm all m useum s were 
established by 19th-century patrician fam ilies, such as the 
M ayer van den Bergh M useum , w hich contains sculpture, 
furniture, and paintings, notably Pieter Bruegel’s fam ous 
“D ulle G riet” (or “M ad M eg”). M useum s for folklore and  
for ethnography are located  n ot far from  the Schelde. For 
m odern art, there is the M useum  o f  Contem porary Art, 
installed in a 1920s Art D eco  grain silo  in  the old doek  
area o f  the port, w hich is c lose to  the Provincial M useum  
o f  Photography, housed  in  a form er w arehouse built in  
1911. In the M iddelheim  O pen-A ir M useum  o f  Sculpture, 
the perm anent co llection  is displayed am ong the trees 
and lawns o f  a public park located south  o f  the old city, 
and every other year a special exhib ition  features works 
by young contem porary sculptors. A ntw erp’s architecture 
ranges from  G othic to  P ostm od em ism .

The perform ing arts in  the city are represented by the 
R oyal F lem ish Opera H ou se  and by the R oyal D utch  The- 
atre, and num erous theatrical and m usical perform ances

Eric Carle— Shostal Assoc.

The Cathedral of Our Lady, Antwerp, with a statue of Peter
Paul Rubens in the foreground.
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o f  traditional as w ell as m o d em  works take place in  the 
fram ew ork o f  A ntw erp’s m onum ents, such as in  the court- 
yard o f  the R ubens H ouse. T he city’s zoological garden is 
on e o f  E urope’s oldest as w ell as m ost m od em  zoos.

History
EARLY SETTLEMENT AND GROWTH

T he site o f  A ntw erp was probably already inhabited, as 
excavations on  the right bank o f  the Schelde have proved, 
in  G a llo -R om an  tim es, in  the 2nd and 3rd centuries 
a d . A fter the great Eurasian m igrations o f  the 4th  and  
5th centuries, the region w as occupied  and G erm anized  

Origin o f  by Franks and possib ly Frisians, w ho gave it its present 
the city’s nam e, from  the G erm anic prefix anda  (“against”) and a 
nam e n ou n  derived from  the verb werpen  (“to  throw ”), indicat-

ing a  structure— possibly a predecessor o f  Antw erp’s 9th- 
century fortified castle, the Steen— erected against som e- 
thing or som eon e.

A  m ore picturesque etym ology for the nam e o f  the city  
in vo lves the story o f  the evil giant D m o n  A ntigoon, w ho  
severed the hands o f  the river’s boatm en w hen they refused  
to  pay h is exorbitant tolls. The R om an soldier Silvius 
Brabo challenged h im  to  a fight, cut o ff one o f  his hands, 
and flung it in to  the river, not far from  the site o f  the  
present Steen, thus putting an end to  the giant’s extortion  
and giving the city its name: literally, “to  throw a hand.” 
A ntw erp’s coat o f  arm s consists o f  a fortified castle with  
a hand on  each  side; and in  the Great Market, in  front o f  
the 16th-century T ow n  H all, the Brabo Fountain  (1887) 
depicts the legendary event.

T he city probably developed  from  tw o nuclei: a southem  
on e called  C h an elau s-C aloes-C allo  and a later northem  
nucleus grown around the Steen, w hich eventually becam e  
the m ore im portant o f  the two. Christianity was intro- 
duced in  the 7th Century. In the 9th Century the region  
becam e a border cou n ty  o f  the H oly  R om an Empire. In 
1124 the religious centre was transferred from  Chanelaus 
to  the n orthem  nucleus. It was around the castle, built 
originally as a seat for the border county, that Antwerp  
developed , in  the course o f  the centuries, in m ore or less 
concentric h a lf circles.

Situated relatively far in land on the deep right bank o f  
the Schelde, A ntw erp was predestined to becom e a trade 
and shipping centre. T his was already fully the case in the  
13th Century. A t the end  o f  that Century and the beginning  
o f  the 14th, freedom  o f  trade was given to the English, 
V enetians, and G enoese by the dukes o f  Brabant, w ho  
had m ade them selves m asters o f  the county. The city o f  
A ntw erp becam e on e o f  the duchy’s Capital cities, together 
with L ouvain  and Brussels, in  Belgium , and the city o f  
H ertogenbosch (B ois-le-D uc), in the Netherlands. In the 
first quarter o f  the 14th Century, the Antwerp fairs began  
to  flourish. These, together w ith the fairs o f  nearby Bergen 
op Z o o m  (now  in T he Netherlands) becam e one o f  the 
foundations o f  A ntw erp’s m edieval econom ie growth.

FROM THE 15TH TO THE 19TH CENTURY 

A ntw erp succeeded in  the 15th Century in becom ing the 
successor o f  B m gge (Bruges) in  Flanders, which until then  

C om m er- had been  the m ercantile m etropolis o f  western Europe. 
cial ascen- At the end  o f  the 15th Century, w hen nearly all the Low  
dancy C ountries were united  under the Burgundian and Habs-

burg dynasties, the econ om ie preem inence o f  Antwerp  
over B m gge is indicated by the fact that the majority o f  
foreign m erchants transferred their residence from  the old  
Flem ish  tow n  to Antwerp. It quickly becam e the leading  
com m ercial centre o f  western Europe, profiting from  the 
beginnings o f  co lon ial trade and stim ulated by the great 
discoveries o f  the Portuguese and Spaniards. Toward the 
m id-16th  Century, the population totaled nearly 100,000, 
whereas there had been  about 20 ,000 people in the city at 
the en d  o f  the 14th Century. Extensive urbanization plans 
were d eveloped  to  lodge the increasing population, w ho  
eam ed  their livelihood  in  trade, transport, and industry.

T he port underw ent its first northward extension. N ew  
industries included  breweries, m alt factories, and bleach- 
ing works. Together w ith the already established finishing 
works o f  (English) cloth , tapestry, and silk factories, the

sugar refineries, and the d iam ond  industry, they m ade  
Antw erp one o f  the greatest industrial centres o f  western  
Europe. Antwerp also becam e a financial centre: its Stock  
Exchange (inaugurated 1531), a m odel for the younger 
L ondon  and A m sterdam  exchanges, w as the scene o f  dra­
m atic and m om en tou s events, in  w hich financial agents 
and bankers o f  the Habsburg, Tudor, and V alois m on-  
archs played their part, together w ith  Antwerpian, English,
French, Portuguese, Italian, Spanish, and G erm an m er­
chants. Antwerp also becam e a great cultural centre: its 
school o f  painting began to  flourish at the end o f  the  
15th Century; the city’s printing houses becam e know n  
throughout Europe; and h um anism  began to  thrive.

State bankruptcies in  Spain, Portugal, and elsewhere, to ­
gether w ith religious troubles and ensuing wars (Antwerp  
early in  the 16th Century becam e a centre o f  Protestant ac­
tivity), brought about a decline. Antw erp becam e involved  
in  the revolt o f  the N etherlands and w as taken, in  1585, 
by A lessandro F am ese, duke o f  Parma, govem or general 
for the Spanish king. T he consequences o f  this strife w ith  
Spain were severe: from  1585 to  1589 the population  
dim inished  from  80 ,000  to  42 ,000 . T he Schelde, gateway  
to  the sea, was closed  by the D utch , m aintaining their 
positions against K ing Philip  II o f  Spain. Capital and en- 
terprise em igrated from  A ntwerp, m ostly  northward. T he  
econ om ie greatness o f  A m sterdam  in  the 17th Century 
was due in  part to  A ntw erp em igrants and their financial 
support, as was the case, to  a lesser extent, for H am burg,
Frankfurt am  M ain, and other m ercantile cities.

Y et Antwerp was not reduced to  the status o f  a nonen- 
tity. T he city rem ained the dynam ic econ om ic centre 
o f  the Spanish (later, in  the 18th Century, the Austrian) 
Netherlands. Antwerp becam e a m ore fam ous art centre 
than ever before: th is w as the tim e o f  R ubens, V an D yck,
Jordaens, and other m ajor artists. T he French R evolu tion  
and the N apoleon ic period, follow ed by B elgium ’s tem - 
porary union  with T he N etherlands (1 8 1 5 -3 0 ), reversed  
the general decline in  trade o f  the 18th Century. W ith R evital- 
the Schelde once m ore freely navigable (restored by the ization  o f  
French in  1792), the attraction o f  Antw erp as a seaport the port 
becam e evident again. P opulation  grew, and the city began  
to  expand and m odem ize .

THE MODERN CITY

Since the second h a lf o f  the 19th Century, the growth  
o f  Antw erp’s seaport has been interrupted only by the  
tw o world wars and associated G erm an occupations; even  
the econ om ic depression o f  the 1930s did not affect the  
expansion o f  port traffic and facilities. Im m ediately after 
liberation in 1944, A ntw erp’s nearly unharm ed port was 
instrum ental in the supply o f  the A llied  armies aim ing  
their final blow  against N azi G erm any, although bom bard- 
m ent by G erm an m issiles devastated the city. Since W orld  
W ar II Antwerp, its suburbs, and its seaport have grown  
apace, spurred by a com m ercial, industrial, and m aritim e 
boom . Port facilities, highways, and inland waterways 
have all been extended and im proved. Som e o f  this ex­
pansion, however, has created ecological problem s, w hich  
have been investigated and addressed to som e degree.

BIBLIOGRAPHY. The econom ic history of the city is d iscussed  
by He r m a n  v a n  d e r  w e e , The Growth of the Antwerp Market 
and the European Economy (Fourteenth-Sixteenth Centuries),
3 vol. (1963). F. s u y k e n s  et al, Antwerp, a Port for All Seasons, 
trans, from Flem ish (1986), g ives the history o f  the harbour.
Intellectual and cultural history is detailed in several books, 
am ong them  Th e o d o r e  l . d e  v in n e , The Plantin-Moretus Mu­
seum: A Printers Paradise (1929); jo h n  j . m u r r a y , Antwerp 
in the Age of Plantin and Brueghel (1970); Antwerp’s Golden 
Age: The Metropolis o f the West in the 16th and 17th Centuries 
(1973?), an exhibition catalog with a large bibliography; and  
lé o n  v o e t , Antwerp, the Golden Age: The Rise and Glory o f the 
Metropolis in the Sixteenth Century (1973; originally published  
in Dutch, 1973). ju l ie n  w e v e r b e r g h  (ed.), Museumgids voor 
Antwerpen (1988), is a directory o f  Antwerp’s m useum s.

Studies o f  Antwerp’s history include w ilfr id  c . r o b in so n ,
Antwerp: An Historical Sketch (1904); jer v is  w e g g , Antwerp,
1477-1559, from the Battle o f Nancy to the Treaty of Cateau 
Cambrésis (1916), with a good bibliography, and The Decline 
of Antwerp Under Philip o f Spain (1924, reprinted 1979); and  
ja n  v a n  a c k e r , Antwerpen: van Romeins veer tot wereldhaven 
(1975). (J.V.R./T.A.Sa.)
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Arabia

Arabia is the nam e applied to the Arabian Peninsula  
(Arabic: Shibh al-Jazirah al-A rablyah), w hich is lo­
cated in  the extrem e southwestern corner o f  Asia. 

T he Arabian P eninsula is bounded by the R ed Sea on the 
west and Southwest, the G u lf  o f  A den on  the south, the 
Arabian Sea on  the south and southeast, and the G u lf o f  
O m an and the Persian G u lf  (also called Arabian G ulf)  
on the northeast. G eographically the peninsula and the 
Syrian D esert merge in  the north with no clear line o f  
dem arcation, but the northern boundaries o f  Saudi Arabia 
and o f  K uw ait are generally taken as marking the lim it o f  
Arabia there.

The peninsula’s total area is about 1,000,000 square m iles 
(2 ,590 ,000  square kilom etres). T he length, bordering the 
R ed Sea, is approxim ately 1,200 m iles (1 ,900 kilom etres) 
and the m axim u m  breadth, from  Y em en  to O m an, 1,300 
m iles. The largest political division is Saudi Arabia; it is 
follow ed, in  order o f  size, by Y em en , O m an, the U nited  
Arab Em irates, K uw ait, Qatar, and Bahrain. The island o f  
Socotra, in  the Indian O cean about 200 m iles southeast 
o f  the m ainland, has strong ethnographic links to Arabia; 
politically  it is a part o f  Y em en .

The geographic cohesiveness o f  the Arabian Peninsula  
is reflected in  a shared interior o f  desert and a shared 
exterior o f  coast, ports, and relatively greater opportuni- 
ties for agriculture. T he fact that m ost o f  the peninsula  
is unfavourable for settled agriculture is o f  enorm ous 
significance. C om petition  for habitable land is keen, and  
efficiënt use o f  land is crucial to  the welfare o f  each state. 
Social characteristics reinforce the geophysical factors that 
have created a som ew hat sim ilar physical environm ent 
throughout the peninsula: a hom ogeneity am ong the peo­
ple is seen in  a great degree o f  sim ilarity in  language, 
religion, culture, and political experience.

The vast m ajority o f  Arabians are ethnic Arabs, and  
m any are able to  trace their ancestry back through m any  
generations living in  the sam e area. Nearly all speak Ara­
bic, and differences in  dialects, though substantial, do not 
bar m utual intelligibility. S ince the Islämic expansion o f  
the m id-7th Century, m ost Arabians have been M uslim . 
Differences in  sects are im portant locally, as in  Bahrain 
and Y em en , but the historie com m itm ent o f  the peninsula

to the faith o f  its son, the Prophet M uham m ad, has done  
m ore to unite than divide it.

Culture has found expression in  form s that are the jo int  
inheritance o f  all the peoples o f  the Arabian Peninsula, 
and that inheritance is shared w ith Arab and M uslim  
societies beyond the region. Poetry, religious laws and pre- 
cepts, and values associated with tribal heroism  perm eated  
the culture o f  the past, but the in n ovation s associated with  
W estern culture have slow ly reached the entire peninsula  
in the 20th Century and have begun to  influence art, 
m ores, and behaviour.

M ost o f  the States o f  the peninsula share co m m o n  political 
and social goals. N early all are or have been  m onarchies, 
based in large part on  principles o f  religious legitim acy. In 
the 20th Century, and especially since W orld W ar II, they  
have aim ed at conservative and gradual change in  p o l i t ic i  
life while diligently trying to  achieve rapid econ om ic and  
social advancem ent. A lthough the peninsula’s available 
natural resources are n ot distributed equally am ong its 
States— those in the south and Southwest deriving far less 
wealth from  oil, for exam ple— sim ilar econ om ic transfor- 
m ations have taken place, or are taking place, in  all the 
societies. U rbanization, greater access to  health care and  
education, secularization, and the settling o f  m any nom ads 
have changed the fabric o f  daily life throughout the area, 
and each com m u n ity  has experienced the slow  w eakening  
o f  tribal solidarity.

The various sections o f  the Arabian Peninsula have only  
seldom  been united  under one govem m ent. In the 16th 
Century, for instance, the O ttom an Em pire was able to  
conquer m ost o f  the coasts, but it cou ld  take neither the 
interior o f  the peninsula nor the southeast. In the 19th 
Century Great Britain or the O ttom ans controlled m uch  
o f  the peninsula, either directly or indirectly, but the  
central interior alm ost continually  rem ained independent 
under the Saudis.

D espite the political disunity o f  the past, and the con- 
siderable variety o f  national experiences in  the present, 
the Arabian Peninsula continues to  share an underly- 
ing profound unity o f  environm ent, society, culture, and  
faith. (W.L.O.)
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The
Y em en i 
and O m ani 
highlands

THE REGION

Physical and human geography
THE LAND
Arabia m ay be described as a vast plateau, edged with  
deeply dissected escarpm ents on  three sides and sloping  
gently northeastward from  the R ed Sea to  the eastem  
low lands adjoining the Persian G ulf. The peninsula’s high- 
est peak, an -N abi Shu'ayb, at 12,008 feet (3 ,660  metres), 
is located  about 20  m iles Southwest o f  San'ä’ in  Y em en  
(San'ä5).

G eology. T he bulk o f  Arabia consists o f  tw o m ain  geo- 
m orphological areas: the Arabian shield in  the west; and  
sedim entary areas d ipping away from  the shield to  the 
northeast, east, and southeast in to  the great basin consist- 
ing o f  low er Iraq, the Persian G ulf, and the eastem  part o f  
the Rub' al-K hali (the E m pty Quarter) desert. The eastem  
edge o f  the shield  curves eastward from  the head o f  the 
G u lf o f  A qaba, a n orthem  extension  o f  the R ed Sea, to a  
point m idw ay across the peninsula and then trends south- 
westward and southw ard to  the Y em eni highlands. Extinct 
volcanoes overlie the shield; their em ptions, which ceased  
seven centuries ago, produced the broad black lava beds 
(härrahs) characteristic o f  the western Arabian landscape.

T he sedim entary areas, younger in  age than the shield, 
represent the deposits o f  ancient seas. The surface sedi­
m entary strata have been  extensively eroded. The harder 
m em bers, m ore resistant to  erosion, now  stand as west- 
ward-facing escarpm ents fo llow ing the curve o f  the shield. 
The sedim entary province consists primarily o f  lim estone, 
together w ith  m uch  sandstone and shale. The first deposits 
are early P aleozoic (570 ,0 0 0 ,0 0 0  to 395,000 ,000  years 
old), w hich in  eastem  Arabia dip to alm ost six m iles be- 
low  the surface. In the Jurassic and Cretaceous lim estone  
(190 ,000 ,000  to  6 5 ,0 0 0 ,0 0 0  years old) oil and gas occur at 
depths o f  tw o m iles or less. Som e o f  the lim estone strata 
take in  rainfall at outcrops in  the western highlands and 
carry it underground to  the Persian G u lf Coastal areas.

The Y em en i highlands are physiographically very differ­
ent from  those o f  the shield; they are not m ountains but 
the deeply dissected edge o f  the Arabian plateau. From  
the w est the form ations rise abm ptly from  the narrow  
Coastal plain in  Y em en  (Sancä5); they reach heights o f  
about 10,000 to  12 ,000 feet above sea level, and eastward 
they decrease gradually in  elevation. The highlands along  
the sou th em  coast, in  Y em en  (Aden), are basically sedi­
m entary in  origin. T he O m ani highlands are geologically  
m ore closely related to  the Zagros M ountains o f  western 
Iran than to  other m oun ta in s in  Arabia. (The sea is only  
about 50 m iles w ide at the Strait o f  H orm uz.)

R elief, drainage, and so ils . The H e ja z  a n d  Asir. A  
virtually unbroken escarpm ent runs the length o f  the 
peninsula above the R ed Sea. The stretch from  the G u lf  
o f  Aqaba to  a poin t about 200  m iles south o f  M ecca is 
called the H ejaz (al-H ijäz, m eaning “the Barrier”), and the 
higher stretch from  there to  the Najrän region near the 
Y em en i border has acquired the nam e o f  Asir (‘Asir; from  
the nam e, m eaning “D ifficu lt,” o f  a prom inent highland  
tribal confederation). In places the escarpm ent has two 
parallel ranges, w ith  the low er range closer to the coast. 
In M idian (M adyan), the northem m ost part o f  the Hejaz, 
the peaks have a m ax im u m  elevation o f  nearly 9 ,500  feet. 
The elevation  decreases to  the south, with an occasional 
upward surge such as M ou n t Radwä west o f  M edina (al- 
M adinah). W adi al-H am d, an interm ittent river drawing 
water from  the M edina Basin on  the inner side o f  the 
escarpm ent, breaks through the m ountains to reach the 
R ed Sea. A nother pass leads to  M ecca and at-Tä’i f  in  the 
highlands. T he m oun ta in s becom e higher again in  Asir, 
where som e peaks rise to  m ore than 9 ,000 feet. The passes 
there are particularly difficult. A  lava field descending  
from  the m oun ta in s and reaching the sea near H ali long  
form ed the natural sou th em  boundary o f  the Hejaz. The 
high plateau o f  Asir, w ithin  the area watered by the Indian 
O cean m onsoon , is m ore fertile than the m ral Hejaz.

T he R ed Sea Coastal p lain is constricted throughout its

length, attaining its greatest widths, 40  to  50 m iles, south  
o f  M edina and south  o f  M ecca. T he nam e Tihäm ah, used  
for the w hole plain, is som etim es subdivided in to  Tihäm at 
al-H ijäz and T ihäm at /A sir . There are n o  natural harbours 
adequate for large vessels, but the m any in lets are w ell 
suited for sailing craft. Islands are particularly num erous 
along the sou th em  part o f  the coast, w here the Farasän 
A rchipelago lies, and coral reefs are com m on .

In the northw estem  interior the sandstone plateau o f  
H ism a has an elevation  o f  about 4 ,0 0 0  feet. South o f  it 
are great lava fields such as the ‘U w ayrid, w hile others ring 
M edina. T ongues o f  lava south o f  M edina, lapping over  
the m ountains, descend alm ost to  the coast. T he sand plain  
o f  Rakbah unrolls south o f  the K ishb lava field, w hich is 
southeast o f  M edina. A m on g the lava fields east o f  M ecca  
is on e surrounding the m ountains o f  H adan (H idn), the  
traditional border area betw een the H ejaz and Najd.

N ajd . T he western part o f  N ajd  (N ejd, m eaning “H igh­
lan d ”), know n as U pper N ajd, lies w ithin  the Arabian  
shield  w ith  an average elevation  o f  4 ,0 0 0  feet; the eastem  
part falls w ithin  the sedim entary province w ith  the city o f  
R iyadh (ar-Riyäd), near the eastem  edge, having an eleva­
tion  o f  about 1,950 feet. T he principal drainage o f  N ajd  
consists o f  a num ber o f  eastward-flow ing w adi Systems 
that carry water on ly  seasonally.

In the north, the parallel ridges o f  Aja’ and Salm a tow er  
above the plateau to  form  Jabal Sham m ar (nam ed after 
the Sham m ar tribe), the northem m ost district o f  Najd. 
Just south  o f  the M ecca-R iyad h  road are the N ir H ills. 
East o f  the H ejaz highlands and M ecca lie the Subay' sand  
dunes (nam ed after the tribe o f  as-Subay'), w hich consti- 
tute the largest sand desert w ithin  the shield.

T he broad m ountain-studded plateau gives w ay in central 
and eastem  N ajd to  a series o f  escarpm ents curving from  
north to  south along the contour o f  the shield: al-Khuff, 
Jilh a l-lsh ar, the T uw ayq M ountains, and al-'Armah. O f  
these the longest and highest are the T uw ayq M ountains, 
w hich  w ith their length o f  800 m iles constitute the back- 
b on e o f  the m ost densely settled part o f  Najd. The steep  
western face o f  the Tuw ayq, rising about 800 feet above  
the p lains to  the west, is pierced by h a lf a dozen wadis, 
o f  w hich  the m ost spectacular is W adi Birk, a tributary 
o f  W adi as-Sahbä’. W est o f  the T uw ayq a series o f  sand  
deserts ('irqs and nafiids) form s an alm ost continuous link  
betw een  the great desert know n as an-N afud to  the north  
and the R ubc al-K hali to  the south; the sand deserts also  
conform  to  the curve o f  the shield.

A n -N afüd  (G reat N afüd). T he second largest sand desert 
in  the Arabian Peninsula, an-N afud, m arks the northem  
lim it o f  Najd. Lying just beyond the shield, it occupies an  
area o f  about 2 5 ,000  square m iles. Its sands alm ost reach  
the oasis tow ns o f  T aym ä’ (T aim a) in  the west, al-Jawf and  
Sakäkä in  the north, and H ä’il in  the south. T he sands are 
gradually m oving toward the southeast, where they enter 
either the M azhur sand dunes, the first o f  the deserts lying  
w est o f  the Tuw ayq M ountains, or ad-D ahnä’.

N orthern Ä rabia . T he W adi as-Sirhän, a depression  
rather than a true wadi, is about 200  m iles long and 1,000  
feet below  the adjacent plateau. N ortheast o f  W adi as- 
Sirhän are w ide lava fields and chert p lains belonging to  
the sou th em  part o f  al-H am äd, the Syrian Desert. T he  
basin containing an-N afud is rim m ed on  the north by  
escarpm ents, dow n the northem  slope o f  w hich run the  
‘A nazah W adis (the w adis o f  the tribe o f  ‘Anazah), to  
em p ty  into  the Euphrates Valley; am ong the largest o f  
these are W adi ‘Ar'ar and W adi al-Khurr.

A d -D a h n ä \ T he ad-D ahnä’ beit, separating Najd from  
eastem  Arabia, is a sand stream  m oving  slow ly over 800  
m iles from  an-N afud to  the R ub‘ al-Khali. U sually it is 
n o  m ore than 50 m iles w ide. T he sands, often reddish  
in  colour, vary greatly in  form; particularly in  the central 
Stretches, long parallel ridges rise to  heights o f  about 150 
feet, w hile som e dunes are three tim es that height. A d- 
D ahnä5 also pro vides pasture in  winter and spring. In 1957 
the K hurays o il field w as discovered beneath its sands.

T he R ed  
Sea Coastal 
plain

T he
Tuw ayq
M ountains
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The Rub' al-Khali sand desert, most of which lies within 
Saudi Arabia.
Lynn Abercrombie

The R u tf  al-K hali. T he largest uninterrupted sand 
desert in the world, the Rub' al-K hali covers an area esti- 
m ated at about 250 ,000  square m iles. T he nam e Rub' al- 
K hali is not com m on ly  used by the few nom adic Bedouins 
w ho live there; they call it sim ply ar-R am lah (“the Sand”).

‘T he Shrub Vegetation is w idely spaced over the porous, sandy
Sand” su rfaces a n d  is a lm o st  n o n e x is te n t  o n  th e  o c c a s io n a l rock

a n d  salt su rfaces. O n ly  a b o u t 37  sp ec ies  h a v e  b e e n  id en - 
tified , m o st  o f  w h ich  are p eren n ia l. T h e  d esert h a s b een  
in te n s iv e ly  ex p lo red  b y  o il C om p anies s in c e  1 9 5 0 .

Som e areas o f  the Rub' al-K hali m ay have droughts o f  
m ore than 10 years’ duration, w hile others som etim es 
have thunderstorm s or high sum m er hum idity. In the west 
the gravel plains o f  Rayda’ and A bu Bahr separate the 
Rub' al-K hali from  the sou th em  end o f  ad -D ahnä’, while 
another gravel plain, al-Jaladah, lies w ithin  the Rub' al- 
K hali. W hat appears to be a northern exten sion  o f  the 
Rub' al-K hali, al-Jäfurah, is regarded by the Arabs as an 
independent desert. Southeast o f  Oatar the sands give way 
before the vast salt flat o f  the M ati salt m arsh, w hich  runs 
north about 60 m iles to the Persian G u lf  coast. East o f  the 
M ati the oasis ham lets o f  al-Jiwa’ (Liw a’; in  the U nited  
Arab Em irates) lie am ong the dunes on  the desert’s north- 
eastem  fringe. The largest dunes o f  the Rub' al-K hali are 
in  the far east, where heights o f  m ore than 800  feet are 
reached and sand ridges extend for m ore than 30  m iles, 
with salt flats as the usual floor in betw een. In the east, 
along the O m an edge o f  the desert, is the large salt flat 
o f  U m m  as-Sam lm . In the Southwest, sand ridges reach a 
length o f  150 m iles.

M ost o f  the Rub' al-K hali falls w ithin  Saudi Arabia, but 
boundaries w ith O m an in  the south and Y em en  (San'ä’) 
in  the southeast have been disputed. In 1974 Saudi Arabia 
and the U n ited  Arab Em irates reached an agreem ent over 
a disputed eastem  boundary.

The P ersian G u lf  lowland. A low -lying region follows 
the Arabian shore o f  the Persian G u lf from  K uw ait around  
to  the al-Hajar m ountains o f  O m an at the m outh  o f  the 
gulf. T he gravel plain o f  ad-D ibdibah lies in land  Southwest 
o f  K uw ait. Adjacent to ad-D ahnä’ is the low  plateau o f  as- 
Sum m än, betw een w hich and the coast scattered hills rise 
a few hundred feet. Broad patches o f  sand occur here and 
there and salt flats are num erous along the coast. T he Per­
sian G u lf  on  this side provides no good  deep-draft natural 
harbours, but m any inlets offer shelter to  sailing craft, and  
m od em  ports have been built in  K uw ait, Saudi Arabia, 
Bahrain, and Qatar. This low land region is relatively well 
supplied w ith  underground water from  springs and wells. 
D eep  in  the sedim entary strata enorm ous aceum ulations 
o f  oil and gas are found.

The Yem en. Arabia’s highest m oun ta in s occur in  
Y em en  (San'ä’): H adür Shu'ayb, Southwest o f  the Capi­
tal, San'ä’, reaches 12,336 feet. T he T ihäm ah in  Y em en  
(San'ä’), broader and m ore habitable than  the Tihäm ah  
farther north in  Saudi Arabia, supports som e tow ns. M on- 
soon  rains m ake the m ountains and high plateaus o f  
Y em en  (San'ä’) the m ost fm itfu l region in  Arabia. The 
easy slope from  the highlands to  the sou th w estem  com er

o f  the Rub' al-K hali was the principal h om e o f  the pre- 
Islämic civilization o f  Southern Arabia, and the m in s o f  
the M a’rib dam , the greatest m on u m en t o f  that age, still 
stand there. The seaward descent from  the m ountains o f  
al-Kawr at the Southern end o f  the Y em en  is precipitous.

The harbour o f  A den is form ed by tw o volcanic penin- A den  
sulas o f  the low land below  the sou th em  m ountain  face harbour 
o f  Y em en  (Aden). T he Coastal plain, about 30 m iles w ide 
behind A den, is narrower nearly everyw here eise. A long  
this coast the stream  o f  W adi Hajr, perhaps the on ly  tm ly  
perennial river in  Arabia, flows about 60  m iles to  the sea.

Eastward the m oun ta in s o f  al-Kaw r merge with the  
highlands o f  H adhram aut know n as the ja w l  (“plateau”). 
H adhramaut, strictly speaking, is a great interior valley  
cleaving through the ja w l, w ith its low er course reaching 
the sea under the nam e W adi M asilah. In the interior 
the sand desert o f  R am lat as-Sab'atayn lies on the slope 
descending from  al-Kaw r to  the Rub' al-Khali, which is 
gentle both here and going dow n from  the jaw l.

D hofar (Z u fir ). T he Qarä’ M ountains in Dhofar, the 
Southern province o f  the Sultanate o f  O m an, are about
3,000 feet high, w ith  on e peak higher than 5 ,000 feet.
The m onsoon  keeps the seaward (southem ) side o f  the  
m ountains, as w ell as the Coastal plain, fertile. A gradual 
slope leads northward from  the water d ivide to the Ruh' 
al-Khali; valleys from  the slope converge on  R am lat al- 
M ughshin at the desert’s edge.

O m an. The al-Hajar m oun ta in  range is divided into  
Eastem  al-Hajar and W estern al-Hajar. T he range, which  
exceeds a height o f  9 ,0 0 0  feet in  places, differs from other 
Arabian Coastal h ighlands in  being steep on  both sides.
Plains at the foot o f  the m oun ta in s fall away alm ost im - 
perceptibly from  the num erous tow ns o f  interior O m an to  
the Rub' al-K hali basin. N o  m oun ta in s bar O m an’s outlet 
to  the Arabian Sea in  the south; the plateau along the 
coast has an average elevation  o f  about 500 feet.

Clim ate. T he T ropic o f  Cancer virtually bisects the  
Arabian Peninsula, passing just south o f  M edina. The  
sum m er heat is in tense everyw here, reaching as high as 
129° F  (54° C) in places. M uch o f  the interior is dry7 but 
along the coasts and in  som e o f  the Southern highlands Extrem es 
and deserts the hum id ity  is extrem e in  the sum m er. Fogs o f  
and dews occur in  the hum id  areas, dew  often  serving as a hum idity  
substitute for rain. In the dry zon es the sun blazes fiercely 
throughout the sum m er. Spring and autum n are pleasant 
seasons, and biting cold  and snow  are rare in  winter, ex- 
cept at high elevations and in  the far north.

Rainfall is scanty in  all parts beyond  the reach o f  the In­
dian O cean m onsoon , averaging on ly  three to  four inches 
(77 to  102 m illim etres) a year. T he desert rains are torren- 
tial on  occasion, causing flash floods in  the wadis; som e­
tim es these rains tu m  in to  hailstorm s. It is not unusual for 
a drought to last several years. T he m on soon  increases the 
precipitation fourfold or m ore in  the Southwest and south.
Lying within the trade w ind beit, northem  Arabia receives 
westerlies from  the M editerranean that b low  toward the 
Persian G u lf and then  south  and Southwest through the 
Rub' al-Khali toward the Y em en . T he m onsoon  strikes 
Arabia from the opposite direction. In m idw inter and  
again in early sum m er the Persian G u lf  experiences sea­
sonal w inds laden w ith  dust and sand sim ilar to the Egyp- 
tian khamsin; in  Arabia these are called sh a m ä l (“north”), 
though the prevailing direction is actually from  the north- 
northwest. In contrast to  the sh a m ä l is the less frequent 
qaw s from the southeast. T he w ind regim es o f  N ajd and  
the Rub' al-Khali are com plex, particularly during spring.
The winds m ay co m e from  any poin t o f  the com pass and  
vary in intensity from  zephyr to  galei

Plant life. The date palm  grows alm ost everywhere, ex- 
cept at very high elevations and in  D hofar, on  the coast 
o f  which it is replaced by the cocon u t palm . T he date is a 
source o f  food, and uses are found  for the trunk, branches, 
and fibre o f  the date palm . A m on g places noted  for high- 
quality date-palm  production  are M edina, Bïshah, and al- 
Hasä. Alfalfa (lucem e), w idely used as fodder, often fills 
the space betw een palm s. T he principal grains are wheat, 
sorghum , barley, and m illet. R ice Supplem ents wheat as 
a food, but little is raised locally. C otton  does well in  
a few places, such as A byan near A den. In general the
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MAP INDEX L a h ij ................... . 13 04 N 44 53 E
Law da r.............. . 13 53 N 45 52 e

Asterisked entries (*) appear on Laylä ................... . 22 17 N 46 45 E
inset map Luhayyah, al- . . . . . 15 43 N 42 42 e

Madä’in Sä lih___ . 26 48 N 37 57 e
Cities and towns Madinah, al-,
A bh ä ................... . 18 13 N 42 30 E see Medina
Abqaiq (Buqayq) . . 25 56 N 49 40 e Madïnat
Abu Dhabi ........ . 24 28 N 54 22 e ash -Sha 'b ........ . 12 50 N 44 56 e
Aden ('Adan) . . . . . 12 46 N 45 02 E Madïnat Hamad* . . 26 08 N 50 30 e
'A f if ..................... . 23 55 N 42 56 e Madinat 'Isä* . . . . . 26 10 N 50 33 E
Ahmadï, a l - ........ . 29 05 n 48 04 e Mahwït, al- ........ . 15 29 N 43 34 e
Ahw ar................. . 13 31 n 46 42 e Majma'ah, al- . . .  . . 25 54 N 45 20 e
'Ajmän .............. . 25 25 N 55 27 e Makkah,
'Amrän .............. . 15 41 n 43 55 E see Mecca

. 22 59 N 53 26 e Manama* .......... . 26 13 N 50 35 E
'A r 'a r................... . 30 59 N 41 02 e MansGriyah, al- . . . 14 42 N 43 17 e
Artäwi, a l - .......... . 25 23 N 44 30 e M aräh ................. . 25 04 N 45 28 e
'A w ä l i................. . 26 05 n 50 33 e Ma’r i b ................. . 15 25 N 45 21 e
'Ayn, al-* . . . . . . . . 24 13 N 55 46 E Märiyah, a l - ........ . 23 08 N 53 44 e
Badanah ............ . 30 59 N 40 58 E Masna'ah, al- . . . . . 23 47 n 57 38 e
Badï', a l - ............ . 22 02 N 46 34 e Masqat,
BShah, a l - .......... . 20 01 n 41 28 e see Muscat
Bahlä’ (Bahlah) .. . 22 58 N 57 18 E Matrah .............. . 23 37 n 58 34 e
B a lhä f................. . 13 58 N 48 11 E M a y d l................ . 16 19 N 42 48 e
Barkä’ ................. . 23 43 N 57 53 e Mecca (Makkah) . . 21 27 N 39 49 e
Baydä’, a l- .......... . 13 58 N 45 35 E Medina
Bayt al-Faqih . . . . . 14 31 N 43 19 E (al-Madinah;
Bi’är, a l- .............. . 22 39 N 39 40 E Yathrib) .......... . 24 28 N 39 36 E
B irkah ................. . 23 48 N 38 50 e Midhnab. al- . . . . . 25 52 N 44 14 e
Buqayq, M in 'a r ................. . 16 43 N 51 18 E
see Abqaiq M irbä t................. . 17 00 N 54 41 e

Buraydah .......... . 26 20 n 43 59 E Mish'äb, a l - ........ . 28 12 N 48 36 E
Buraykah .......... . 22 21 N 39 20 E Miskah .............. . 24 49 N 42 56 e
Buraymi, a l- ........ . 24 15 N 55 45 E Mocha (al-Mukhä) . 13 19 N 43 15 E
Däli', a d - ............ . 13 42 N 44 44e Mubarraz, al- . . . . . 25 25 N 49 35 E
Dammäm, ad- . . . . 26 26 n 50 07 e MOdiyah ............ . 13 56 N 46 05 E
D ank ................... . 23 33 N 56 16 E Muharraq, al-* . . . . 26 16 N 50 37 E
Dawhah, ad-, Mukallä, a l - ........ . 14 32 N 49 08 E
see Doha Mukhä, al-,

Dhahran see Mocha
(az-Zahrän) . . . . . 26 18 N 50 08 E Musäbih ............ . 18 42 N 42 01 E

Dhamär............... . 14 33 N 44 24 E M usay 'id ............ . 25 00 N 51 33 E
Diqdäqah .......... . 25 40 N 55 58 E Muscat (Masqat) . . 23 37 N 58 35 E
Doha Na'jän ................. . 24 05 N 47 10 E
(ad-Dawhah) . . . . 25 17 N 51 32 E Najrän................ . 17 26 N 44 15 E

Dubayy............... . 25 16 N 55 18 E Nisäb ............ .. . . 14 31 N 46 30 E
Dukhän ............... . 25 25 N 50 47 e Nizwä (Nazwah) . . 22 56 N 57 32 f
D u q m ................. . 19 39 N 57 42 E Qadïmah, al- . . . . . 22 21 n 39 09 E
Fughmah .......... . 16 09 N 49 26 E Qal'at-Bishah . . . . . 20 00 N 42 36 E
Fujayrah, al- . . . . . 25 08 N 56 21 E Qana ................ . 14 00 N 48 20 E
Ghaydah, al- . . . . . 16 13n 52 11 E Q anä................... . 27 47 N 41 25 e
Ghayl Bä Wazir .. . 14 47 N 49 22 E QatTf, al- ............ . 26 33 n 50 00 E
Ghulayfiqah........ . 14 26 N 43 01 E Qizän,
Habbän........ .. . 14 21 N 47 05 E see Jizän
Hadd, al- Qunfudhah, al- .. . 19 08 N 41 05 E
"(al-Hidd)*___ __ . 26 15 N 50 39 E Qurayyät............ . 23 15 N 58 54 E
Hafar al-Bätin . . . . 28 27 N 45 58 e Räbigh .............. . 22 48 N 39 02 e
Hä’il ................... . 27 33 n 41 42 e Rafhä’ ................ . 29 38 n 43 30 e
Hä’ir, al- ............ . 24 23 n 46 50 E Rakhyüt ............ . 16 44 N 53 20 E
Hajjah................. . 15 42 N 43 36 E Ra’s al-Khaymah . . 25 47 N 55 57 e
Halabän ............ . 23 29 N 44 23 e Ras Tanura........ . 26 42 N 50 06 E
Harajah............... . 17 56 N 43 21 E Raydah .............. . 15 50 N 44 03 E
H aw a ii!............... . 29 19 N 48 02 e R id ä '................... . 14 25 N 44 50 E
Hawrä’ ............... . 15 43 N 48 18 E Rifä' al-Gharbï, ar-* . 26 07 N 50 33 e
Hayjän ............... . 16 40 N 44 05 E Rifä' ash-Sharqi,
Haymä’ ............... . 19 56 N 56 19 E a r-* ................... . 26 07 n 50 34 e
H a y s ................... . 13 56 N 43 29 E Riyadh (ar-Riyäd) . . 24 38 n 46 43 E
Hidd, al-, Rumaythah, ar-* . . 25 55 N 50 33 E
see Hadd, al- Rustäq, ar- ........ . 23 24 N 57 26 e

Hudaydah, al- . . . . 14 48 N 42 57 E Ruways, a r- ........ . 26 08 N 51 13 E
HufOf, a l- ............ . 25 22 N 49 34 E Sa'dah .............. . 16 57 N 43 46 E
I b b ..................... . 1358n 44 11 E Safrä’, as- .......... . 24 02 N 38 56 E
Ibrä’ ................... . 22 43 N 58 32 e Sahwah ............... . 19 19 N 42 06 e
'Ib r i..................... . 23 14 N 56 30 E Sakäkah .......... .. . 29 59 N 40 12 e
Izk! ..................... . 22 56 N 57 46 E Salälah .............. . 17 00 N 54 06 E
Jahrah, a l- .......... . 29 20 N 47 40 E Salif ............ .... . 15 18 N 42 41 e
Jawf, al- ............ . 29 48 N 39 50 E San'ä’ (Sana) . . . . . 15 21 N 44 12 E
Jiddah ............... . 21 29 N 39 12 E Sayhöt .............. . 15 12n 51 14e
Jizän (Q lzän)___ . 16 54 N 42 32 e Saywön (Say’Dn) . . 15 56 N 48 47 e
Ju'aydah, al- . . . . . 19 40 N 41 34 E Shabwah .......... . 15 22 N 47 01 E
Jubayl, a l - .......... . 27 01 N 49 40 E Shahärah .......... . 16 11 N 43 42 E
Kalbä ................. . 25 05 N 56 22 e Shaqrä’ ............... . 13 21 N 45 42 e
Khäbdrah, a l- . . . . . 23 59 n 57 08 E Shäriqah, ash- . . . . 25 22 N 55 23 e
Khamïs Mushayt . . 18 18 N 42 44 e Shidäd .............. . 21 19 N 40 03 E
K ha sab ............... . 26 12 N 56 15 E Shihr, ash -.......... . 14 45 N 49 36 E
Khawkhah, al- . . . . 13 48 N 43 15 E Shinäs................. . 24 46 N 56 28 e
Khawr, a l - .......... . 25 41 N 51 30 E Shu'aybah, ash- . . 29 03 n 48 08 e
Khawr Fakkän . .. . 25 21 N 56 22 e Sirwäh ............... . 15 27 N 45 01 E
Khawr Rawri S u h ä r___ ____ _ . 24 22 N 56 45 e
(Khor Rori)........ . 17 02 N 54 27 E Sulayyil, a s - ........ . 20 27 n 45 34 e

Khawsh ............ . 18 59 N 41 53 E S 0 r ..................... . 22 34 n 59 32 e
Khïs, al- ............ . 23 00 N 54 12 e Tabak ................. . 28 23 n 36 35 e
Khubar, al- . . . . . . 26 17 N 50 12 e Tä’if, at- . . . . . . . . . 21 16 N 40 25 E
Kuwait ............... . 29 20 N 47 59 e Ta'izz ................. . 13 34 N 44 02 E

Täqah ................... 17 02 N 54 24 e Hismä Plateau . 28 30 N 35 50 e

Tarif ..................... 24 03 N 53 46 e Hormuz, Strait of . ,. 26 34 N 56 15 E
Tarim ................... 16 03 N 49 00 e Ikhwän, al-,
Taymä’ ................ 27 38 N 38 29 e see Brothers, The
Thamarit ............... 17 39 N 54 02 e Jabal Shammar,
Turayf................... 31 41 N 38 39 e r e g io n ................ , 27 20 N 41 45 E
Turbah, at- .......... 13 13 N 44 07 e JäfGrah Desert,
'Ulä, a l - ................ 26 38 N 37 55 E a l - .......... ............ , 25 00 N 50 15 E
'Ulyä, a l - .............. 14 36 N 47 09 E Jawf, Wadi .......... , 15 50 N 45 30 e

Umm al-Qaywayn . 25 35 N 55 34 e Kamaran, is land  .,. 15 21 N 42 35 e

'Unayzah.............. 26 06 N 43 59 E Khalij al-Bahrayn,
'U s fän ................... 21 55 N 39 22 e see Bahrain,
Wadhil ................ 23 03 N 54 08 E Gulf of
Wakrah, a l - .......... 25 10 N 51 36 e Khalij Masirah,
Yanbu' al-Bahr 24 05 N 38 03 E see Masira,
Yarim ................... 14 18 N 44 23 E Gulf of
Yathrib, Kharj Oasis, al- , 24 10 N 47 30 E
see Medina 

Zabid ................... 14 12 N 43 19 e

KhaybarLava 
F ie ld ..................., 25 30 N 39 45 e

Zahrän ................ 17 40 N 43 30 E Khuriyä Muriyä
Zahrän, az-, Islands ................ 17 30 N 56 00 E
see Dhahran Khurr, Wadi al- , 32 03 N 43 52 e

Zalim ................... 22 43 N 42 10 E King Fahd
Zilfi, a z - ................. 26 18 N 44 48 E Causew ay*........ 26 10 N 50 20 e

Z in jibär................ 13 08 N 45 23 E Kishb Lava Field . . 22 47 N 41 30 E
Zuhrah, a z - .......... 15 44 N 43 00 e Kuria Muria Bay . . . 17 40 N 55 45 e

Physical features
Lawz, M o un t........
Mahrät Mountain . .

28 41 N 35 18 e 
. 16 44 N 52 46 E

and points of interest Masilah, Wadi al- . ,. 15 10 N 51 08 E
Aden, Gulf of 12 00  N 48 00  e Masira, Gulf of
Ahsä’, al-, (Khalij Masirah) . ., 20 10 N 58 10 E
see Hasa, al- Masirah, is land  . . . 20 25 N 58 50 E

Ajä’ Mountains . .. 27 30 N 41 30 E Matti Salt Flat , 23 30 N 52 00 E
Akhdar, Mount al- . 23 15 N 57 20 E Mazhur Desert . . . 27 25 N 43 55 E
Aqaba, Gulf of 29 00 N 34 30 E Muharraq Island,
Arabian a l - ....................... 26 16 N 50 37 e

Peninsula .......... 21 00 N 48 00 E Musandam
Arabian Sea ........ 20 00 N 65 00 E Peninsula .......... 26 18 N 56 24 e

'Aramah Plateau, 
a l- ....................... 25 30 N 46 30 E

Nabi Shu'ayb, 
Mount an- (Hädur

'Ar'ar, W a d i.......... 31 23 N 42 26 E Shu 'ayb )............. 15 17 N 43 59 e

Asir, r e g io n .......... 19 00 N 42 00 E Nafad Desert, an- . 28 30 N 41 00 E
'Ätinah, W ad i........ 18 23 N 53 28 E Najd (Nejd),
'Ayn, Wadi al- 22 15 N 55 28 E r e g io n ................ 25 00 N 44 30 E
Bab el-Mandeb 
S tra it................... 12 35 N 43 25 E

Nawäsif Lava 
F ie ld ................... 21 20 N 42 10 E

Bädiyat ash-Shäm, Oman, Gulf of . . . . 25 00 N 58 00 E
see Syrian Desert PArninn f iu l f 97 nn M r;i nn c

Bahrain, Gulf of Qamar Bay, al- 16 00 N 52 30 E
(Khalij
al-Bahrayn)*........ 25 45 N 50 40 E

Qarä’ Mountains, 
a l - ....................... 17 15n 54 15 E

Banä, W a d i.......... 13 03 N 45 24 E Qitbit, W ad i.......... 19 15 N 54 23 E
Bätin, Wadi al- . .. . 30 25 N 47 35 E Radwä, Mount 24 34 N 38 18 E
Bätinah, al-, Rahat Lava Field . . 23 00 N 40 05 E
region .............. 23 45 N 57 20 E Rakbah P la in ........ 22 15 N 41 00 E

Bayhän, Wadi 15 12n 46 10 E Rakhawt, Wadi .. . 18 16 N 51 50 E
Bishah, W ad i........ 21 24 N 43 26 E Ranyah, Wadi 21 18 N 43 20 E
Brothers, The Red S e a ............... 25 00 N 35 00 E
(al-lkhwän), Rimah, Wadi ar- .. 26 38 N 44 18 E
is lands .............. 12 08 N 53 10 E Rub' al-Khali

Babiyän, is land  . . . 29 45 N 48 15 E Desert (Empty
Dabbägh, Mount . . 27 52 N 35 45 E Quarter) ............. 21 00 N 51 00 E
Dahnä’ Desert, 
ad- ..................... 24 30 N 48 10 E

Sab'atayn Desert, 
Ramlat as- ........ 15 30 N 46 10 E 

23 44 N 49 53 EDarbat 'Ali, Cape .. 16 38 N 53 05 E Sahbä’, Wadi as- ..
Dawäsir, Wadi Sanä’il, Wadi .. ..  . 23 40 N 58 10 E
ad- ..................... 20 24 N 46 29 E Sawdä’ , Mount . . . 18 18 N 42 22 E

Dukhän Hill, ad-* .. 26 02 N 50 32 e Sawqirah Bay . . . . 18 35 N 57 00 E
Empty Quarter, 
see Rub' al-Khali

Shaqäyä Peak, 
ash- ................... 29 08 N 46 40 E

Desert
Farasän Islands . . . 16 48 N 41 54 E

Sirhän, Wadi as-, 
depression  ........ 30 30 N 38 15 E

Hadan Lava Field . 21 30 N 41 23 E Sitrah,* is land 26 09 N 50 37 E
Hadd, Cape al- 22 32 N 59 48 E Socotra
Hadhramaut (Suquträ), is land  . 12 30 N 54 00 E
(Hadramawt), Subay' Desert 22 15 N 43 05 E
r e g io n ................ 15 00 N 50 00 E Summän Plateau,

Hadramawt, as-....................... 25 00 N 47 00 E
W a d i................... 16 00 N 48 53 e Suquträ,

Hädur Shu'ayb, 
see Nabi Shu'ayb, 
Mount an- 

Hajar, al-,

see Socotra 
Syrian Desert 
(Bädiyat
ash-Shäm)........... 32 00 N 40 00 E

m o un ta in s .......... 23 10 N 57 30 e Tathlith, W a d i___ 20 35 N 44' 20 e

Hajr, W ad i............ 14 04 N 48 40 E Tihämah Plain 22 00 N 40 00 E
Hamd, Wadi al- 25 58 N 36 42 e Tuwayq
Hanish Islands . .. 13 45 N 42 45 E Mountains........... 23 30 N 46 20 E
Haräsis Plain, al- .. 19 45 N 56 30 E Umm* an-Na'sän,
Hasa, al- i s la n d ................ 26 09 N 50 24 E
(al-Ahsä’), 
region .............. 26 35 N 48 10 E

Umm as-Samim 
Salt Flat ............. 21 45 N 55 50 E

Hasa Oasis, al- . . . 25 20 N 49 38 E 'Uwayrid Lava
Hawär Islands* . . . 25 40 N 50 47 e Field . ' ................. 27 00 N 37 30 E
Hejaz (al-Hijäz), 
r e g io n ................ 24 30 N 38 30 e

Wahibah Dunes,
Äl, desert .......... 21 56 N 58 55 e
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people o f  Arabia have a greater fondness for fruits than  
for vegetables. M elons, pom egranates, and the jujube are 
particularly favoured, and al-Buraym l is noted for its 
m angoes. Figs, grapes, bananas, prickly pears, and other 
fruits are also grow n, and citron and Java alm ond flourish  
in  the oases.

A lthough Arabia is n o  longer as renow ned as formerly for 
its coffee, fair am ou n ts are still cultivated on the terraced 
m ountainsides o f  the  Y em en . In places coffee has given  
way to  the m ore profitable khat (qät; C altha edulis), the  
leaves o f  w hich  produce a stim ulant. Tobacco is a product 
o f  the H adhram aut coast.

T he w orld’s c h ie f  source o f  incense in  antiquity, Arabia 
still num bers various arom atics am ong its herbs, though  
the trade in  frankincense and myrrh has long been lan- 
guishing. M im osas and acacias are widespread, but little 
advantage is taken com m ercially  o f  their gum s. Indigo and  
other native dyes are used in  the south, both for cloth and  
for personal o m am en tation . Cactus, cactiform  Euphorbia, 
and the a loe grow profusely in  som e areas.

Arabia is not the m o st hospitable o f  lands for flowers, but 
the roses o f  at-Tä’i f  are w ell-know n, the oleander thrives 
in a desert environ m en t, and other flowers som etim es 
brighten the general bleakness o f  the landscape.

T he peninsula is a lm ost devoid  o f  trees. C lum ps o f  
junipers in  the sou th w estem  highlands m ake the closest 
approach to  true forests. T he tamarisk, which grows well 
w ithout m uch  water, is often planted in rows to  retard 
the encroachm ent o f  drift sand. Trees are so rare that the  
Standard Arabic w ord for tree, shajar, is ordinarily used by  
the B edouin  for bushes in  the desert that fum ish grazing 
for his an im als and firew ood for his tent. The leaves o f  
varieties called h a m d  have enough salinity to  satisfy the  
cam el’s need for salt. T h e tough perennials are as essential 
to  life as the tender annuals nourished by the rains o f  
w inter and spring. T h e rains also assist in growing the  
truffle, w hich the B edou in s dig out o f  the ground. 

Im portance Anim al life. T h e cam el has traditionally been the ch ief  
o f  the support o f  n om ad ic life in  Arabia. W ithout the cam el the  
cam el B edouin  could  never have m oved  far from water fit for 

hum an beings; w ith  the  cam el he could  survive for m onths  
on its m ilk  and penetrate deep  into the deserts. T he cam el 
also fum ished  food , cloth ing, fuel (düng), transportation, 
and pow er for draw ing water or for plowing. For the  
Bedouin  the cam el represented the best form o f  Capital 
and the m ost valuable article o f  com m erce. The noblest 
breeds o f  cam el cam e from  O m an, but som e o f  the m ore 
plebeian breeds show ed greater stam ina. Today, the cam el, 
w hich has been m ostly  supplanted as a m eans o f  transport 
by four-w heel-drive vehicles, is used m ainly as livestock.

Sheep and goats, know n collectively in Arabic as ghanam , 
are num erous, but they are kept in sm all num bers rather 
than in  large herds. M utton  and lam b are the favourite 
m eats, and goat’s m ilk  m akes the best cheese. The Arabian 
horse, noted  for its beauty and endurance, is a disappear- 
ing strain in  Arabia, w here on ly  a few thousand rem ain, 
though the breed is now  fostered in other countries. 
M any Bedouin  ow n  Salukis, a breed o f  speedy hunting  
dog; trained falcons are also used in  the chase. G azelles

Lynn Abercrombie

Bedouin woman with Arabian camels near Madä’in Sälih, 
Saudi Arabia.

once ranged the plains in  large num bers, but unrestricted 
hunting decim ated  them . Very few oryx are left in  the 
R ub‘ al-K hali, their last stronghold, and the ibex has also  
b ecom e rare. Other large w ild  anim als are the hyena, 
w olf, and jackal. T he lion  is frequently m entioned  in  early 
Arabic literature, but lion s seem  now  to  be extinct in  the  
peninsula. B aboons were on ce abundant in  the southem  
highlands. A m on g the sm aller an im als are the fox, ratel, 
rabbit, hedgehog, and jerboa.

D ead ly  desert snakes are the h om ed  viper and a species o f  
cobra differing considerably from  the Indian. The striped 
sea snakes are also po isonous. Lizards include the large 
desert m onitor and the sm aller sand-sw im m ing skink.

Ö stliches have becom e extinct. Eagles, vultures, and ow ls 
are co m m o n , and the lesser bustard is often hunted with  
falcons. F lam ingos, pelicans, egrets, and other sea birds 
frequent the coasts. Sm aller birds found in  the tow ns and  
oases include the pigeon, cuckoo, sw allow , and hoopóe, 
w hile the sand grouse, lark, and courser inhabit the desert.

Swarm s o f  locusts periodically descend as a plague, de- 
vouring every green plant in  their path. O ther com m on  
insects are the fly, w hich appears even  in  the depths o f  the  
desert, m osqu ito , tick, beetle, scorpion, and ant. In som e  
places bees are kept for their honey.

T he seas around Arabia contain  m ackerel, groupers, 
tuna, porgies, and other food  fish, as w ell as shrimps.
Sharks and sardines are plentiful o ff  the southem  coast, 
and w hales occasionally  enter the Persian G ulf.

(G .R e./B .K .N .)

THE PEOPLE

In ethnographic term s, Arabs belong to  the M editerranean Origin o f  
local race, a subgroup o f  the C aucasoid geographic race. Arab tribes 
A ccording to  tradition, Arabs are descended from  a south­
e m  Arabian ancestor, Qahtän, forebear o f  the “pure” 
or “gen u in e” Arabs (know n as al-'Arab al-Ä ribah), and  
a northem  Arabian ancestor, 'Adnän, forebear o f  the  
“A rabicized” Arabs (al-'Arab al-M usta'ribah). A  tradition, 
seem ingly derived from  the Bible, m akes ‘A dnän, and per- 
haps Q ahtän also, descend from  Ism ä'il (Ishm ael), son o f  
Abraham . T he rivalry betw een the tw o groups spread, with  
the M uslim  conquests, beyond Arabia; it even  recurred in  
northem  Y em en  in the 1950s w hen the Zaydï im am s, de- 
scendants o f  the Prophet M uham m ad, a “northem ” Arab, 
were called  “A d n ä n !.”

A  V eddoid , non-M editerranean strain occurs in southem  
Arabia, where also are found the low -status groups called  
A khdäm  and Sibyän. In the north are the Sulubah, know n  
to  the ancient Arabians as qayn, a low -status group re- 
garded as being o f  non-A rab descent. In O m an the Zutt, a 
gypsy folk, seem  to  be descendants o f  Indian em igrants to  
the G u lf  in the early 9th Century, but the Baluchi, w hose  
ancestors im m igrated m ore recently, have form ed a sort 
o f  warrior tribe there. In the border regions o f  O m an and  
Y em en  (A den) are the M ahra, Haräsis, Qarä, and others, 
speaking languages o f  the South Arabic group, and on  the  
M usandam  Peninsula are the Shihüh.

From  ancient tim es African slaves were im ported to  Ara­
bia; Saudi Arabia and the Y em en  abolished slavery on ly  
in  1962. Som e districts such as the oasis o f  Khaybar in  
the H ejaz and parts o f  the T ihäm ah are largely populated  
by black cultivators. T he ports always had a large ele- 
m ent o f  Africans, Asians, and others. T he oil era brought 
m any Lebanese, Egyptians, Jordanians, and Iraqis w ith  
the education  and skills the Arabians lacked, and great 
num bers o f  Y em en is m oved  in to  the oil-producing States 
as unskilled  labourers. Palestinians m ake up  between one-  
fifth and one-fourth o f  K uw ait’s population , refugees from  
Y em en  (A den) occupy entire streets in  A bu Dhabi, and  
so m any Pakistanis, Indians, Sri Lankans, Koreans, and  
F ilip inos have flocked to  the Persian G u lf  States that often  
they considerably outnum ber the native inhabitants. By 
contrast, a lm ost no Jews, long settled in  western Arabia, 
now  rem ain.

T hroughout Arabian history, even during phases o f  for- 
eign rule, it was the free, arm s-bearing tribesm en w ho  
dom inated  other classes o f  society, be the tribes nom adic  
or oasis dwellers, settled farmers in  the highlands, or 
sailors, traders, and pirates gaining their livelihood at sea.
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T he sultans, em irs, and sheikhs were drawn from the 
tribes, w hom  they had to  cosset to  obtain  backing. There 
are, how ever, descendants o f  the Prophet M uham m ad, 
sayyids and sharifs, regarded as superior in  the social scale 
to  all others, w ho have at tim es exercised a theocratie type 
o f  rule as spiritual leaders.

A n age-old antagonism  exists betw een the settled peoples, 
al-hadar, and the nom adic or pastoral tribes, know n as 
B edouin  (a l-bädiyah), but m any settled tribes also have 
nom adic branches. In the Y em en , the fertile south western  
corner o f  Arabia containing m ore than one-third o f  its 
total population , the sam e antagonistic feelings exist be­
tw een city dwellers and qab llls, arm s-bearing tribes m ostly  
settled in  villages. U n til after W orld W ar I the B edouin o f  
the northem  deserts were able to  keep the settled people  
in  constant apprehension o f  their raiding; the tribes w ould  
even  attack and plunder the pilgrim  hajj caravans to the 
H oly  C ities unless they were bought o ff  or restrained by 
force. But m odern w eapons and airplanes, w hich can be 
used to  search out tribesm en in  their desert or m ountain  
fastnesses, have altered the Situation. Each tribe used to  
be at war or in  a state o f  arm ed tm ee  w ith others, and  
protection  was required to  enter another tribe’s territory. 
Shortly before W orld W ar I Ibn Sa'üd, the founder o f  
m odern Saudi Arabia, began to establish the B edouin in  
m ilitary and agricultural coion ies called hijrah, encourag- 
ing them  to  abandon pastoral life, and programs aim ed at 
the “sedentarization” o f  the Bedouin  have been adopted  
by States like Jordan and K uwait.

Contrary to  com m on ly  held belief, the tribes are not egal- 
itarian, and som e have the quality o f  sh a ra f  or nobility in  
greater degree than others; som e, such as the H utaym  and  
Sharärät o f  the north, are despised by the noble tribes. A  
father w ill not accept a suitor w ho belongs to an inferior 
tribe for his daughter’s hand, far less a h ädari suitor. This 
is the key to  social standing in Arabia.

The nom adic tribes o f  Arabia are herders o f  cam els, 
sheep, and goats. T hey m ove from  pasture to pasture, but 
they visit tribal m arkets to  purchase dates and grain and  
to  seil their anim als, w ool, and clarified butter (ghee). The 
mountain peoples depend more on donkeys than camels, 
and they raise cattle, w hich they use to  pow er agricultural 
and irrigation work, as w ell as sheep and goats.

O il’s vast revenues, poured into Arabia, have transformed  
and are fast destroying ancient patterns o f  living. The 
population  o f  the Arabian Peninsula as a w hole is now  
incom parably better o ff in term s o f  nutrition, welfare, 
am enities, and education, but the rapidity o f  the cultural 
change is unsettling, as are the shifts in  the native popula­
tion. Throughout the peninsula, the new  urban centres are 
drawing in  labour from  the countryside, and the presence 
o f  large num bers o f  foreigners, m any o f  w hom  enjoy m uch  
higher in com es than the natives, is resented. (R.B.Se.)

THE ECONOMY

The m ineral resource o f  greatest value is oil. T he Arabian 
Peninsula has the largest oil reserves in  the world. W ith  
the exception  o f  deposits in  the Y em en , the Arabian oil 
fields lie in  the sam e great sedim entary basin as the fields 
o f  Iran and Iraq. A lthough oil was discovered in  Iran in  
1908, the first field on  the Arabian side o f  the basin, 
in Bahrain, was not found until 1932. T h is inspired an 
in tensive search in  eastern Arabia that in tim e reached far 
in to  the interior. O il was discovered in Saudi Arabia and  
K uw ait in  1938, in  Qatar in  1940, on  the m ainland o f  
the Saudi A rabia/K uw ait Neutral Z on e in  1953, on the 
m ainland o f  A bu D habi in 1960, in O m an in 1964, in  
Y em en  (A den) in  1983, and in Y em en  (San'ä’) in  1984. 
In 1951 oil was discovered in the Persian G u lf  o ff  Saudi 
Arabia, in  1958 in  A bu D habi offshore, and in 1960 in  
the Saudi A rabia/K uw ait Neutral Z on e offshore.

In association w ith the oil are enorm ous am ounts o f  
natural gas. M aking use o f  this gas com m ercially  requires 
extrem ely large Investm ents. S om e gas is liquefied for 
local con su m p tion  or for export, and som e is reinjected  
in to  the oil-bearing strata for storage and to  help m aintain  
pressure for oil production.

T he Arabian countries are attem pting econ om ic diver- 
sification, though the abundance o f  oil is a disincentive.

A ncient m ining sites bear w itness to  once-flourishing pro­
duction o f  minerals: gold  at the o ld  m ine o f  M ahd adh- 
D hahab in the Hejaz; silver at a m ine in the m ountains 
west o f  M a’rib; and very large copper production in O m an  
(until deforestation exhausted  the supplies o f  w ood  for 
on-site sm elting). D ep osits o f  iron have been found in  
the northern H ejaz and N ajd. O ther resources, som e o f  
which are being exploited, are barite, gypsum , salt, lim e  
for cem ent, clay for bricks and pottery, shale, quartz sand  
for glass, marble, and bu ilding stone.

For m any centuries the oyster beds o f  the Persian G u lf  
produced som e o f  the w orld’s finest pearls, and pearling 
was once a thriving and profitable occupation. Bahrain was 
the ch ie f centre, and the Trucial States (now  the U nited  
Arab Emirates), Qatar, and  Saudi Arabia also participated. 
Since about 1931 the trade has declined  continuously  as 
a result o f  the world eco n o m ic  depression, the com peti- 
tion  o f  Japanese cultured pearls, and the siphoning o ff o f  
labour into  other less onerous and m ore lucrative fields.
Even in the Southwest, where rainfall is heaviest, the 

water supply is not constant enough for the generation of 
power. The scarcity of water and the poor quality of the 
soil have hampered the development of an export trade in 
agricultural produce. Progress has been made by individ­
ual States in improving irrigation Systems and expanding 
cuitivated areas. (G.Re./B.K.N.)

History and cultural development

Som e tim e after the rise o f  Isläm  in the first quarter o f  
the 7th Century ad  and the em ergence o f  the Arabian 
M uslim s as the founders o f  on e o f  the great em pires 
o f  history, the nam e “'Arab” cam e to  be used by these 
M uslim s them selves and by the nations w ith w hom  they  
cam e in contact to  indicate all people o f  Arabian origin. 
The very nam e Arabia, or its Arabic nam e Jazïrat al- 
'Arab, has com e to  be used for the w hole peninsula. But 
the definition o f  the area, even  in  Isläm ic sources, is not 
agreed upon unanim ously. In its narrowest application it 
indicates m uch less than  the w hole peninsula, while in  
ancient Greek and Latin sources— and often in subse- 
quent sources— the term  Arabia includes the Syrian and  
Jordanian deserts and the Iraqi desert w est o f  the lower 
Euphrates. Similarly, “A rabs” connoted , at least in pre- 
Isläm ic tim es, m ainly the tribal popu lations o f  central and  
northern Arabia.
Arabia has been inhabited by innumerable tribal units, 

forever Splitting or confederating; its history is a kaleido- 
scope of shifting allegiances, although certain broad pat­
terns may be distinguished. A native System has evolved 
of moving from tribal anarchy to centralized govemment 
and relapsing again into anarchy. The tribes have dom- 
inated the peninsula, even in intermittent periods when 
the personal prestige of a leader has led briefly to some 
measure of tribal cohesion.

Arabian culture is a branch o f  Sem itic civilization; be­
cause o f  this and because o f  the influences o f  sister Sem itic  
cultures to  which it has been  subjected at certain epochs, 
it is som etim es difficult to  determ ine w hat is specifically 
Arabian. Because a great trade route passed along its 
flanks, Arabia had contact a long its borders with Egyptian, 
G reco-R om an, and Indo-Persian civilizations. The Turk- 
ish overlords o f  the A rabic-speaking countries affected 
Arabia relatively little, how ever, and the dom inant culture 
o f  western Europe arrived late in  the co lon ia l era.

Arabia was the cradle o f  Isläm , and through this faith 
it influenced every M uslim  people. Isläm, essentially Ara­
bian in nature, w hatever superficial extem al influences 
m ay have affected it, is Arabia’s outstanding contribution  
to world civilization. (M .A.G./A.F.L.B.)

PRE-ISLÄMIC ARABIA, TO THE 7TH CENTURY AD

Prehistory and archaeology. A t one tim e Arabia as a 
w hole m ay have had greater rainfall and richer Vegetation 
than it does today, as show n by the large dried-up water- 
courses intersecting the peninsula. But clim atic conditions 
seem  to have changed little in  the past live m illennia; hu­
m an life— settled or n om ad — has been  a struggle to  cope  
with the harsh realities o f  this vast subcontinent.

D eclin e  o f  
the oyster  
trade

Arabian  
culture and  
the trade 
route
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Stone A ge Settlem ents o f  fisherm en and shellfish eaters 
going back to  the 3rd m illenn ium  b c  have been found  
on the northeast coast and in  the islands o f  Faylakah and  
Bahrain. Surface scatters o f  flint im plem ents are seen in  
m any places in  the peninsula, as are undatable but prob­
ably ancient rock drawings for which affinities have been  
thought to  exist w ith  rock drawings in  the Sahara.

S ou th em  Arabia (com prising the Y em en  and O m an) lies 
w ithin  the clim atic zon e o f  the Indian O cean m onsoons, 
w hich yield  enough rainfall to  m ake it potentially the m ost 
fertile part o f  Arabia. In the Y em en , sophisticated irriga­
tion  techn iques go very far back indeed; soundings in the 
silt deposits around the great dam  o f  M a’rib attest in ten­
sive agricultural exploitation  there from  at least 2000 b c .

T he racial affinities o f  the Arabian populations are not 
traceable. A  theory by w hich Arabia was considered the 
birthplace and h om eland  o f  the nations o f  Sem itic culture 
is n o t now  regarded as tenable. Arabian peoples have been  
held to  be related to  a variety o f  groups, w ith hom elands in  
alm ost all d irections outside Arabia: the view  that sought to  
visualize all Arabians as a single race has never been valid. 
The oldest evidence indicates the presence o f  Africans in  
the R ed  Sea Coastal p lain, Iranians in  the southeastem  tip  
o f  the peninsula, and peoples o f  Aram aean stock in the 
north. T he racial affinities o f  the ancient Y em eni peoples 
rem ain unsolved; the m arked sim ilarity o f  their culture to  
the S em itic cultures that arose in the Fertile Crescent to  
the north o f  the peninsula can be attributed to cultural 
spread rather than to  im m igration.

Apart from  pursuing the few  prehistorie evidences, ar- 
chaeological research centres m ainly on  sites o f  the historie 
period, w hich  is also attested by written records beginning  
in the first h a lf o f  the Ist m illenn ium  b c . Som e sites in  
the n orthem  H ejaz, such as D edän (now  al-'Ulä), al-Hijr 
(now  M adä’in  Sälih, barely six m iles north o f  D edän), and  
T aym ä’ to  the northeast o f  the other tw o, have long been  
know n but not fully explored. In south central Arabia, 
near as-Sulayyil, a tow n  site at Qaryat D hät K ähil (now  
Qaryat al-Fa’w) has yielded rieh results from excavation. 
In northeast Arabia, in land from  m odem  al-Qatïf, a D an- 
ish exped ition  has revealed a hitherto unsuspected pre- 
Isläm ic w alled tow n  o f  large dim ension.

T he written records consist o f  a vast num ber o f  in- 
scriptions (especially thickly clustered in the Y em en) on  
stone slabs, rock faces, bronze tablets, and other objects,

together with graffiti on  rock, scattered w idely through  
the peninsula. In all this material, on ly  a handful o f  in- 
scriptions can properly be called Arabic. In the north and  
centre the dom inant linguistic form  is O ld N orth Arabian  
(subclassified into  Lihyänic, T ham udic, and Safaitic); de- 
spite close Connections betw een this group and Arabic, 
the latter cannot be regarded as lineally descended from  
it. The Y em enite  inscriptions are in  O ld South Arabian  
(subclassified into  M inaean, Sabaean, Qatabanian, and  
H adhram autic), w hich is a w holly independent group  
w ithin  the Sem itic fam ily o f  languages. (T he Old N orth  
Arabian and O ld South Arabian inscriptions and graffiti 
are in  scripts o f  a South Sem itic type, o f  w hich E thiopic 
is the on ly  present-day survivor; m o d em  Arabic script is 
o f  a N orth  Sem itic type.) U nscientific pillaging, however, 
has deprived m any o f  the Y em en i inscriptions o f  a good  
deal o f  their value by rem oving them  from  their archae- 
ological context. There are also inscriptions in  extraneous 
languages: A ram aic, G reek, and Latin.

In the ancient Y em en i culture area are m any great struc- 
tures and m onum ents, such as dam s, tem ples, and palaces, 
as w ell as a wealth o f  plastic art o f  extrem ely high quality.
T he m otifs, such as the ubiquitous buil heads and ibex fig- A ncien t  
ures, are partly characteristic o f  the Y em en , but from  the Y em en i art 
3rd Century b c  onward the style is m arkedly H ellenistic.

Fresh data, both archaeological and epigraphic, appear 
every year and som etim es entail radical reappraisal o f  
earlier hypotheses. A ny attem pt at a synthetic picture is 
therefore strictly provisional.

Pre-Islämic Yemeni kingdoms. T he G reek writer Er- 
atosthenes (3rd Century b c ) described “E udaim on Arabia”
(i.e., Y em en ) as inhabited by four m ajor peoples (ethne), 
and it is on  the basis o f  his nom enclature for these  
groups that m o d em  scholars are accustom ed to speak o f  
M inaeans, Sabaeans, Qatabanians, and Hadram ites. T he  
fourfold categorization does indeed correspond to the lin ­
guistic data (see above), but the political and historical 
facts are a good  deal m ore com plex. T he capitals o f  the  
four peoples were not located  in  the centres o f  their re- 
spective territories but instead lay close together on  the  
western, southem , and eastem  fringes o f  a tract o f  sand  
desert know n to m edieval Arab geographers as the Sayhad  
(m odern R am lat as-Sab'atayn). This off-centre placing has 
been thought to originate from  proxim ity to  the trade route 
by w hich frankincense w as conveyed  from  H adhram aut 
first westward, then north to Najrän, then  up the west 
coast o f  Arabia to G aza, and across the peninsula to  the  
east coast. T he territories attached to  the latter three o f  the  
capitals spread out fanw ise in to  the m ountainous regions.

Sabaeans. The people w ho called them selves Saba’ (bib- 
lical Sheba) are both the earliest and the m ost abundantly  
attested in the surviving written records. Their centre was 
at M a’rib, east o f  present-day San'ä’ and on  the edge o f  
the sand desert. (In the indigenous inscriptions M a’rib is 
rendered M ryb or Mrb; the m od em  spelling is based on  
an unjustified “correction” by m edieval Arabic writers.)
The tow n lay in a formerly highly cultivated area watered  
by the great M a’rib D am , which controlled the flow from  
the extensive W adi D hana basin.

Sabaean m iers— w ho are m entioned  in  Assyrian annals 
o f  the late 8th and early 7th centuries b c  (although som e  
scholars date Sabaean inscriptions to about the 6th Century 
b c )— were responsible for im pressive con stm ction s both  
cultic and irrigational, including the greatest part o f  w hat 
is now  visible o f  the dam; but there are tracés o f  earlier 
dam  works, and the silt deposits indicate agricultural ex­
ploitation far back in prehistory.

From  the early historie period one m ier, nam ed Kariba’il 
Watar, has left a long epigraphic record o f  victories over  
peoples throughout the m ajor part o f  the Y em en, m ost 
im portantly the A w sänian kingdom  to the southeast, but 
the victories did not lead to  perm anent conquest. N or did  
his cam paigns ever extend in to  the H adhram aut region or 
to  the R ed Sea Coastal area. At no period o f  their history as 
an independent people did the Sabaeans have real control 
o f  those tw o areas; in  the R ed Sea Coastal area the sole  
indication o f  their presence is a sm all tem ple near Zabïd, 
probably attached to a m ilitary outpost guarding a route 
dow n to  the sea.
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T w o secondary centres were Sirwäh, on  a  tributary o f  the  
W adi D hana above the dam , and N ashq (now  al-Bayda’), 
at the western end o f  W adi al-Jawf.

From  perhaps just before the Christian Era, how ever, the  
highland regions, both  north and w est o f  San'ä’, played a 
m uch  m ore active part in  Sabaean affairs, and som e o f  
the rulers belonged to  highland clans. T he early centuries 
o f  the Christian Era also saw the em ergence o f  San'ä’ as 
a g ovem m en t centre and royal residence (in its palace, 
G hum dän) a lm ost rivaling the status o f  M a’rib. N everthe- 
less, M a’rib (w ith its palace, Silhïn) retained its prestige 
in to  the 6th  Century a d .

iabaean Sabaean rulers o f  the early period em ployed  a regnal 
egnal style style consisting o f  tw o nam es, each chosen  from  a very 

short list o f  alternatives; possible perm utations were thus 
lim ited , and the sam e style recurs several tim es over. 
In drafting their ow n texts, the rulers adopted the title 
m ukarrib, now  generally thought to m ean “unifier” (with  
allusion  to  the process o f  expansion o f  Sabaean influence  
over neighbouring com m unities). Persons other than the 
rulers never used this title in  their texts but referred to  
the rulers by their regnal styles or occasionally as “king 
o f  M a’rib.” Later the title m ukarrib  disappeared, and the 
rulers referred to them selves, and were referred to by their 
subjects, as “king o f  Saba’.”

A s am ong the M inaeans, the early rulers were on ly  one  
elem ent in  a legislature including both a council and rep- 
resentatives o f  the nation . The rulers’ personal activity lay 
m ainly  in building and in  leading wars. The first three 
centuries o f  the Christian Era have yielded a m ore am ple 
d ocum entation  than any other period, but during those  
centuries the Sabaeans were facing a strong threat from  
the H im yarites to  the south o f  them . T he H im yarites suc- 
ceeded at tim es in  gaining suprem acy over the Sabaeans, 
and at the end o f  the 3rd Century they definitively ab- 
sorbed the Sabaeans in to  their realm . In the wars o f  the  
Ist Century onward, the kings (whether Sabaean or H im - 
yarite) were supported both  by a national arm y (kham ïs) 
under their ow n com m an d  and by contingents raised from  
the associated com m u n ities led by qayls, belonging to the  
aristocratie clans that headed each associated com m unity. 
The oldest docum ents attest a num ber o f  other kingdom s. 
The m ost im portant w as Awsän, w hich lay in the high­
lands to  the south o f  the W adi Bayhän. A n early Sabaean  
text speaks o f  a m assive defeat o f  Awsän, in  term s that 
attest its high significance. Y et the kingdom  had a brief 
resurgence m uch later, around the tu m  o f  the Christian  
Era, w hen it appears to  have been w ealthy and heavily  
in fluenced  by H ellen istic culture. O ne o f  its kings o f  this 
period was the on ly  Y em en i ruler to  be (like the P tolem ies 
and Seleucids) accorded divine honours, and his portrait 
Statuette is dressed in  G reek garb, contrasting with those 
o f  his predecessors w ho are dressed in  Arabian style, with  
kilt and shawl. A w sänian inscriptions are in the Qata- 
banian language (w hich m ight account for the fact that 
Eratosthenes gives no separate m ention  to Awsän in his 
list o f  the m ain ethné).

M inaeans. The M inaean kingdom  (M a'ïn) lasted from  
the 4th  to  the 2nd Century b c  and was predom inantly  
a trading organization that, for the period, m onopolized  
the trade routes. R eferences to M a'ïn occur earlier in  
Sabaean texts, where they seem  to  be loosely  associated  
w ith the A m ir people to  the north o f  the M inaean Capital 
o f  Q am aw  (now  M a'ïn), w hich is at the eastem  end o f  the 
W adi al-Jaw f and on  the western border o f  the Sayhad  
sands. T he M inaeans had a second tow n surrounded by 
im pressive and still extant walls at Y athill, a short distance 
south o f  Q am aw ; and they had trading establishm ents at 
D edän  and in  the Q atabanian and H adram ite capitals. 
T he overw helm ing m ajority o f  M inaean inscriptions com e  
from  Q am aw , Y athill, and D edän, and there is virtually  
no evidence o f  territorial possessions apart from  the im - 
m ediate vicin ities o f  these three centres, w hich have m ore 
the aspect o f  typical “caravan cities.” A  thin  scattering 
o f  M inaean inscriptions has been found in places just 
outside Arabia, such as Egypt and the island o f  D elos, 

iin aean  all m anifestly  resulting from  far-flung trading activities; 
ading and texts from  Q am aw  refer to a num ber o f  im portant 
:tivities points o n  the caravan routes, such as Yathrib (M edina)

and G aza, and also to  interruption o f  trade by on e o f  the  
several phases o f  warfare betw een  Egypt and  the Seleucids 
o f  Syria. A n explicit m en tion  o f  caravans is perhaps found  
in  the expression nCn m $m , interpreted by the scholar 
M ahm ud A li G hul as “the M inaean caravaneers.”

M inaean social structure differed from  that o f  the other 
three, predom inantly agricultural peoples. T he latter were 
federations o f  com m u n ities (often  term ed by m od em  
scholars “tribes,” though they were n ot genealogically  
based) grouped under a leading com m u n ity , with the na­
tion  as a w hole designated by the nam e o f  the hegem onial 
com m unity , follow ed by the phrase “and the [associated] 
com m u n ities.” T he M inaeans, how ever, were subdivided  
in to groups o f  varying size and im portance, som e quite 
sm all, w ith none exercising a d om inating role over the  
others. A m ong the other three peoples the office o f  “elder”
(kabïr) was norm ally filled by the head o f  on e o f  the asso­
ciated com m u n ities in  a national federation. A m ong the  
M inaeans, however, the k a b ïr  w as a b iennially  appointed  
magistrate controlling on e o f  the trading settlem ents or, in  
som e cases, invested w ith authority in  all o f  them . Legisla­
tive functions were exercised by the king acting together 
with a council and representatives o f  all the M inaean  
social classes. M inaean inscriptions m ake no m ention  o f  
wars undertaken by the king or the state; th is suggests that 
M a'ïn m ay have enjoyed covenants o f  safe-conduct with  
their neighbours along the trade routes.

Q atabanians. T he heartland o f  the Q ataban people was 
W adi Bayhän, w ith  the Capital, T im na', at its northem  
end, and W adi Harib, im m ediately  w est o f  Bayhän. A s in  
the case o f  M a'ïn, the earliest references are in Sabaean  
inscriptions; native Q atabanian inscriptions do not seem  
to  antedate the 4th  Century b c . T im na' was destroyed  
by fire at a date not easy to  fix; pottery evidence has 
been thought to  suggest the Ist Century a d , but epigraphy 
points to a survival o f  the k ingdom  at least until the end  
o f  the 2nd Century. Its fortunes had fluctuated: In the  
earliest Sabaean phase it w as “liberated” by the Sabaeans 
from  Awsänian dom ination  in  the ab ove-m entioned  defeat 
o f  Awsän. A t som e periods the Q atabanians them selves 
dom inated a federacy sim ilar to  the Sabaean one, and  
at a relatively late date a m ier  w h om  his subjects called  
“K ing o f  Qataban” styled h im se lf m u karrib  o f  Qataban.
Inasm uch as Eratosthenes says that this people extended  
to  “both seas,” i.e., the R ed  Sea and the G u lf  o f  A den, it 
m ight be inferred that there w as som e sort o f  Qatabanian  
presence in  the Southwest corner o f  the peninsula, an area 
later m ied  by the H im yarites.

H adram ites. Inscriptions from  the H adram ite kingdom  
are scantier in  num ber than  from  the Sabaean, M inaean, 
or Qatabanian. Y et the H adram ite w as probably the 
wealthiest o f  them  all. H adhram aut and the Sa’kal area 
to the east (m od em  D hofar province o f  the Sultanate o f  
O m an) are the only places in  Arabia where clim atic condi- Frank- 
tions m ake production o f  frankincense possible, and P liny incense  
wrote that the w hole o f  the produce w as collected  at the production  
H adram ite Capital, Shabwah, on  the eastem  fringe o f  the  
Sayhad sands, and taxed there before being handed over  
to the caravans that carried it to  the M editerranean and  
M esopotam ia. In addition, H adhram aut w as an entrepot 
for Indian goods brought by sea and then  forwarded by  
land. The caravan trade m ay have suffered to  som e de- 
gree from  com petition  by R ed Sea shipping, which, from  
the Ist Century a d , began to  sail through the Bab el- 
M andeb Strait in to  the Indian O cean. N evertheless, as late 
as about a d  230 a king o f  H adhram aut received m issions  
from India and Palm yra (Tadm ur), at the opposite ends 
o f  the long-standing trade route along w hich  Hadhram aut 
occupied a central position . A t Shabwah, French archaeo- 
logical work begun in  1975 adjacent to  the visible tem ple  
m in  has revealed a w alled tow n  o f  larger extent than any  
other ancient Y em en i site. T he palace, on  the opposite 
side o f  the tow n from  the tem ple, was, according to the  
archaeological evidence, a tm ly  m agnificent building. The 
m ain port o f  H adhram aut w as at C ane on  the bay o f  Bir 
'Ali; and the H adram ites had a settlem ent at Samhar-m  
(now  Khawr Rawrï) on  Q am ar Bay in  the Sa’kal region, 
founded around the tu m  o f  the Christian Era.

H im yarites. H im yar is the Arabic form  o f  the nam e o f
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a people w ho appear in  the inscriptions as H m yr and in  
G reek sources as H om eritai. T hey occupied the extrem e 
Southwest o f  the peninsula  and had their capital at Zafar, 
a site som e n ine m iles southeast o f  present-day Yarim , 
on  the m otor road from  A den and Ta'izz to  San'ä’. The  
first appearance o f  H im yar in  history is in  P liny’s N atu- 
ralis H is to r ia  (latter h a lf o f  the Ist Century a d ); a short 
tim e later the G reek d ocu m ent know n to  scholars as the 
Perip lus M a ris  E ry th rae i m en tion s an individual w ho was 
“king o f  tw o nations, the H om erites and the Sabaeans.” 
But this dual kingship w as not definitive: throughout the 
2nd and 3rd centuries there were phases o f  warfare be­
tw een native Sabaean rulers and H im yarite ones. Royal 
titulature in  this period is confusing: alongside “kings o f  
Saba’” are found “kings o f  Saba’ and the Raydän,” but 
the im plications o f  the latter are still debated. A thesis 
advanced by the Arab scholar M .A. Bafaqih is that the 
former are native Sabaeans and the latter heads o f  a 
dual k ingship over both  peoples. Others have held that 
native Sabaean rulers som etim es claim ed the longer title 
even w hen  there w as little reality behind it. M oreover, the 
H im yarites, until the 6th  Century a d , used the Sabaean 
language for their epigraphic records, and there are no  
inscriptions or other m onu m en ts at Zafar or elsewhere 
in the true H im yarite area that can be confidently dated  
before a d  300.

In the last decades o f  the 3rd Century a d  a H im yarite 
ruler nam ed  Sham m ar Y ur'ish ended the independent ex- 
istence o f  both  Saba’ and H adhramaut; and inasm uch as 
Q ataban had already disappeared from  the political m ap, 
the w h ole o f  the Y em en  w as united under his rule. There- 
after, the royal style w as “king o f  Saba’ and the Raydän  
and H adhram aut and Y am n at.” Arabic writers call him  
and his successors the Tabäbi'ah (singulär Tubba'), and, 
because in  the centuries im m ediately  preceding Isläm the 
Y em en  was dom inated  by the H im yarites, the Arabic 
writers (follow ed by m any 19th-century Europeans) apply 
the term  H im yaritic to  all pre-Islämic m onum ents o f  the 
Y em en , irrespective o f  date or location.

The T ubba ‘ kings. A m ajor break with the past was 
Early m ade in the 4th Century a d , w hen the polytheistic religion
Arabian o f  the earlier cultures was replaced by a m onotheistic cult
m ono- o f  “T he M erciful (R ahm än), Lord o f  heaven and earth.”
theism  There w as also an increasing interest, both friendly and  

hostile, in  central Arabia. Already in the 2nd and 3rd 
centuries a d  Sabaean, H im yaro-Sabaean, and Himyarite 
rulers had em ployed  central Arabian Bedouin mercenar- 
ies; and the first Tubba' king, Sham m ar Yur'ish, sent a 
dip lom atic m ission  to  the Säsänian court at Ctesiphon.

The K ingdom  o f  A ksum  in Eritrea is m entioned in  
Sabaean texts o f  the 2nd Century a d  as having som e not 
very definable link w ith H abashite (“A byssinian”) people 
settled in the Arabian Coastal areas, w ho were throughout 
the 2nd and 3rd centuries a th o m  in the flesh o f  both  
Sabaean and H im yaro-Sabaean rulers, even at one point 
occupying Zafar. T ension  betw een A ksum  and H im yar 
reached a clim ax in a d  517 or 522, w ith a Jewish H im ­
yarite k ing (traditionally said to  have been a convert to  
Judaism ) nam ed Y ü su f A s’ar Y ath’ar. It seem s that the 
conflict escalated from  w hat had been (in one account) a  
trade dispute. Y ü su f m assacred the entire Ethiopian pop­
u lation o f  the port o f  M ocha and o f  Zafar and, about a 
year later, the Christians o f  Najrän. A ksum  retaliated with  
invasion , leading to  the defeat and death o f  Y ü su f (who is 
know n in Arabic tradition m ostly by the nicknam e D hü  
N uw äs) and the establishm ent o f  a puppet kingdom  in the 
Y em en  subject to  A ksum . Som ew hat later the H imyarite 
king Abraha regained som e m easure o f  independence, and 
he was responsible for m ajor repairs to  the M a’rib D am  in  
the 540s. H is reign was follow ed by a fairly brief Persian 
occupation  o f  the Y em en . Early in the 7th Century the 
Y em en  accepted Isläm peacefully, and its antique native 
culture merged into the Isläm ic culture.

Central and north Arabia. The oasis o f  Taym ä’ in the 
northern H ejaz em erged briefly into the lim elight when  
the N eo-B abylonian  king N abu-na’id (N abonidus, reigned 
c. 5 5 6 -5 3 9  b c ) took  up his residence there for 10 years 
and extended his pow er as far as Yathrib. A few im portant 
m onu m en ts o f  this tim e are know n.

D edän a n d  al-H ijr. It is possible that the M inaean  
settlem ent at D edän (see above) coexisted w ith a native 
D edänite tow n . But on ly  on e  “king o f  D ed än ” is recorded.
T his k ingdom  seem s to  have been replaced quite soon by  
a k ingdom  o f  L ihyän (Greek: L echienoi). T he entire area, 
how ever, w as not long in  com in g  under the rule o f  the  
Nabataean kings o f  a dynasty (centred at Petra) covering  
the Ist Century b c  and the Ist a d ; and the ancient tow n o f  
D edän w as eclipsed by a new  N abataean foundation just 
to  the north at al-Hijr (M adä’in  Sälih). A t the beginning o f  
the 2nd Century a d  the N abataean k ingdom  w as annexed  
by R om e, the official decree o f  annexation  being dated  
111. T he N abataeans, like the M inaeans before them , had 
been involved  in the caravan trade, and it w ould appear 
probable that for at least a tim e after the annexation they  
continued  this role, under R om an aegis. Subsequent his­
tory o f  the area rem ains obscure.

Kindah. K indah was a B edouin tribal kingdom  quite  
unlike the organized States o f  Y em en; its kings exercised  
an influence over a num ber o f  associated tribes m ore by 
personal prestige than by coercive settled authority. Its area 
o f  influence w as south central Arabia, from  the Y em eni 
border nearly up to  M ecca. T he discovery o f  the tom b o f  
a king o f  K indah (datable to  perhaps the 3rd Century a d ) 
at Qaryat D hät K ähil, on  the trade route linking Najrän 
with the east coast, suggests that this was probably the 
royal headquarters. Sabaean texts o f  the 2nd  and 3rd cen­
turies contain  a num ber o f  references to  K indah, attesting  
relations som etim es hostile (as w hen an assault was m ade 
on  Qaryat D hät K ähil) and other tim es friendly (as evi- 
denced by the supply o f  K indite troops for the Y em enite  
rulers). T his p attem  o f  relationship seem s to  have con ­
tinued  dow n to  the early 6th  Century, w hen the K indite The  
hegem ony collapsed, partly in  consequence o f  tribal wars collapse  
and partly perhaps as a result o f  the em ergent power o f  o f  K indite  
the M eccan Quraysh at that tim e. T he last K indah king, hegem ony  
the fam ous poet Im ru’ al-Qays, becam e a fugitive.

A l-H irah . A l-H lrah was sim ilarly a B edouin tribal king­
dom , the kings o f  w hich are com m on ly  designated the 
Lakhm ids. A ccording to  tradition, the founder o f  the dy­
nasty w as ‘A m r, w hose son Im ru’ al-Qays died in a d  328  
and w as en tom b ed  at an-N im ärah in the Syrian desert.
H is funerary inscription is written in  an extrem ely difficult 
type o f  script. R ecently there has been a revival o f  interest 
in  the inscription, and a lively controversy has arisen over 
its precise im plications. O ne thing that is certain is that 
Im ru’ al-Q ays claim ed the title “king o f  all the B edouin” 
and cla im ed to  have cam paigned successfully over the en ­
tire north and centre o f  the peninsula, as far as the border 
o f  Najrän. In M uslim  sources it is said that he was given  
by the Säsänian king Shäpür II a “governorship” over the 
B edouin o f  northeast Arabia, being charged w ith the task 
o f  restraining their incursions in to  Säsänian territory. Later 
kings o f  the dynasty settled them selves definitively in that 
area, at al-H ïrah (near m o d em  K ufah). T hey rem ained  
influential throughout the 6th  Century, and on ly  in 602  
was the last L akhm id king, N u'm än ibn al-M undhir, put 
to  death by the Säsänian king K hosrow  II (Parviz) and the  
kingdom  sw ept away. In the 6th Century al-Hirah was a 
considerable centre o f  N estorian  Christianity.

G hassän. T he dynasty o f  the Ghassänids, though often  
called kings, were in fact B yzantine phylarchs (native m iers 
o f  subject frontier States). T hey had their headquarters 
w ell w ithin  the Byzantine Em pire, a little east o f  the Sea 
o f  G alilee at Jäbiyah in  the Jawlän (G olan) area; but they  
controlled large areas o f  northwestern Arabia, as far south  
as Yathrib, serving as a counterpoise to the Säsänian- 
oriented L akhm ids in the northeast. The G hassänids were 
M onophysite Christians and played an im portant part 
in the religious conflicts o f  the Byzantine church. Their 
influence spanned the 6th Century a d , and their m ost 
prom inent m em ber, al-Härith ibn Jabalah (Greek: Aretas), 
flourished in m id-century. T he last three phylarchs feil out 
with O rthodox B yzantium  because o f  their M onophysite  
creed; in 614  the pow er o f  Ghassän was destroyed by a 
Persian invasion.

Quraysh. A ccording to M uslim  tradition, M ecca had at 
one tim e been  in the hands o f  Jurhum, a people living  
on  the central west coast recorded in G reco-Latin sources
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as G orrham ites. But som ew here around a d  500 (“five 
generations before the Prophet M uh am m ad ”) Qusayy ibn  
K iläb, called al-M ujam m i' (“the U nifier”), is credited with  
having brought together scattered groups o f  B edouin and  
installed them  in  M ecca. T hey took  over a role that had 
long before been played by M inaeans and Nabataeans, 
Controlling the w est coast trade routes; they sent annual 
caravans to  Syria and to  the Y em en . Authority in  Quraysh 
w as not royal but w as vested in a m ercantile aristocracy, 
not unlike the V enetian  R epublic. T heir trading contracts 
ensured them  considerable influence, and, w hen in the 
open ing years o f  the 7th Century the collapse o f  Himyarites, 
Lakhm ids, and G hassänids had left a pow er vacuum  in the 
peninsula, Quraysh rem ained the on ly  effective influence. 
There is, how ever, little doubt that the ancient traditions 
o f  Y em en ite  civ ilization  contributed substantially to the 
consolidation  o f  the Isläm ic em pire. (A.F.L.B.)

ARABIA SINCE THE 7TH CENTURY
Arabian and Isläm ic expansion . In the 6th Century 

Q uraysh— the noble and holy house o f  the K inänah con- 
federation o f  the H ejaz Controlling the sacred enclave 
(htaram) o f  M ecca— contrived a chain  o f  agreem ents with  
the northern and Southern tribes that opened  the highways 
o f  Arabia to  com m erce. U nder Q uraysh aegis, caravans 
m oved  freely from  the A den and H adhram aut coasts in  
the south to M ecca and thence northw ard to  Byzantium  
or eastward to Iraq. A nother agreem ent m ade trade with  
A xum  (in  what is now  E thiopia) and the African coast 
secure, as was also the Arabian Coastal sea route. Fur- 
therm ore, m em bers o f  the Q uraysh house o f 'A b d  M anäf 
concluded pacts w ith B yzantium , Persia, and rulers o f  the 
Y em en  and Ethiopia, prom oting com m erce outside Ara­
bia. The 'Abd M an äf house could  effect such agreem ents 
because o f  Q uraysh’s superior detached Position with the 
tribes. Quraysh had som e sanctity as lords o f  the M eccan  
tem ple (the Ka'bah) and were them selves know n as the 
P eople o f  Alläh or the Protected N eighbours o f  Alläh; the 
tribes on  pilgrimage to  M ecca were called the G uests o f  
Alläh, and Quraysh contributed to  their entertainm ent.

In its har am  Quraysh was secure from  attack; it arbitrated 
in  tribal disputes, attaining thereby at least a local preemi- 
nence and seem ingly a kind o f  loose  hegem ony over m any  
Arabian tribes. T em ple privileges held by Qusayy, who  
established the rule o f  Quraysh, passed to  his posterity, the 
'Abd M anäf house o f  w hich collected  the tax to feed the 
pilgrims. The Ka'bah, through the additions o f  other cults, 
developed  into a pantheon, the cu lt o f  other gods perhaps 
being linked with political agreem ents betw een Quraysh—  
worshipers o f  A lläh— and the tribes.

The life o f  M u h a m m a d . M uham m ad was born o f  the 
H äshim ite (Banü H äshim ) branch o f  the noble house o f  
'Abd M anäf; though orphaned at an early age and, in 
consequence, w ith little influence, he never lacked protec­
tion  by his clan. M arriage to  a w ealthy w idow  im proved  
his Position, but he began to m ake his mark in M ecca  
through prophetic inspiration. H e preached the oneness o f  
A lläh— possibly reacting against the pantheon in favour 
o f  the Quraysh deity Alläh. R ejected by the Quraysh 
lords, M uham m ad sought afliliation with other tribes; he 
was unsuccessful until he m anaged to negotiate a pact 
w ith the tribal chiefs, the naqïbs , o f  M edina, whereby 
he obtained their protection and becam e theocratie head 
and arbiter o f  the M edinan tribal confederation (um m ah). 
T hose Quraysh w ho jo ined  him  there were know n as 
m uhäjirün  (refugees or em igrants), w hile his M edinan al- 
lies were called an$är (supporters). T he M uslim  Era dates 
from  the hijrah  (hegira)— M uham m ad’s m ove to  M edina  
in  a d  622. (For m ore detail about the life o f  M uham m ad  
and the rise o f  Isläm, see is l ä m , m u h a m m a d  a n d  t h e  
Re l ig io n  o f ; and is l ä m ic  w o r l d , t h e .)

M uham m ad’s m en  attacked a Q uraysh caravan, thus 
brealang the vital security System established by the 'Abd 
M an äf house, and hostilities broke out against his M eccan  
kinsm en, w ho dubbed him  “divider” (m ufarriq). W ithin  
M edina tw o problem s confronted h im — the necessity to  
enforce his role as arbiter and to  raise supplies for his 
m oves against Quraysh. H e overcam e internal Opposition, 
rem oving in the process three Jewish tribes, w hose prop­

erties he distributed am ong his follow ers. Externally, his 
ascendant pow er w as dem onstrated follow ing Q uraysh’s 
failure to  overrun M edina, w hen he declared it his ow n  
sacred enclave. H e foiled  Q uraysh offensives and m arched  
back in to  M ecca. A fter taking M ecca he becam e lord o f  
the tw o sacred enclaves (al-h aram ayn ), but, although he 
broke the pow er o f  som e Q uraysh lords, h is policy thence- 
forth was to  conciliate h is Q uraysh kinsm en.

The rise o f  Isläm . After M uham m ad’s entry into M ecca  
the tribes linked w ith  Q uraysh cam e to  negotiate with him  
and to  accept Isläm; this m eant little m ore than giving up  
their local deities, already proved ineffective, and worship- 
ing Alläh alone. T hey had to  pay the tax, but this was not 
novel because the tribal ch iefs had already been taxed to  
protect the M eccan haram  from  tribes that respected nei- 
ther it nor the holy  m onth s o f  truce. Tribesm en probably  
regarded this as a typical Arabian fam ily power squabble, 
and they waited to  jo in  the w inner. D oubtless they cared  
little for Isläm — m any tried to  break aw ay (the so-called  
apostasy)— on  M uham m ad’s death.

Isläm, however, w as destined  for a world role. U n ­
der M uham m ad’s successors the expansionist urge o f  the 
tribes, tem porarily un ited  around the nucleus o f  the tw o  
sacred enclaves, co in cid ed  w ith the weakness o f  Byzan­
tium  and Persia. Tribes su m m oned  to  the banners o f  Isläm  
launched a career o f  conquest that prom ised to satisfy their 
greed for booty and lands. W ith fam ilies and flocks, they  
left the peninsula. P opulation  m ovem ents o f  such m agni­
tude affected all o f  Arabia; in  H adhram aut they possibly  
caused neglect o f  irrigation works, resulting in erosion o f  
fertile lands. In O m an, too , w hen Arab tribes evicted the  
Persian ruling d ass , its com plex  irrigation System seem s  
to  have suffered severely. M any O m ani Arabs about the  
m id-7th Century left for Basra (in Iraq) and formed the in- 
fluential A zd group there. Arabian Isläm  replaced Persian  
influence in the Bahrain district and al-H asa province in  
the northeast, and in  the Y em en .

As the conquests far beyond  Arabia poured loot in to  the  
H oly Cities (M ecca and M edina), they becam e wealthy  
centres o f  a sophisticated Arabian culture; M edina becam e  
a centre for Qur’änic study, the evo lu tion  o f  Isläm ic law, 
and historical record. U nder the caliphs— M uham m ad’s 
successors— Isläm began to  assum e its characteristic shape; 
paradoxically, outside the cities it m ade little difference 
to  Arabian life for centuries. Shari'ah (Isläm ic law), pro- 
m oted often by the Prophet’s ow n descendants, developed  
in the urban centres; but outside them  custom ary law  
persisted, som etim es diam etrically opposed  to  Shari'ah. In 
tim e the Hejaz and the Y em en  cam e to  m ake notable 
contributions to Isläm ic culture, but Isläm ’s basically Ara­
bian nature show s in the early m osque, which resem bles 
the pre-Islämic tem ple, and in  the pilgrimage rites, little  
altered from paganism .

Struggle fo r  leadership. In Arabia offices were generally  
hereditary and elective; but on  M uham m ad’s death, Abu  
Bakr, the first caliph, abetted by his ow n eventual succes- 
sor, 'Um ar, seized the leadership that Quraysh m ight have  
lost to  others. T hey were not o f  the house o f  H äshim , 
which, from the outset, feit cheated o f  its rights. 'All, 
M uham m ad’s cousin  and son-in-law , becam e the focus 
o f  legitim ist claim s to  succeed the Prophet. 'U thm än, 
however, the third caliph, was descended from both the  
U m ayyah and H äshim  branches o f  ‘A bd M anäf. The lat­
ter ha lf o f  'U thm än’s reign coincided  w ith  a slackening  
in  the tide o f  conquest and plunder. ‘U thm än  was cen- 
sured for diverting property, revenues, and booty in Iraq 
and Egypt to his Q uraysh relatives, though M uham m ad  
had set precedents for so doing. Squabbles with the tribes 
resulted in 'U thm än’s m urder at M edina by tribal m alcon­
tents from Egypt. 'All was proclaim ed caliph by the ansär, 
but he lost the political battle w ith 'U thm än’s powerful 
relative M u'äwiyah, governor o f  Syria, w ho dem anded re- 
taliation against the murderers. 'All was later m urdered by  
a Khärijite, a m em ber o f  a dissident group that earlier as 
part o f  his army, had forced m ediation  on  a reluctant ‘A ll 
and willing M u'äwiyah. 'All had quitted M edina for Iraq, 
and the political pow er centre o f  Isläm  left the peninsula, 
never to retum . 'A ll’s posterity, how ever, played an im ­
portant part in subsequent Arabian history.

Isläm ic ex- 
pansionism

Departure 
o f  the 
caliphate
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T he U m ayyad and 'Abbäsid periods. O nce M u'äwiyah  
and the U m ayyad s had seized overlordship o f  the far- 
flung Isläm ic em pire, w hich they m ied  from  D am ascus, 
the H o ly  C ities rem ained on ly  the spiritual capitals o f  Is­
läm . T he U m ayyad  caliphs appointed govem ors over the  
Hejaz, the Y em en , and O m an, w hose degree o f  authority  
was variable; but in  Iraq occasional powerful govem ors 
m anaged to  control the Persian G u lf provinces, the G u lf  
being an im portant m aritim e trade route, especially under 
the 'Abbäsids. T h e brief unity  Isläm  had im posed  on  the  
Arabians, how ever, w as irrevocably broken; from  prim i­
tive pow er struggles, the m ain  Isläm ic sects took  shape—  
the “orth odox” Sunnites and the “legitim ist” ShI'ites (who  
were distinguished  from  the Sunnites principally by their 
tenet that the im am  o f  the M uslim  com m unity  m ust be 
descended from  'Ali by M uham m ad’s daughter Fätim ah).

U m ayyad  forces defeated a Quraysh pretender, 'Abd A l­
läh ibn az-Zubayr, w ho had been proclaim ed caliph in  
the H ejaz. M edina  w as captured; M ecca was besieged, 
the haram  bom barded, and the Ka'bah set on  fire (the 
sacred B lack S tone w as split in  three places). T he harsh 
U m ayyad  general Hajjäj captured the city, and the pre­
tender perished. T he v io la tion  o f  the sacred enclaves by  
troops, includ ing Arab Christians, was an act o f  sacrilege, 
but it broke any pow er rem aining with the tribal “support­
ers” in  M edina. T he Prophet’s original sim ple m osque in  
M edina, already enlarged by the early caliphs, was rebuilt 

Preserva- by the U m ayyad  al-W alid  (it has been m uch altered and  
tion  o f  the restored since). T he U m ayyads spent lavishly on  the H oly  
H oly Cities C ities and developed  H ejaz irrigation.

T he U m ayyad s collapsed  before the 'Abbäsids in 750, a  
fall to  w hich  rivalry betw een the tribes, nationally aligned  
as northern and sou th em  Arabs, contributed materially. 
The 'Abbäsids cla im ed  adherence o f  the Legitim ists, since  
their ancestor, the Prophet’s uncle, was o f  the H äshim ite  
house. T he 'Abbäsids m aintained  a policy o f  strict adher­
ence to  religious observance, and they too  devoted large 
sum s to  supporting and em bellishing the H oly  Cities, to  
w hich they sent annually a pilgrim  caravan. Zubaydah, 
wife o f  the caliph H ärün ar-Rashid, celebrated for her 
public works, is said to  have ordered the constm ction  
o f  the qanät, a tunneled  conduit that still takes water 
to M ecca. T he threat o f  insurrection by Legitim ist pre­
tenders o f  the 'A lld branch o f  the H äshim ite house— w ho  
denied 'Abbäsid claim s to  the caliphate as they had with  
the U m ayyad s— w as a constant danger to the 'Abbäsid 
caliphs. T he 'A lld fam ily developed both Sunnite and  
Shï'ite branches; but the latter split into a m ultiplicity o f  
sects, o f  w hich  the m ost im portant are the “Twelvers” 
(Ithnä 'Ashariyah, or Im äm ls), w ho recognized 12 im am s, 
and the “Seveners” (Ism ä'iliyah, or Ismä'llls, for Im am  
Ismä'il ibn Ja'far), w ho acknow ledged on ly  seven.

The Yem en. T o  quell a rising in  the Y em en , the 'Ab­
bäsid caliph M a’m ün  dispatched an U m ayyad, Ibn Ziyäd, 
w ho refounded in  820  the southem  city o f  Zabïd and  
becam e overlord o f  the Y em en , Najrän, and H adhramaut. 
A bout a Century later, the Najähids— Ethiopian slaves or 
local A fro-A sians— supplanted the Ziyädids in Zabïd; but, 
though independent, neither dynasty renounced vague 
'Abbäsid suzerainty. T he Banü Ya'fur, lords north o f  
San'ä’, expelled the Ziyädid governor and m ied  indepen- 
dently from  861 to  997. N ajähid m ie  ended w hen 'Alï ibn  
M ahdi captured Z abïd in  1159.

The Q arm atians. In the late 9th Century an 'Alïd revolt 
in  Y am äm ah, in  central Arabia, cut Com m unications be­
tw een Iraq and the Hejaz; but a m ore serious loss to  'Ab­
bäsid pow er in  Arabia was occasioned  by the appearance 

Ismä'ili o f  Ismä'il! propaganda in  the Y em en  about 880, in eastem
threat Arabia about 899, and even  briefly in  O m an. From  the
to the Y em en , Ism ä'ili m issionaries reached N orth Africa, where
'Abbäsids the Fätim id m ovem en t arose and conquered Egypt and  

for a tim e seriously threatened the 'Abbäsids. The Qar­
m atians, an extrem ist offshoot o f  the Ismä'ilis, founded  
a state in  al-H asa, in northeast Arabia. Careful planners 
and plotters, they set ou t to  subvert orthodox Sunnite 
Isläm. T hey were opposed  to  m any o f  the teachings o f  the  
Prophet M uham m ad; they urged discarding o f  the prayer, 
the fast, and the pilgrim age, w hile encouraging w ine drink- 
ing, sexual prom iscuity, and m usic. In the Y em en  the

Q arm atian 'Alï ibn al-Fadl broke w ith the Contemporary 
Fätim id  m issionary M ansür and in  912 entered San'ä’; but 
Q arm atianism  was short-lived there.

In 1037 'Alï as-Sulayhï o f  the Y äm  tribe proclaim ed the  
Fätim id  caliph al-M ustansir but set up a dynasty in San'ä’.
T he Sulayhid dynasty m ied  m ost o f  the upper Y em en  and  
warred w ith the pro-'Abbäsid N ajähids. T he Banü M a'n  
(probably the 'Awlaqïs o f  today) had controlled A den, 
apparently w ithout subm itting even  to  the Ziyädids; the  
Sulayhid expelled and replaced them  with a section o f  the  
Y äm  tribe. From  the latter stem m ed  the Shï'ite Zuray'ids, 
w h o m ied  until the A yyübid Türän Shäh, brother o f  Sal- 
adin, invaded the Y em en  in  1 1 7 3 -7 4  and took  Aden.

In 930  the Persian G u lf  Q arm atians plundered M ecca, 
carrying o ff the Black Stone to  al-Hasa; they later re- 
tu m ed  it under Fätim id pressure. The Q arm atians were 
overthrow n in  1 0 77-78 .

O m an. In the last decades o f  the 7th Century the 
Ibädiyah, regarded as a m oderate Khärijite sect, conquered  
sou th em  Arabia, established a K indite im am  in H adhra­
m aut, occupied  San'ä’, and took  M ecca and M edina, 
before the U m ayyads drove them  back to  H adhram aut.
O m an had early b ecom e Khärijite; the first Ibädite im am , 
al-Julandä ibn M as'üd, was elected at about the beginning  
o f  the 'Abbäsid caliphate. After the Ibädite invasion  o f  
Southern Arabia in 893, O m an wavered betw een indepen- 
dence and subjection to  the 'Abbäsids and their Büyid or 
Seljuq supporters o f  western Asia. By the 12th Century 
the Seljuq hold  had becom e precarious and local im am s  
existed. D uring periods w hen the Indian trade used the  
Persian G ulf, O m ani ports flourished; but revenues dim in- 
ished wherever trade was sw itched to  the R ed Sea. From  
the m id-12th  Century until 1406 the N abhäni dynasty co n ­
trolled the interior o f  O m an, but Turkic O guz (G huzz),
Persians, and others variously possessed the Coastal flank 
of the mountains.

The Z a yd ïs  a n d  'A la w is. In the Y em en  lasting m ove-  
m ents were being shaped by the close o f  the 9th Century; 
the im am  al-H ädi, a theocratie arbiter-ruler o f  traditional 
type, founded the 'Alïd Z aydï dynasty in  Sa'dah o f  the  
northem  Y em en . A bout the m id-12th  Century a Zaydï 
im am  extended his m ie  northward to  K haybar and Yanbu'
(Y enbo) and south ward to  Zabïd.

In the m id-10th  Century a refugee from  disturbances in  
Iraq, A hm ad ibn 'Isä al-M uhäjir, arrived in  Hadhram aut, 
then  under Ibädi d om ination , and founded the 'Alawï 
Sayyid house, w hich was instrum ental in  spreading the 
Shäfi'i school o f  Isläm ic law to India, Indonesia, and  
East Africa.

The A yyü b id s a n d  R asü lids. T he Ayyübids, w hen they  
invaded the Y em en  in 1173, found it parceled out am ong  
the Banü M ahdi in  Zabïd and in the T ihäm ah, the A den  
Zuray'ids, the Zaydïs o f  Sa'dah, the Banü H ätim  at San'ä’, 
and the Sulaym änis at Harad. A yyübid objectives were 
probably part political, to  find them selves a haven and  
destroy the Ismä'ilis, and part econ om ie, to  control the  
India trade route. T hey stayed in pow er until about 1229, 
generally Controlling A den, H adhram aut, the Tihäm ah, 
and the districts south o f  San'ä’. T hey introduced an ad­
m inistrative centralization apparently adapted from  Syro- 
Egyptian organization.

W ith the Ayyübids arrived the em ir 'Alï ibn Rasül, prob­
ably o f  Oguz origin, w hose descendants, at first A yyübid  
govem ors, grasped independence (c. 1229) during the reign  
o f  al-M alik al-K äm il. The Rasülid period is the m ost bril- The  
liant era o f  Isläm ic history in  the Y em en . These m onarchs R asülid  
em bellished  their Capital, Ta'izz, and other cities w ith fine period  
buildings; several kings had a literary bent and, besides 
belles lettres, wrote treatises o f  som e originality on  var- 
ious subjects. A  fiscal survey still surviving provides an  
account o f  the trade through ash-Shihr, A den, and the T i­
häm ah ports, with budgets for m aintaining castles, troops, 
and hostages kept as surety o f  good  tribal conduct. A den  
served as an im portant trade centre in a flourishing period  
o f  Arab and Jewish com m ercial enterprise. The R asülids 
kept the Southern coast under loose control up to Dhofar, 
even  hold ing H adhram aut to  som e extent and m aintain­
ing a squadron against pirates.

T he sharifs o f  the H o ly  C ities. A t M ecca in the m id-
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10th Century com m enced  the 1,000-year ascendancy o f  
the 'A lïd sharifian fam ilies. M ecca now  becam e Capital o f  
the H ejaz, replacing M edina, the centre from  w hich it had  
been m ied  since the Prophet’s days. T he sharifs, though  
at tim es subject to  such foreign overlords as the rulers 
o f  Egypt and o f  other parts o f  Arabia, exercised virtual 
independence. T hroughout the 'A bbäsid-Fätim id  struggle, 
how ever, the sharifs took  the opportunist line o f  support- 
ing the side in  ascendancy. W hen Saladin, after deposing  
the Fätim ids in  1171, brought back orthodoxy, the sharifs 
again recognized the 'Abbäsids and A yyübids, and from  
being Zaydïs tu m ed  Shäfi'i.

In 1181 the French em sader knight R eynaud de Chätil- 
lon  raided Arabia. H e intended to  attack M edina but, 
Switching his plan, raided in  1182 the R ed Sea ports as 
far south  as Bab el-M andeb; Saladin destroyed R eynaud’s 
vessels and so ended the threat to  M ecca.

By the early 13th Century the M üsäw i sharifs had con ­
quered the Hejaz, extending their pow er southward to  
Halï; but, w hen they sought support from  Egypt, Syria, or 
the Y em en , the R asülids m anaged tem porarily to  dispute 
the overlordship o f  M ecca with the Egyptians.

After Baghdad feil to  the M ongols in 1258, the pilgrim  
caravan from  Iraq lost all political significance for the 
H ejaz. A s Iraq declined, Egyptian influence increased and  
the sharifs becam e steadily m ore dependent on  the M am - 
lüks o f  Egypt.

M am lük and O ttom an influence. A lthough the Y em eni 
Rasülids som etim es disputed with the M am lüks the over­
lordship o f  the H oly  Cities, the M am lüks generally pre- 
vailed. Egyptians and M eccans attacked al-M ujähid the 
R asülid on  a pilgrim age in 1350, and he was held prisoner 
in Egypt though released later.

The M am lüks. D uring the 14th and 15th centuries the  
M am lüks becam e the dom inant power, m aintain ing a po- 

riam lük litical agent in  the H ejaz and a body o f  cavalry in  M ecca. 
lom ina- Eventually they m ade or unm ade the sharifian m iers, 
ion  though the local Egyptian com m ander’s policy som etim es

ran counter to  that o f  Cairo. From  the m id-15th  Cen­
tury the M am lüks took  charge o f  the custom s at Jidda, 
M ecca’s port, allotting a portion o f  the revenue to the 
pasha o f  that port. Sharif M uham m ad ibn Barakät (m ied  
1 425-53), however, received one-quarter o f  the value o f  
all w recked ships, one-quarter o f  all gifts arriving from  
abroad for the M eccans, and one-tenth o f  all im ported  
goods, including the cargo o f  the Indian ships destined for 
Jidda. A bout h a lf his in com e was distributed am ong the 
leading sharifian fam ilies.

By the m id-15th  Century the foundering o f  the Rasülid  
dynasty in  the Y em en  m ade way for the Tähirids; about 
the sam e tim e the K athïrï tribe o f  southeastern Arabia 
controlled H adhram aut on  b ehalf o f  the new  dynasty.

The beginning o f  the 16th Century w itnessed Portuguese 
Penetration o f  the Indian O cean and the R ed Sea. Though  
they failed to capture A den, the Portuguese blockaded the 
Indian trade routes to  Europe via the Persian G u lf  and  
R ed Sea, causing severe, lasting dam age to the econom y  
o f  M uslim  M iddle Eastem  countries.

The O ttom ans. T o  counter the Portuguese, the M am ­
lüks found it im perative to occupy (c. 1516) the Y em en  
T ihäm ah, using cannon and m uskets, then new  to South  
Arabia. In 1517, how ever, the O ttom an sultan Selim  I 
conquered Egypt and proclaim ed the H ejaz part o f  the 
O ttom an dom in ions. Sharif Barakät II o f  M ecca sent his 
son to  negotiate at the O ttom an court and was confirm ed  
as lord o f  the H oly  Cities and Jidda, subject to  recog- 
nizing the Sublim e Porte as overlord. Selim ’s successor, 
Süleym an I the M agnificent, at the zenith  o f  O ttom an  
power, m unificently subsidized the H oly  Cities, devoting  
large sum s to new  building.

In the Y em en  the M am lüks o f  Zabïd and Ta'izz acknowl- 
edged O ttom an authority, and Turks took  over naval op- 
erations against the Portuguese in the R ed Sea and Indian  
O cean. T hey seized A den and forced the Y em en is into  
the m ountains, capturing San'ä’ and Shahärah; ultim ately, 
however, the Y em en is drove them  back into  the Tihäm ah. 
T he Turks adopted M ocha (al-M ukhä) in the Southern 
Y em en  as their base, and A den declined  in  im portance. 
After conquering Iraq in  1563, the O ttom ans could  oper-

ate in the Persian G u lf  against the Portuguese, w ho had  
taken H orm uz and M uscat in  1507 and Bahrain in  1521 
and freely harried the Arabian coasts.

Coastal Arabia w as by then  com in g  in to  direct contact 
w ith the Christian European m aritim e nations, w hich had  
begun their com m ercial Penetration o f  the Orient. T he C ontact 
D utch  and English fo llow ed the Portuguese; then cam e with  
France and other nations. T he Portuguese held Bahrain Europe 
until 1602, M uscat until 1649. T h e W estern nations traded  
with the Y em en  through M ocha, w hose coffee trade began  
in  the 17th Century; later the D u tch , British, French, and  
others opened factories there.

By 1635 the Zaydïs, supported by the northem  tribes, had  
expelled the O ttom ans from  the Y em en , and the Zaydïs 
had their first great, i f  short-lived, expansion  w hen their 
tribes m oved into  m uch o f  Southern Arabia. The broken  
terrain m ade it im possib le for them  to  m aintain  their 
suprem acy, and local tribes drove ou t Z aydï garrisons by 
about the second decade o f  the 18th Century.

In 1631 Turkish troops, dispatched to reinforce the hard- 
pressed O ttom an governor at M ocha, deserted in a body  
and, arriving by land at M ecca, sacked it; their drunken- 
ness and their rape o f  m em bers o f  noble fam ilies horrified 
M uslim  sentim ent. Security vanished, and the B edouin  
again looted  caravans freely until, w ith  aid from Con- 
stantinople, Zayd, the new  sharif o f  M ecca, was able to  
exterm inate the rebels. T hrough his influence with the 
tribes, Zayd was also able to  thwart the attem pts o f  the 
Turks to control the H ejaz. In the late 17th and 18th 
centuries, however, there was con fusion  and civil war in  
M ecca, with disputes am ong the sharifian tribes and strug- 
gles at Jidda with Turkish officials, w ho, notw ithstanding  
the virtual independence o f  the sharifs, still dabbled in  
Hejaz politics. A  new  elem ent w as introduced  in N ajd (in  
central Arabia) in  the m id -18th Century w ith  the rise o f  the  
puritan W ahhäbis, w ho, because the sharifs regarded them  
as dangerous heretics, for a tim e were refused perm ission  
to  m ake the pilgrimage to  M ecca.

Om ani expansion. In O m an events took  an indepen­
dent course. T he Ya'rubid dynasty— founded  about 1624  
w hen a m em ber o f  the Ya'rub tribe (o f  the A zd group) 
was elected im am — expelled the Portuguese from  M uscat 
and set to  harrying Portuguese possessions on the Indian  
coast. Em barking on  expansion  overseas— to  M om basa in  
1698, then to Pem ba, Zanzibar, and K ilw a— the O m anis 
becam e the suprem e pow er on  all the Coastal regions o f  
the Indian O cean, and European m erchants feared ma- 
rauding O m ani fleets.

The Persians captured M uscat in 1743. The Y a'm bids 
dissolved into  dynastie d ispute, and a leader nam ed A h­
m ad ibn Sa'ïd set to  liberating O m an from  the Persians.
H e becam e im am  in  1749, founding the Al Bü Sa'ïd 
dynasty. This period in  O m an is m arked by the crystal- 
lization o f  the political a lignm ent o f  the tribes o f  the Banü  
Ghäfir (Ghäfiri) against those o f  the Banü H inä (H inäw i).

D uring the 18th Century the growth o f  the East India  
C om pany and British param ountey in  India began to  af­
fect Arabian politics in  the Indian O cean Coastal region, 
though the interior w as little conceraed . A  series o f  agree­
m ents paved the w ay to  British control o f  the G ulf.

The W ahhäbis. T he Turks, clinging to  the H ejaz for re­
ligious prestige and claim ing to  be Custodians o f  the H oly  
Cities, had little pow er outside their garrisons in  those  
cities and along the pilgrim  route. T he bribes they gave 
the Arabs for allow ing the caravans to  pass, and the need  
to  keep supplies m oving to  M ecca and M edina, however, 
prevented their expulsion.

R elig ious reform. T he W ahhäbi m ovem ent, w hich in ­
troduced a new  factor in to  the pattem  o f  Arabian politics, 
was founded by M uham m ad ibn 'Abd al-W ahhäb, a re- 
former influenced by the writings o f  the 13 th -  14th-century 
piëtist theologian Ibn T aym ïyah, o f  the strict H anbalï 
school o f  Isläm ic law. Paganism  still flourished in Arabia, 
and it was 'Abd al-W ahhäb’s in ten tion  to  purify Isläm o f  
polytheism  and to  retum  it to  an idealized prim itive state.
Expelled from  his hom etow n  in  N ajd, he m oved to ad- 
Dir'iyah, a village that had never been  m ied  by the Turks, 
and obtained the protection  and the adherence o f  its chief, 
M uham m ad ibn Sa'üd.
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R esistan ce  to  th e  O ttom an s. Propagating the doctrines 
o f  'Abd al-W ahhäb, Ibn Sa'üd and his son mastered all 
Najd. Late in  the 18th Century the W ahhäbis began raid- 
ing Iraq and in  1801, despite Turkish attem pts to  suppress 
them , sacked the ho ly  Shï'ite city o f  Karbalä’.

T he W ahhäbis then  besieged M ecca, aided by Sharif 
G hälib’s brother-in-law, w ho defected to them . On G häl­
ib’s withdraw al, the W ahhäbis entered the city, where, 
though enforcing W ahhäbi practice, they behaved in an  
orderly fashion. T hey failed before Jidda, however, and  
G hälib reentered M ecca. In 1804 the W ahhäbis took  M e­
dina and tw o years later, M ecca. T he O ttom ans becam e  
so alarm ed at the Sa'üdi-W ahhäbi peril that the Sultan  
urged M uham m ad 'Alï, viceroy o f  Egypt, to  act as his 
deputy and drive the W ahhäbis from  the H oly  Cities. 
Egyptian troops invaded Arabia, and after a bitter seven- 
year stm ggle, w ith  serious Egyptian reverses, the viceroy’s 
forces recaptured M ecca and M edina. Forced to surrender 
his Capital, the W ahhäbi leader, 'Abd Alläh ibn Sa'üd, 
was sent to  C onstantinop le and there beheaded. Foreign  
occupation  o f  northem  Arabia continued  som e 20 years. 

T he second phase o f  Sa'üdi-W ahhäbi dom inance began  
w hen Turkï, o f  a collateral Sa'üdï branch, revolted and in  
1824 captured R iyadh in  N ajd  and m ade it his Capital. 
H e w as succeeded by his son  Faysal. By 1833 W ahhäbi 
overlordship w as generally recognized in  the Persian Gulf, 
though the Turks and Egyptians rem ained in the Hejaz. 
A new  Egyptian push, successful in  reaching the Gulf, 
collapsed w ith  the fall o f  M uham m ad 'A lfs  em pire.

After Faysal’s death the fratricidal am bitions o f  his tw o  
eldest sons allow ed Ibn R ashïd, m ler o f  H ä’il in  Jabal 
Sham m ar to the north, to  take Riyadh. Ibn Rashïd m ied  
northem  Arabia until he died in  1897. M eanwhile, the 
Sa'üdïs had lost the fertile al-H asa to  the O ttom an Turks, 
and the fam ily u ltim ately took  refuge in  nearby Kuwait.

Ibn R ashïd’s son  and successor becam e involved in a 
stm ggle w ith the sheikh o f  K uw ait, w hich enabled the 
greatest o f  the Sa'üdïs, Ibn Sa'üd ('Abd al-'Azïz II), to  
retake R iyadh in  1902. By 1904, through raiding and 
skirm ishing, Ibn Sa'üd had recovered all the Sa'üdï terri­
tory, though he had to  cam paign against Ibn Rashïd, the 
O ttom ans, and disaffected tribes and relations. In 1912, 
to bring the nom ads under control, he set up agricul­
tural settlem ents (hijrah) co lon ized  by W ahhäbi warrior 
groups called Ikhwän, organized to  fight and to farm the 
land. W hen W orld W ar I broke out, K uw ait renounced  
allegiance to O ttom an Turkey. Ibn Sa'üd fought the pro- 
Turkish Ibn R ashïd but otherw ise rem ained inactive.

The H ejaz. After M uham m ad 'Alï Pasha o f  Egypt de- 
posed G hälib  in  1831, the M eccan sharifs were merely 
his n om in ees until 1840, w hen the Egyptians evacuated  
Arabia. Thereafter the sharifs were independent until the 
Turks began to  reassert authority by force. Im proved Com­
m unications after the opening o f  the Suez Canal in 1869 
allow ed the Turks to  send troops by sea to Arabia and to  
establish direct adm inistration in  the Hejaz. H usayn ibn  
'Alï, appointed grand sharif in  1908, traveled by the new  
Hejaz R ailw ay from  C onstantinople to  M edina.

The Y em en. In 1839 the British took  A den, m ling it 
and the island o f  Socotra (at the entrance to the G u lf o f  
A den) from  India, thus forestalling the Egyptians, w ho had  
aim ed at capturing it for them selves. In 1849 the O ttom an  
Turks occupied  the T ihäm ah, com pelling the Zaydï im am  
to sign a treaty whereby he w ould  adm it a sm all Turkish  
garrison to San'ä’. T he Turks, however, could  not enter 
San'ä’ until 1872. T hey were never able to  break the resis- 
tance o f  the Z aydï tribes com pletely  and were forced to an  
accom m odation  w ith the im am  a few years before W orld  
War I. A den developed  in to  a large tow n and port, es- 
pecially after the Suez Canal opened. Protectorate treaties 
concluded with the independent tribes around A den were 
extended to include H adhram aut. Shortly before W orld 
War I an A nglo-T urkish com m ission  partly settled differ­
ences over the protectorate’s boundary with the Y em en.

The G u lf States. By the early 19th Century the Qawäsim  
pirate tribes o f  the G ulf, conquered and largely inspired by 
the W ahhäbi, had extended their depredations to  India. In 
1835 the pirate Coastal chiefs were induced to  bind them ­
selves by a m aritim e truce to  end  hostilities by sea, and

the truce was m ade perm anent in  1853. In O m an, Sultän  
ibn A hm ad, revolting against his uncle the im am  in  1793, 
gained m astery o f  the Coastal tow ns and allied h im self  
to  the British to  aid them  against the French. R elations 
betw een the Coastal sultans o f  M uscat and the British 
developed, and the British m ade Zanzibar, in  East Africa, 
a protectorate in 1890. T he extension  o f  British influence  
over Bahrain cu lm inated  in  1900 with the opening o f  a 
British political agency. T he British also persuaded the 
G u lf States and Zanzibar to  help suppress the slave trade.

W orld W ar I. Turkey entered W orld W ar I holding all 
o f  western Arabia and supported in  central northem  Ara­
bia by the R ashïdïs o f  H ä’il. O ttom an attem pts to extend  
the em pire to  eastem  Arabia, how ever, had been coun-  
tered by the British, w ho were then param ount in the G u lf  
and in  treaty relation w ith the Arab sheikhdom s there. 
Sharif H usayn o f  M ecca had been corresponding with the 
British in  Egypt before the war; w ith assurance o f  British 
support, he cam e out against the Turks in  June 1916, tak- 
ing M ecca but failing to  capture M edina. The British also  
supported the Idrisï in  Asir against the Turks. The m odus  
vivendi established in  the Y em en  had left the im am  sem i­
independent in  the north, w hile the Turks adm inistered  
the rest; Turkish forces entered the A den Protectorate, 
routing a sm all, badly organized British force at Lahij, but 
the war settled  dow n to  a gentlem anly stalem ate.

The British sought to  align Arab against Turk in eastem  
Arabia and in  sou th em  Iraq. T w o sons o f  Sharif H usayn  
o f  M ecca, Faysal and A bdullah, stirred up the tribes 
against the Turks and, assisted by British supplies and  
liaison pfficers, m oved  northward to Transjordan along  
the right flank o f  the British arm ies and in to  D am ascus  
(1918). Faysal set up an Arab g ovem m en t there, on ly  to  
be dislodged by the French in  1920. In 1921 he was m ade  
king o f  Iraq, A bdullah em ir o f  Transjordan.

W ahhäbl-sharifian  dispute. D uring the war relations 
betw een Sharif H usayn and Ibn Sa'üd worsened. In 1919  
the dispute broke in to  an open  clash. T he W ahhäbis w on  
so decisive a victory that they m ight have advanced un- 
opposed in to  the H ejaz but for pressures on  Ibn Sa'üd by  
the British, w ho were supporting both  h im  and H usayn  
w ith subsidies. Instead, Ibn Sa'üd concentrated his forces 
against Ibn R ashïd, m astering all Sham m ar territory and  
capturing H ä’il in  1921.

M eanw hile, the grand sharif refused the term s o f  a treaty 
with Britain, m ainly  because o f  the Balfour D eclaration, 
w hich approved a national h om e in  Palestine for the Jews. 
The W ahhäbis m arched in to  the H ejaz in  1924, and by  
October H usayn  w as m ler  n o  longer.

Saudi Arabia. Ibn Sa'üd’s zealous W ahhäbi follow ers, 
arriving in  the m ore lax atm osphere o f  H ejaz society, were 
now  exposed  to  the w orld o f  Isläm  at large and to  the  
m odern world. Ibn Sa'üd m anaged the resulting problem s 
w ith firm ness and tact. H e had furtherm ore to  enforce his 
m ie  over the tribes im patient o f  centralized govem m ent. 
H is tough action  w ith  them  w on, and he set ou t to develop  
security, eco n o m ic  reform, and Com m unications.

O n Ibn Sa'üd’s Southern border the Idrisï sayyids o f  Asir 
had risen to  pow er in  the first decade o f  the 20th Century. 
After the war the British handed them  the Y em en i port o f  
al-H udaydah, to  the intense annoyance o f  Im am  Y ahyä o f  
the Y em en . W hen in  1926 and 1930 Ibn Sa'üd concluded  
agreem ents w ith the Idrisï, rendering Asir a virtual de- 
pendency o f  Saudi Arabia, Y ahyä took  al-H udaydah and  
sou th em  Asir. W hen negotiations w ith the im am  failed  
to  settle differences, Saudi troops sw ept in to  the Y em en i 
T ihäm ah, but they w ithdrew after the Treaty o f  at-Tä’i f  in  
1934.
In the postw ar years Britain and Saudi Arabia concluded  

agreem ents defining the frontiers w ith the British m an- 
dates o f  Jordan and Iraq, and by treaty in  1927 Ibn Sa'üd 
was recognized as a sovereign, independent m ler.

T he Y em en. Im am  Y ahyä had virtually to  conquer the  
Y em en , in  the Zaydï interest, after the Turkish departure; 
by m easures often  stern, he established security. H e re­
fused to  recognize the Anglo-T urkish boundary, and his 
Penetration eastward in to  tribal territory brought clashes 
w ith the British, w ho, in  the later 1930s, m ade stirrings 
toward pacification and d evelopm ent o f  the protectorates.
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Postwar Arabia, to 1962. T he post-W orld W ar I Settle­
m ent and centralization o f  pow er in  the hands o f  Yahyä, 
Ibn Sa'üd, and the British gave Arabia a large measure o f  
peace and security, w hich endured until 1962. A new  fac­
tor in  the 1930s w as the d isco  very o f  im m ense quantities 
o f  petroleum  in  the deserts. In Bahrain oil was struck in  
June 1932. T he U .S .-ow n ed  Arabian Standard O il C om ­
pany (later A ram co) discovered o il in  the Dhahran area 
o f  Saudi Arabia, and the first sh ipm ents left al-Khubar in 
Septem ber 1938. T he K uw ait O il C om pany, a jo in t Anglo-
U .S . enterprise, began production in June 1946. Thereafter 
oil w as discovered in  m any other places, m östly in the 
Persian G ulf. V ast petroleum  revenues brought enorm ous 
changes to Saudi Arabia and transform ed the G u lf States. 
T he m arket for labour brought m igrants from  the Y em en  
and H adhram aut.

T he Arab world began to ferm ent under an unending  
stream  o f  nationalistic, re v o lu t io n ä r  propaganda, first 
from  Egypt, later from  Syria and Iraq, utilizing resentm ent 
o f  Israel. In the late 1950s Egypt m ounted  a propaganda 
cam paign to underm ine “feudal” Arab kingdom s and re- 
m ove “co lon ia lism ” from  Arabia, w ith an eye to acquiring 
control o f  Arabian oil.

Arabia since 1962. In 1962 Egyptian-trained Y em eni
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Badr, to  leave San'ä’, and Egyptian troops invaded the 
Y em en . Seeing the im m in en t peril o f  Egyptian thrusts to ­
ward its sou th em  borders, Saudi Arabia backed the im am  
during five years o f  war against large Egyptian armies. 
K ing Ibn Sa'üd o f  Saudi Arabia had died in 1953, and his 
ineffective heir, Sa'üd, was replaced in  1964 by another 
son, Faysal. T he im am ’s supporters, backed by Saudi aid, 
checked the Egyptian offensive, but Egypt’s president, 
G am al A bdel Nasser, d id  not w ithdraw his troops until 
Egypt’s defeat in the A rab-Israeli S ix-D ay W ar o f  1967.

N asser then sw itched to political pressure to rem ove the 
British from  A den, but the British contained  Egyptian- 
supplied terrorists until the Labour govem m ent in Britain 
suddenly decided to  abandon the A den base in  1966. Late 
in 1967 chiefs in treaty relation w ith  B ntain  were packed  
o ff to  Jidda. A  vio lently  leftist group, the N ational Lib­
eration Front (N L F), proclaim ed the P eop le’s D em ocratie  
R epublic o f  Y em en  (Y em en  [A den]), w hich becam e C om ­
m unist and form ed links w ith the Soviet U n ion .

After 1974 Y em en  (San'ä’) was m ied  by a relatively lib­
eral m ilitary govem m ent, w ith  arm y officers as presidents, 
including 'Ali 'Abd A llah Sälih, w ho in  1978 succeeded  
tw o m urdered predecessors. Lip service was paid to a long  
projected un ion  w ith Y em en  (A den), but the tw o States 
rem ained politically far apart, and the aggressiveness o f  
Y em en  (A den) even  escalated in to  an attem pted invasion  
o f  Y em en  (San'ä’) in 1979. O ver the next several years a 
stm ggle for control o f  Y em en  (A den) was waged between  
hard-line C om m unist leaders backed by the Soviet U n ion  
and m ore cautious politicians w ho sought aid from  m od­
erate Arab States and the W est. A  brief civil war broke out 
in  January 1986 and prom pted the Y em en  Socialist Party 
to  put together a m ore m oderate leadership under Haydar 
A bü Bakr al-'Attas.

In late 1989 the tw o Y em en s finally agreed to a union, 
and form al merger took  place in  M ay 1990. E lections were 
scheduled to  be held after a transition period o f  tw o and  
on e-ha lf years.

In O m an, after a palace revolution  in  1970, the new sul­
tan, Qäbüs, opened  a program o f  m odem ization , welfare, 
and reform . M uch o il revenue initially  had to  be devoted

to  repelling rebel attacks, supported from  Y em en  (A den), 
but the rebels were defeated in  1975. A  m utual accord  
was signed in 1982.

A t the entrance to  the Persian G u lf  the Trucial States 
have acquired world im portance from  their vast oil riches 
and heightened strategie significance. Britain’s Labour 
govem m ent o f  the 1960s reversed the policy o f  m ain- 
taining a protective presence there and, breaking long- 
standing treaties as in Y em en  (A den), resolved to  aban­
don them . T his shocked the G u lf  m iers, but to  refuse to  
accept the departure m eant the loss o f  face before growing  
Arab nationalist sentim ent. In the new  alignm ents follow - 
ing Britain’s w ithdrawal the form er T m cia l States— A bu  
Dhabi, D ubayy, ash-Shäriqah, 'Ajm än, al-Fujayrah, and  
U m m  al-Qayw ayn— proclaim ed them selves the U nited  
Arab Emirates (U A E ) in 1971. T hey were jo ined  by R a’s 
al-K haym ah in 1972. Bahrain and Qatar becam e indepen­
dent and acquired control o f  W estern o il concerns operat- 
ing in their territories. Their way o f  life was transform ed  
and they could even  subsidize poorer Arab States.

Though the eclipse o f  N asser’s encouragem ent o f  dissi­
dent groups in the peninsula rem oved an extem al danger 
to  its security, a fresh potential threat arose with the rev­
olution in Iran in  1 9 7 8 -7 9  and w ith the outbreak o f  the 
Iran—Iraq war in  1980. Earlier the Shah o f  Iran’s forces 
had seized the strategie T unb Islands in  the Persian G u lf  
as the British departed. Isläm ic fundam entalism  in the  
ayatollah K h om ein i’s Iran stm ck  an answering chord with  
m alcontents, Shï'ite m inorities, and Iranian workers in  the  
Arabian States, w hich gave financial support to  Iraq. The  
U .S. presidents J im m y Carter and later R onald R eagan  
pledged U .S . support to  keep open  the Strait o f  H orm uz, 
through which som e 60  percent o f  the industrial w orld’s 
oil supply was being transported. T he involvem ent o f  the  
U nited  States w ith Israel and Iran in  the sale o f  w eapons 
in  the m id-1980s, how ever, heightened the Arabian States’ 
suspicions o f  the W est, so closely  tied  to  their econom ies.

C om m on interests brought Saudi Arabia and Egypt to ­
gether until the Saudis, w ith other Arab States, broke with
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Saudi-Egyptian relations were fully restored, however, in  
the early 1980s.

In response to the tensions o f  the Iran-Iraq war, Saudi 
Arabia expanded its m ilitary power, setting up a naval 
base at al-Jubayl in the Persian G ulf. A nother base was 
built at al-W ajh, north o f  Jiddah, to  counter the Soviet 
naval presence in  the G u lf  o f  A den. In 1979 religious 
m ilitant extrem ists o f  the W ahhäbi sect itself seized the  
Great M osque o f  M ecca and had to be forcibly ejected, 
and in 1982 Iranians dem onstrated in the H oly City. The  
fall in oil revenue from  its 1981 peak has affected Saudi 
spending and had international econ om ie repercussions, 
but Saudi Arabia has begun to  develop  new  industries.

In March 1981 K uw ait, Bahrain, Qatar, O m an, Saudi 
Arabia, and the U n ited  Arab Em irates form ed the G u lf  
Cooperation C ouncil (GCC) to  prom ote stäbility and  
Cooperation in the G u lf  region. T he G C C  coordinated  
econom ic and defensive efforts o f  the six countries. The  
expected rate o f  econ om ic growth in  the region was slow ed  
by the fall in  oil prices after 1983. T he countries o f  Arabia 
m ade plans to diversify their econ om ies and to institute 
austerity m easures in  the face o f  falling prices.

(R.B.Se./Ed.)
For coverage o f  related topics in  the M acropcedia  and  

Micropcedia, see the Propcedia, sections 911, 922, 924, 
962, 9 6 /1 1 , and 978.

THE COUNTRIES OF ARABIA
Bahrain

T he State o f  Bahrain (Arabic: D aw lat al-Bahrayn), a small 
Arab state in  the Persian (Arabian) G ulf, is an archipelago 
consisting o f  Bahrain Island— extending about 30 m iles 
(48 kilom etres) from  north to  south and 10 m iles from  east 
to  w est— and som e 30 sm aller islands. Its Arabic nam e, al- 
Bahrayn, m eans “T w o Seas.” It is situated in  a bay on the

southw estem  coast o f  the G u lf  betw een the northeastem  
coast o f  Saudi Arabia to  the w est and the Qatar peninsula  
to  the east. The K ing Fahd Causeway, 15 m iles long, links 
Bahrain w ith Saudi Arabia. Bahrain’s total land area is 
267 square m iles (691 square kilom etres).

From  earliest tim es Bahrain has been  an  im portant co m ­
m ercial and shipping centre in  the G ulf; its im portance  
has increased since the d isco very and developm ent o f  the

British
withdrawal

G u lf  C o­
operation  
C ouncil
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oil resources o f  the region. A lthough only a sm all pro­
ducer o f  o il itself, Bahrain is placed to  take advantage o f  
the vast o il production  in Saudi Arabia, and its ow n early 
d evelopm ent o f  o il production  and refining has provided  
opportunities for the creation o f  related industries and  
services. T he ch ie f  tow n, port, and seat o f  adm inistration  
is M anam a (al-M anäm ah), on  the northeastem  tip o f  
Bahrain Island.

Bahrain becam e a fully independent Arab em irate in  
1971. It is a m em ber o f  the U nited  N ations, the Arab 
League, and the G u lf  C ooperation C ouncil. The em ir—  
the ruler o f  the state— is a m em ber o f  the K halïfah fam ily  
(Ä1 K halïfah), w hich has been  param ount in Bahrain since 
1783. T he System o f  g ovem m en t m ight be described as 
a m ixture o f  traditional Arab autocracy and a benevolent 
oligarchy m uch  m odified  by W estern influence.

PHYSICAL AND HUMAN GEOGRAPHY

The land. R elief. T he state consists o f  tw o separate 
groups o f  islands. T he 225-square-m ile island o f  Bahrain is 
surrounded by sm aller islands. Tw o o f  these— al-M uhar- 
raq and Sitrah, both  to  the northeast— are jo ined  to it 
by causew ays that have encouraged their developm ent for 
residence and industry; other islands in the group are 

T he archi- N abï Sälih, a l-M uham m adïyah (U m m  as-Sabban), U m m  
pelago Na'sän (linked by the K ing Fahd Causeway), and Jiddah.

The second  group consists o f  the Hawär Islands, which are 
situated near the coast o f  Qatar about 12 m iles southeast 
o f  Bahrain Island; sm all and rocky, they are inhabited  
only by a few  fisherm en and quarry workers.

W hile all o f  the sm all islands in both groups are rocky 
and low -lying, rising on ly  a few feet above sea level, the 
m ain island is m ore varied in  appearance. Its arched layers 
o f  rock consist o f  lim estone, sandstone, and marl (loose 
clay, sand, or silt contain ing calcium  carbonate), which  
were form ed during the Tertiary and Cretaceous periods 
(from  2 ,5 0 0 ,0 0 0  to  136 ,000 ,000  years ago). The central 
region rises to  44 0  feet (134  m etres) above sea level at ad- 
D ukhän H ill and is rocky and barren. The southem  and  
western low lands consist o f  a bleak sandy plain with som e  
salt m arshes. T he northem  and northw estem  coasts afford 
a striking contrast; they form  a narrow belt o f  date and  
vegetable gardens irrigated from  prolific springs and wells 
that tap artesian water.

C lim ate. H u m id ity  is high throughout the year, and  
m onthly m ean tem peratures from  M ay until October ex- 
ceed 83° F  (28° C). Sum m er days can be distinctly hot 
and hum id. W inters are cooler and m ore pleasant, with  
m ean tem peratures from  D ecem ber to  M arch below  70° 
F (21 ° C). R ainfall, a lm ost entirely confined to  the winter 
m onths, averages on ly  three inches (75 m illim etres) per 
year. T he predom inant w ind is the dam p, northwesterly 
sham äl, but the qaws, a hot, dry wind from the south, 
occasionally  brings sand and dust.

P lan t a n d  a n im a l life. Som e 200 different species o f  
desert plants grow in  the bare arid portions o f  the 
archipelago, w hile the irrigated and cultivated areas o f  the 
islands support fruit trees, fodder crops, and vegetables. 
The variety o f  an im als is lim ited by the desert condi- 
tions. T he gazelle and the hare are not yet extinct, and  
lizards and jerboas (desert rats) are com m on , w hile the 
m ongoose— probably im ported from India— is found in  
the irrigated areas. Birdlife is sparse except in spring and 
autum n, w hen m any varieties o f  migratory birds rest tem - 
porarily in  Bahrain.

S ettlem en t pa ttern s. T he majority o f  the population  
now  dw eil in  tow ns, but in the north and northwest o f  
the m ain  island, w here irrigation has long been carried 
out using artesian water, there are num erous sm all villages 
and isolated dw ellings where horticulture is the way o f  life. 
This area has an aspect o f  great fertility, which contrasts 
quite starkly w ith the bare desert appearance o f  m uch o f  
the country. T he villages consist, for the m ost part, o f  
substantial houses built o f  stone or concrete with a flat 
roof. S om e o f  the tem porary settlem ents o f  fishermen and  
the very poor are still constructed o f  barasti (branches 
o f  the date palm ). There is little perm anent settlem ent 
in  either the sou th em  h alf o f  Bahrain Island or on  the 
sm aller islands.

A bout h a lf o f  the population  lives in  the tw o princi­
pal tow ns, M anam a and al-M uharraq. M anam a, w ith its 
port o f  M ina5 Salm än, is the principal tow n  and contains 
the m ain  govem m ent offices, the business and financial 
district, m any large hotels, W estem -style shops, and a tra­
d itional Arab souk. It has a distinctly m o d em  appearance 
as com pared with al-M uharraq, w hich is densely settled  
and has m any narrow, w inding streets. Other m ajor set­
tlem ents are 'Awalï, near the centre o f  Bahrain Island, 
w hich  was built largely for expatriate em ployees o f  the  
Bahrain Petroleum  Com pany; M adïnat 'Isä' (Isa T ow n), a 
new  tow n built by the g ovem m en t since 1968; the size- 
able settlem ents o f  ar-Rifa' ash-Sharqi (East Rifa') and ar- 
Rifa' al-Gharbï (W est Rifa'); and the new  tow n  at H am ad, 
com pleted  in  1984.

T he people. Som e 70 percent o f  the population  is Arab. 
M ost o f  those are native-bom  Bahrainis, but som e are 
Palestinians, O m anis, or Saudis. Foreign-bom  inhabitants 
are m ostly Iranian, Indian, Pakistani, British, and A m er­
ican  workers. The M uslim  population  is com posed  o f  
both  Sunnite and Shï'ite sects, w ith the latter in  the m a­
jority. T he ruling fam ily and m any o f  the wealthier and  
m ore influential Bahrainis are Sunnite, and this difference 
has been an underlying cause o f  local tension. Arabic 
is the official language o f  Bahrain, but English is w idely  
understood.

T he econom y. The econ om y o f  Bahrain, like that o f  
other Arab States in the Persian G ulf, has in  recent tim es  
been  based largely on  the production o f  oil and natural gas 
and on  refining petroleum  products. It is therefore very 
sensitive to  fluctuations in  the dem and for o il and in  oil 
prices. W ith its long tradition o f  shipping and com m erce, 
how ever, and because both its oil and gas reserves are 
relatively sm all, Bahrain has been m ore successful than  
som e other States in the G u lf in diversifying its econ om y  
to  include m anufactures and both com m ercial and finan­
cial services.

A griculture a n d  ftshing. The m ajority o f  Bahrain’s food  
is im ported, but agriculture contributes significantly to  
the local food  supply. D ates, bananas, citrus fruits, m an- 
goes, pom égranates, vegetables, and alfalfa (lucem e) are 
the m ain item s. Cattle breeding and dairy and poultry  
farm ing are encouraged by the govem m ent, and cam els  
and horses are bred for racing. T he increasing pollution  
o f  the waters o f  the G u lf has alm ost killed o ff the fishing  
industry, particularly for shrimp.

Industry. The traditional industries o f  Bahrain were 
building dhow s (Arab sailboats), fishing, pearling, and the  
m anufacture o f  reed m ats. D em and  for the traditional 
products has decreased, however, as living Standards have  
risen, and the traditional industries are now  carried out 
on ly  on  a very sm all scale.

Tom Sheppard— Robert Harding Picture Library

Building a dhow in a boatyard on the coast of Bahrain.

O il was first discovered in Bahrain in 1932. The coun-  
try’s oil reserves are expected to last on ly until the year 
2000 , but the offshore natural gas supplies m ay have a 
longer life. A n a lum inum  sm elter operated by A lum inum  The  
Bahrain (ALBA ), in w hich the govem m ent has a majority a lu m in u m  
share holding, began production in 1972 and is one o f  industry  
the largest non-oil industrial establishm ents in the G ulf.
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A s a further d evelopm ent o f  this industry, an alum inum  
rolling m ill w as opened  in  1985 to  m anufacture alum inum  
products such as door and w indow  frames. Ship repair is 
handled at M lnä’ Salm än, near M anam a, and at a large 
yard operated on  al-A zl Island. T he yard can handle as 
m any as 50 large tankers per year. O ther industries in­
clude the production o f  building m aterials, furniture, soft 
drinks, plastics, and a w ide range o f  consum er goods.

F inance a n d  trade. T he g ovem m en t has encouraged  
the growth o f  offshore banking, insurance, and other fi­
nancial services, and consequently Bahrain has becom e an  
im portant financial centre. It has also been  able to  benefit 
from  its lon g  tradition as a com m ercial centre. Bahrain  
has good  telecom m u n ication  w ith  the rest o f  the M iddle  
East and w ith  the world.

Bahrain’s m ajor im port is the crude petroleum  brought 
in  by underwater p ipeline from  Saudi Arabia to  be re- 
fined. O ther m ajor im ports are m achinery, food, alum ina, 
Chemicals, and a w ide range o f  m anufactured goods. The  
m ajor export is refined petroleum  products, and other ex- 
ports include a lum inum  goods, m achinery, and transport 
services. Banking, insurance, and financial services are be- 
com in g  im portant in  the country’s balance o f  paym ents.

Transportation. Bahrain Island has an excellen t System  
o f  paved roads, and its causew ay con n ection s to  al-M uhar- 
raq and Sitrah islands and to Saudi Arabia facilitate travel. 
T he principal tow ns and villages are w ell served by bus and  
taxi services. A  high percentage o f  residents ow n  m otor  
vehicles. Bahrain International Airport on  al-M uharraq  
Island is one o f  the busiest airports in  the M iddle East and  
is used by m ost m ajor international airlines. M anam a is 
the headquarters o f  G u lf  Air, ow ned by the govem m ents  
o f  Bahrain, O m an, Qatar, and the U n ited  Arab Emirates. 
Steam ers run scheduled service from  Bahrain to  other 
G u lf ports and to Karächi, Pak., and to  Bom bay.

Adm inistration and social conditions. T he em ir is as- 
sisted by a cabinet, or council o f  m inisters, w hich  consists 
o f  the heads o f  various govem m ent departm ents, m any  
o f  w hom  are m em bers o f  the royal fam ily. A  Constitution  
prom ulgated in  1973 created a N ational A ssem bly com - 
posed o f  m em bers o f  the Cabinet and elected  m em bers, 
but after a period o f  industrial unrest and political agi- 
tation the A ssem bly was dissolved by the em ir in  1975. 
Public representation has reverted to  the traditional Arab 
and Isläm ic System o f  a m ajlis, through w hich  citizens 
and other residents m ay present petitions to  the emir. 
T his System has survived subsequent sporadic outbursts o f  
discontent fueled both by left-wing d em en ts  and by Shï'ite 
interests inspired by the 1979 Iranian revolution.

Public education is free for both boys and girls at the pri- 
mary, interm ediate, and secondary level. Private schools 
are available as well. Institutions o f  higher education  in ­
clude the U niversity College o f  Arts, Sciences, and Edu­
cation; the G u lf  Polytechnic; and the C ollege o f  H ealth  
Sciences. M edical care is extensive and free, and there is 
Provision for m ost form s o f  social security: pensions, sick  
pay, com pensation  for industrial injury, u nem ploym ent 
benefits, and m atem ity  and fam ily allow ance paym ents.

Cultural life. In spite o f  its rapid econ om ic develop­
m ent, Bahrain rem ains, in  m any respects, essentially Arab 
in  its culture. The state television  and radio stations broad- 
cast m ost program s in  Arabic, although there are channels 
in  English. Football (soccer) is populär, and the traditional 
Sports o f  falconry and o f  gazelle and hare coursing are still 
practiced by wealthier Bahrainis. H orse and cam el racing 
are populär public entertainm ents.

Several w eekly and daily papers are published in  Arabic, 
and a  sm all num ber appear in  English. T he m useum  in  
M anam a contains local artifacts from  ancient tim es such  
as ivory figurines, pottery, copper articles, and gold  rings, 
m any o f  w hich reflect various extem al cultural influences.

For Statistical data on  the land and people o f  Bahrain, 
see the B ritannica W orld  D a ta  section in the b r it a n n ic a

WORLD DATA ANNUAL.

HISTORY
Bahrain has been inhabited from  prehistorie tim es, and  
several thousand burial m ounds in  the north o f  the m ain  
island probably date from  the Sum erian period o f  the

3rd m illennium  b c . T he archipelago w as m entioned  by  
Persian, Greek, and R om an  geographers and historians. 
It has been Arab and M uslim  since the M uslim  conquest 
o f  the 7th Century a d , though it w as occupied  and ruled  
by the Portuguese from  1521 to  1602 and by the Per­
sians from  1602 to  1783. S ince 1783 it has been ruled  
by sheikhs o f  the K halïfah fam ily, w hich originated in the  
H asa province o f  Arabia.

Several tim es during the 19th Century the British inter- 
vened in the g ovem m en t o f  the territory to  suppress war 
and piracy and to  prevent the establishm ent o f  Egyptian, 
Persian, G erm an, or R ussian influence. T he first B ahrain i- 
British treaty was signed in  1820; and Bahrain’s British- 
protected status dates from  1861, w ith  the com pletion  o f  a 
treaty by which the sheikh b ound  h im se lf to  refrain from  
“the prosecution o f  war, piracy, or slavery.” U n til 1970 
the govem m ent o f  Iran periodically advanced claim s to  
sovereignty over Bahrain, but these were repudiated.

In August 1971 Bahrain proclaim ed independence. A  
treaty o f  friendship w as signed w ith  the U n ited  K ingdom , 
term inating the British protectorate status, and Sheikh 'Isä 
was designated the em ir. Bahrain then  becam e a m em ber  
o f  the U nited  N ation s and the Arab League. In 1981 
Bahrain jo ined  w ith  five other Arab G u lf  States in  form ing  
the G u lf Cooperation C ouncil (G CC), w hich has led to  
freer trading and closer eco n o m ic  ties. T he GCC is also  
con cem ed , however, w ith  m utual interests in  defense.

For later developm ents in  the history o f  Bahrain, see the  
B ritannica B ook  o f  the  Y ear  section  in  the b r it a n n ic a  
WORLD DATA ANNUAL. (C.G.S.)

Kuwait
The State o f  K uw ait (Arabic: D aw lat al-Kuwayt) is an  
independent Arabian state, lying at the upper northwest- 
e m  corner o f  the Persian (Arabian) G ulf. It has an area 
o f  6 ,880 square m iles (17 ,818  square kilom etres) and is 
bounded on  the w est and north by Iraq, on  the east by 
the Persian G ulf, and on  the south  by Saudi Arabia. A  
territory o f  2 ,200 square m iles along the G u lf  was shared 
by K uw ait and Saudi Arabia as a neutral zone until 1969, 
w hen a political boundary w as agreed upon. Each o f  the  
tw o countries adm inisters on e-h a lf o f  the territory, but, as 
before, they share equally the revenues from  oil produc­
tion  in  the entire area.

K uw ait is largely a desert, except for al-Jahrah Oasis, at 
the western end o f  K uw ait Bay, and a few  fertile patches 
in  the southeastem  and Coastal areas. T he largest offshore 
islands are the uninhabited  islands o f  Bübiyän and al- 
Warbah. The island o f  Faylakah, near the entrance o f  
K uw ait Bay, has been  populated  since prehistorie tim es.

The Capital city o f  K uw ait, a tm e  desert m etropolis, is 
located on  the sou th em  shore o f  K uw ait Bay and derives 
its nam e from the d im in u tive o f  küt, m eaning “fort.” It 
is the m ost im portant city, even  though several o f  the  
country’s other cities are larger in  population. A lm ost all 
o f  the population o f  the country is concentrated in the  
cities. Overall, K uw ait is on e o f  the w orld’s m ost highly 
urbanized States.

Oil dom inates the eco n o m y  o f  the country. Kuwait is 
on e o f  the largest o il producers in  the w orld and has one  
o f  the largest oil reserves o f  any producing country.

PHYSICAL AND HUMAN GEOGRAPHY

The land. Relief. T he relief o f  K uw ait is generally flat 
or gently undulating, broken on ly  by occasional low  hills 
and shallow depressions. T he elevations range from sea 
level in  the east to  951 feet (290  m etres) at ash-Shaqäyä 
peak, in  the western corner o f  the country. The az-Zawr 
Escarpm ent, one o f  the m ain  topographic features, bor­
ders the northw estem  shore o f  K uw ait Bay and rises to  a 
m axim um  height o f  475 feet above sea level. Elsewhere 
in  Coastal areas large patches o f  salty m arshland have 
developed. Throughout the northem , western, and central 
sections o f  K uwait there are desert basins called playas, 
w hich fill with water after w inter rains and form  im por­
tant watering places for the cam el herds o f  the Bedouin.

Vegetation. T m e soils scarcely exist naturally in  Kuwait. 
Except in  the green belt o f  K uw ait city  and som e other
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p a t c h e s ,  w h e r e  c u l t i v a t i o n  a n d  i r r i g a t i o n  a r e  c a r r i e d  o u t ,  
t h e  V e g e t a t i o n  c o n s i s t s  o f  s c r u b  a n d  l o w  b u s h e s  ( a n d  
e p h e m e r a l  g r a s s  i n  t h e  s p r i n g ) .  S a l t - l o v i n g  p l a n t s  g r o w  o n  
t h e  m a r s h y  S t r e t c h e s  a l o n g  t h e  c o a s t .

C lim ate. T h e clim ate is sem itropical, tem pered som e- 
what in  the Coastal regions b y  the warm waters o f  the  
G ulf. I f  there is enough rainfall, the desert tu m s green 
from  the m idd le o f  M arch to  the en d  o f  April. But during 
the dry season, betw een  April and September, the heat is 
severe— the tem perature ordinarily reaching 111° F  (44° 
C) during the day and on  occasion  going as high as 130° 
F (54° C). T he w inter is m ore agreeable (even Trost can  
occasionally  occur in  the interior, though never on  the 
seacoast). A nnual rainfall averages on ly  from  one to seven  
inches (25 to  180 m illim etres), chiefly betw een October 
and April, though cloudbursts can bring m ore than tw o  
inches o f  rain in  a day.

T he frequent w inds from  the northw est are coo l in  w in­
ter and spring and hot in  sum m er. Southeasterly winds, 
usually hot and dam p, spring up betw een July and O cto­
ber; hot and dry south w inds prevail in spring and early 
sum m er. T he sham al, a northw esterly w ind, causes sand- 
storm s that are referred to  as tauz.

Settlement patterns. T he old  city o f  K uw ait was located  
on one o f  the harshest spots on  the Earth’s surface. It is 
the exploitation  o f  o il that has given rise to  the extraordi- 
nary m odern m etropolis, w h ich  could  never have grown  
so rapidly w ithout exceptional im petus. T he old  city—  
oriented tow ard the sea and bounded  landward from  1918 
to 1954 by a m ud  wall, w ith  gates that led  out only  
into the endless desert— w as com pact, on ly five square 
m iles in  area; its typical dw elling was a courtyard house. 
The culture was on e o f  a seafaring, desert-daring, pearl- 
diving patriarchal society guided by the Isläm ic religion. 
At one tim e drinking water was im ported by bärge from  
Iraq. M od em  K uw aitis drink distilled seawater and live  
and work in  air-conditioned  surroundings. In and around  
the city are schools, hospitals, and tall office buildings. 
Expansion o f  public and civ ic facilities has been rapid.

U p  to 1951 K uw ait city consisted o f  little m ore than the 
area enclosed  w ithin  the sem icircular city wall. W ith the 
urban exp losion  o f  the years after 1951, the wall was de- 
m olished  and new  suburbs were formally laid out. W ithin  
the suburban blocks, building p lots ranging in size from  
8,100 to 11,000 square feet were allocated to Kuwaiti 
citizens w ho had been displaced from  the old city, then in  
process o f  radical redevelopm ent.

K uw aitis are now  scattered at a relatively low  density  
throughout the urban area, w ith m inor concentrations in  
the suburbs o f  D asm ah, ash-Shärmyah, and al-cUdaylïyah. 
N on-K uw aitis, excluded  from  the restricted suburbs, live  
at higher densities in the o ld  city and in the suburbs o f  
Hawaii! and as-Sälim lyah, m ostly  in apartments. Strong 
dem ographic contrasts have been  introduced by the large- 
scale influx o f  m igrants. K uw ait now  has a cosm opolitan  
m ixture, each ethnic group adding colour and contribu- 
tions to  the urban aspects o f  the country. A lm ost all o f  
the British and A m ericans in  K uw ait are connected  with  
the oil Companies or w ith g ovem m en t industrial projects.

T he people. N ative K uw aitis m ake up only about 40  
percent o f  K uw ait’s total population. Other Arabs, pri- 
marily Palestinian, Egyptian, Iraqi, Syrian, and Lebanese, 
account for about 50 percent, and there are sm all per­
centages o f  Indians and Pakistanis. The Palestinians, som e  
o f  them  third-generation residents o f  Kuwait, account for 
betw een 20  and 25 percent o f  the total population and  
thus constitute the largest nonnative group. They, like 
other foreign workers, cannot enjoy the rights o f  citizen- 
ship, w hich are reserved for native K uwaitis and for those 
w ho can prove K uw aiti ancestry from before 1920. N at- 
uralization is lim ited  by strict residence and em ploym ent 
requirem ents and by annual quotas.

U nlike m ost Arab societies, K uwaiti society was tradi- 
tionally  com pact, united, and virtually classless. A  definite 
d a ss System, w ith  all its traditions and conventions, has 
thus never developed  am ong the native Kuwaitis.

Apart from  sm all m inorities o f  Arab and European  
Christians and o f  Indian H indus, K uw ait’s population is 
alm ost entirely M uslim . A  law  passed in 1981 confines

citizenship  to  M uslim s. A m ong both  the native and the 
foreign populations, the m ajority o f  M uslim s are Sunnite, 
but as m any as one-third are S h f ite. M ost o f  the n on n a­
tive S h fites are from  Iran and Iraq, and, in  light o f  Iran’s 
S h f ite Isläm ic revolution  o f  1979, the presence o f  large 
num bers o f  S h fites  in  K uw ait has been  seen by som e as a 
threat to  security.

T he native and official language is Arabic, and fluency  
in  Arabic is a requirem ent o f  naturalization. English is 
the second basic language taught in  public schools. H indi, 
U rdu, and Farsi also are w idely spoken.

T he econom y. V irtually all o f  K uw ait’s wealth is de- 
rived, directly or indirectly, from  oil. Incom e from  oil 
exports gives K uw ait on e o f  the highest per capita in com es  
in  the world. A lthough the d ow n tu m  in  the w orld oil 
m arket in  1983—85 reduced the in co m e from  o il exports 
by about half, K uw ait’s econ om y did  not suffer greatly. In 
part this was because the retum  on  foreign investm ents, 
both  in  gov em m en t holdings and in  private hands, had  
b ecom e nearly as great as— and on  occasion  exceeded—  
the in com e from  oil. K uw ait’s foreign investm ents are 
m ostly  in the U n ited  States and include a variety o f  hold­
ings. T he K uw ait F und  for Arab E conom ic D evelopm ent, 
established in  1961, extends generous loan assistance, al­
though no longer at the levels achieved  in  the 1970s, w hen  
aid disbursem ents reached as m uch  as 15 percent o f  the  
gross national product.

T he m ost dram atic aspect o f  K uw ait’s econ om ie devel­
op m ent since the 1970s has been  the vertical integration o f  
its oil industry. T he integration has entailed  an enorm ous 
expansion  o f  refining and shipping capacity, m arketing  
capabilities, and facilities for producing a range o f  petro- 
chem ical products. By 1983, for exam ple, K uw ait could  
refine and seil a large portion o f  its daily petroleum  out­
put through its ow n refineries and gasoline stations in  a 
num ber o f  western European countries.

E m ploym ent generated directly by oil production and  
export accounts for on ly  a sm all percentage o f  the labour 
force. A lm ost o n e-h a lf o f  all jobs are in  the public adm in- 
istration, defense, and services sectors; about one-fifth are 
in  construction; and the trade, m anufacturing, transporta- 
tion  and com m u n ication , finance, and agriculture sectors 
all em ploy m ore than the o il sector.

T ypically, Indians and Pakistanis hold  clerical or skilled  
technical jobs w hile Iranians and som e Arabs hold  less de- 
sirable positions. Palestinians and Egyptians are w ell rep- 
resented in  professional positions and in  the govem m ent  
bureaucracy. In all, m ore than 80 percent o f  the work  
force is non-K uw aiti. T he construction  b oom  o f  the late 
1970s and early ’80s led to  the arrival o f  large num bers 
o f  workers from  East A sian countries. T he general eco­
n om ie  slow dow n o f  the m id-1980s reduced developm ent  
expenditures and prom pted a corresponding reduction in  
the growth o f  the expatriate labour force. A  lack o f  req- 
uisite skills and a cultural aversion to  certain kinds o f  
work am ong K uw aitis, however, has ensured pronounced  
dependence upon foreign skilled and unskilled  labour, de- 
spite the governm ent’s efforts to  increase the num ber o f  
native K uw aitis in  the work force.

R esources. K uw ait’s proven, recoverable oil reserves are 
thought to  be enough to  sustain current levels o f  produc­
tion  for m ore than 250  years. K uw ait also has considerable  
reserves o f  natural gas, but alm ost all o f  it is in  the form  
o f  associated gas— i.e., gas that is produced together with  
oil. T he search for unassociated gas has been largely un- 
availing. There are no other m inerals, and even  the large 
expanses o f  sand, being very solid, are not econ om ically  
exploitable. N aturally occurring fresh water is scarce. 

A gricu lture a n d  fish ing. T he possibilities o f  agricultural 
developm ent are severely lim ited. O nly a very sm all per­
centage o f  the land is at all arable; and because o f  the  
scarcity o f  water, deficiencies o f  soil, and lack o f  m anpow er  
trained in agricultural skills, an even  sm aller percentage 
o f  the land area is under actual cu ltivation. Agriculture in  
K uw ait has rem ained a marginal activity, and its contri- 
bution  to the output o f  the econ om y is insignificant.

Fish are plentiful in  the Persian G ulf, and, before the 
discovery o f  oil, fishing in  K uw ait was a leading and  
flourishing industry. It is assum ing m ore im portance again
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and is on e o f  the sectors playing a significant role in  
the drive for diversification. T he K uw ait U n ited  Fisheries, 
form ed from  the am algam ation o f  several m ajor fishing 
Companies, operates in  territorial waters. Shrimps, the 
ch ie f seafood  exported, are being depleted by overfishing 
and pollution .

Industry. In 1934 the K uw ait O il C om pany (KOC), 
the ow nership o f  w hich w as divided equally betw een the 
British Petroleum  C om pany and the G u lf  O il Corporation  
(o f  the U n ited  States), obtained a concession  covering the 
w hole territory except the N eutral Z one. O il was struck 
in  1938, but W orld W ar II deferred developm ent until 
1946. Thereafter, progress w as spectacular. In 1953 the 
A m erican Independent O il C om pany and the G etty Oil 
C om pany, w hich jo intly  held concessions for the Neutral 
Z one, struck oil in  com m ercial quantities; and in 1955 oil 
was discovered in northem  K uw ait. By 1976 K uw ait had 
achieved 100-percent control o f  the KOC, w ith the former 
ow ners retaining the right to  purchase at a discount. The 
g ovem m en t also achieved full ow nership o f  the K uw ait N a­
tional Petroleum  C om pany (K N PC ), w hich it had formed  
in  1960 w ith private K uw aiti investors. T he K N PC , de- 
signed to  serve as an integrated oil Company, controlled  
distribution and petroleum  products supplies w ithin  the 
country and began m arketing operations abroad. In 1980 
the gov em m en t founded the K uw ait Petroleum  Corpora­
tion  as an um brella Organization overseeing the KOC and 
the K PN C  as well as the K uw ait O il Tanker C om pany, 
the Petrochem icals Industries C om pany, and the Kuwait 
Foreign Petroleum  Exploration C om pany.

T he relatively low  cost o f  oil production in  K uw ait sterns 
from  certain unique advantages. First, there are a number 
o f  highly productive w ells, the output o f  w hich can be 
varied at short notice, thus elim inating the need  for large 
num bers o f  storage tanks. M ost o f  the storage tanks them ­
selves are placed on  a ridge set back a few m iles from  the 
seacoast at a height o f  som e 300 feet; this enables loading  
operations to  be carried out by gravity and not through  
the use o f  pum ps. There are also extensive refineries and 
bunkers for tankers.

M assive volum es o f  natural gas are produced in associa- 
tion  with crude oil. A lthough natural gas has great poten­
tial as a source o f  foreign exchange, its principal uses so far 
have been  in reinjection in  oil fields to  m aintain  pressure, 
in the generation o f  electricity (as for water distillation), 
and in  the production (as raw material) o f  petrochem icals 
and fertilizers.

O ther industries in K uw ait include the production o f  ce­
m ent, dry-cell batteries, electric cables, m etal pipes, insula- 
tion  m aterials, fum iture, detergents, plastic tubes, w oolen  
blankets, confections, paints, liquid  gas, and Urne bricks. 
M ost o f  these industries are o f  sm all size.

A  m ajor industrial area has been  developed at ash- 
Shu'aybah, betw een K uw ait city and A hm adi, provided  
w ith a worker’s tow n, a harbour and a dry dock for the 
repair o f  ships, a fertilizer plant, a desalin ization plant, 
a seafood-packing plant, am m on ia  and urea plants, a ce­
m ent factory, and a petrochem ical com plex.

T he g ovem m en t encourages the developm ent o f  indus­
try by granting land at nom inal rent, by subsidizing key 
inputs like the production o f  electricity and water, by of- 
fering exem ptions from  custom s duty, tariffs, and im port 
Controls, by providing loans at low  interest rates, by pro- 
viding Capital in  exchange for ow ners’ shares, by training 
labour, and by conducting technical studies designed to  
devise ways and m eans o f  increasing productivity. This 
policy  to  accelerate industrialization has produced results, 
but it is unlikely that m anufacturing w ill ever account 
for m ore than a sm all Proportion o f  the total dom estic 
output. T he difficulties o f  a sm all m arket and a lack o f  
raw m aterials and m anpow er obviously  lim it the scope for 
industrialization.

For fresh water in  earlier days people depended on a 
few artesian w ells and on  rain water collected  from  the 
roofs o f  houses or from  cistem s at ground level. D how s  
m anned  by K uw aiti seam en also brought fresh water from  
Shatt al-Arab near Basra, Iraq. W ith the rapid growth 
o f  population , however, the g ovem m en t o f  K uw ait built 
desalin ization plants at K uw ait city, ash-Shu'aybah, and

several other locations. Im portant sources o f  fresh water 
have been d iscovered at R audhatain  and al-Shigaia, but 
desalinization still provides the great m ajority o f  K uw ait’s 
daily consum ption  o f  potable water.

The expansion o f  electric facilities has also been remark- 
able. Production is concentrated in  several large, natural- 
gas-fired pow er stations, includ ing on e at ash-Shuwaykh  
and another at ash-Shu'aybah.

Trade a n d  finance. O il and oil-derived products ac­
count for all but a very m inor portion  o f  K uw ait’s exports, 
with Asia and Europe being the m ost im portant markets. 
K uw ait’s im ports, largely m anufactured goods, are princi- 
pally from Japan, the U n ited  States, and several western  
European nations.

In addition to  its Central Bank, K uw ait has specialized  
banks operating in  the areas o f  savings and credit, in ­
dustrial loans, and real estate. There are also com m ercial 
banks. N o  foreign banks m ay operate, w ith the exception  
o f  the Bank o f  Bahrain and K uw ait, based in Bahrain  
and ow ned equally by the tw o States. A n Isläm ic bank  
has also been established. S ince before independence an 
officially sanctioned  stock exchange has operated, growing  
to  becom e one o f  the largest in  the world.

Transportation. K uw ait has a m odern road System, 
linking it w ith its neighbours, and a large international 
airport. K uw ait Airways Corporation, a state-ow ned enter- 
prise, serves a num ber o f  international routes. The coun- 
try’s port facilities and its fleet o f  oil tankers and general 
cargo ships have been  expanded.

Adm inistration and social conditions. K uw ait is a con- 
stitutional m onarchy w ith a single parliamentary house, 
the N ational A ssem bly. Executive pow er is vested in  the  
em ir, w ho m ies for life and exercises pow er through an  
appointed C ouncil o f  M inisters. U nder the Constitution  
prom ulgated in 1962 on ly  first-class m ale citizens— that 
is, literate m ales over 21 years o f  age w ho are natural-bom  
K uwaitis or w hose fam ilies lived  in  K uw ait before 1920—  
are eligible to vote for m em bers o f  the N ational A ssem bly. 
This Provision lim its the num ber o f  voters to  less than 10 
percent o f  the total population .

G overnm ent m inisters are responsible to  the em ir, w ho  
can dissolve the A ssem bly. Legislation m ay be initiated by 
either the em ir or the A ssem bly, and the latter approves 
the country’s annual budget as w ell as foreign treaties. The  
Assem bly was suspended, how ever, from  1976 to  1981 
and again in  July 1986.

The legal System o f  K uw ait is based upon  a num ber o f  
diverse sources. M atters o f  civ il and personal status law  are 
governed by the Shari'ah, the Isläm ic religious law based  
on the Qur’än and the H adith  (collected  traditions o f  the  
Prophet M uham m ad). C om m ercial and crim inal laws de- 
rive from O ttom an and several m o d em  Arab sources and, 
through them , reflect e lem ents o f  the French legal code  
and the English co m m o n  law. There are several courts o f  
first instance and courts o f  appeal at tw o levels. T he em ir  
acts as the final court o f  appeal.

Kuwait has a com prehensive schem e o f  social welfare. 
For the needy there is financial assistance; for the hand- 
icapped there are loans to  start a profitable business; for 
the invalid and deform ed there are treatm ent and training; 
and for adult illiterates there is education. A  huge pro­
gram called the L im ited  Incom e H ousing Schem e, w hich  
provides adequate houses fully equipped w ith m od em  fa­
cilities for native K uw aiti fam ilies w ith lim ited  incom es, 
has been one o f  the ch ie f projects o f  the M inistry o f  So­
cial AfFairs and Labour. K uw ait has established a Reserve 
Fund for Future G enerations to  provide for the welfare 
o f  its people. T he fund receives 10 percent o f  the state’s 
revenues annually, and both principal and interest are to  
rem ain untouched until the year 2001.

G eneral education  in  K uw ait is com pulsory for native  
K uwaitis betw een the ages o f  six and 14. It is entirely  
free and includes not on ly  tu ition  but also school m eals, 
books, uniform s, transportation, and m edical attention. 
N on-K uw aiti students attend g ovem m en t schools as space 
perm its or attend private schools. K uw ait U niversity was 
founded in 1962. A bout three-fourths o f  the university  
students are K uw aitis, and m ore than h alf are w om en. 
Several thousand students attend colleges and universities
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overseas, principally in  the U nited  States, Britain, Egypt, 
and L ebanon.

T he M inistry o f  Inform ation runs the govem m ent press 
and the radio and television  broadcasting stations. It also  
has undertaken the task o f  reviving som e o f  the outstand- 
ing literary w orks in  Arabic.

For S t a t i s t i c a l  d a t a  o n  t h e  l a n d  a n d  p e o p l e  o f  Kuwait, 
see the B ritann ica  W orld  D a ta  s e c t i o n  i n  t h e  b r i t a n n i c a

W O R L D  D A T A  A N N U A L . (D.A.Sa./J.D.An.)

H IS T O R Y

The origin o f  the city o f  K uw ait— and o f  the State o f  
K uw ait— is usually placed at about the beginning o f  the  
18th Century, w hen a num ber o f  fam ilies o f  the 'Anizah  
tribe in  the interior o f  the Arabian Peninsula abandoned  
n om adism  and m igrated to  the shores o f  the Persian Gulf. 
The foun d ation  o f  the au ton om ou s sheikhdom  o f  Kuwait 
is dated from  1756, w hen the settlers decided to  appoint 
a sheikh from  the Sabäh fam ily.

K uw ait first cam e to the attention o f  the European pow- 
ers toward the end  o f  the 19th Century, at the tim e that 
G erm any sought to  extend the Berlin-Baghdad Railway  
to the port o f  K uw ait. G reat Britain, eager to frustrate 
G erm any’s designs, and K uw ait’s ruling sheikh, desirous 
o f  protecting h im se lf against the O ttom an Em pire’s n om ­
inal suzerainty, concluded  an agreem ent in  1899 whereby 
Britain assum ed  control o f  K uw ait’s foreign affairs. Fol- 
low ing the outbreak o f  war with the O ttom ans in 1914, 
Britain established a protectorate over Kuwait.

R elations w ith  N ajd (later Saudi Arabia) were settled  
by the Treaty o f  al-'U qayr (1922), which involved the 
creation o f  the com prom ise Neutral Zone. The northem  
frontier w ith  Iraq w as agreed upon in  1923.

O n June 19, 1961, the British govem m ent recognized  
the sheikhdom  as independent. Six days later the Iraqi 
prim e m inister claim ed K uw ait as an integral part o f  Iraq, 
his argum ent being that K uw ait had been a part o f  the  
O ttom an Em pire and that ethnically, geographically, and  
socially K uw ait and Iraq were one country that had been  
arbitrarily d ivided  by Britain. Threatened with invasion, 
the m ler  o f  K uw ait appealed to  Britain for m ilitary aid. 
In early July British troops landed in  K uwait, and on  July  
20 the Arab League adm itted  the sheikhdom  to  its m em - 
bership, thus recognizing its independence and refusing to  
recognize the Iraqi claim . A lm ost tw o years later, on M ay  
14, 1963, K uw ait w as adm itted  to the U nited  N ations. 
R elations w ith  Iraq m eanw hile im proved, and in  O cto- 
ber 1963 Iraq recognized K uw ait’s independence. K uwaiti 
troops stationed  along the Suez Canal fought during the  
A rab-Israeli war o f  1973 (Y o m  Kippur War), and K uwait 
has subsequently given strong financial and political sup­
port to  P alestinian and other Arab causes. (D.A.Sa.)

T hrough the K uw ait F und  for Arab E conom ic D evelop­
m ent and the K uw ait-based Arab Fund for E conom ic and  
Social D evelop m en t (to  w hich  Libya as w ell as Saudi Ara­
bia and other G u lf  Arab countries also have contributed), 
im portant assistance has been  rendered to  a num ber o f  
developing countries. T he aid is directed primarily to  Arab 
countries but has been  m ade available to  other A sian and  
African States as well.

K uw ait has lon g  m aintained  good relations with alm ost 
all o f  its fellow  Arab States, enjoying especially close and  
warm  ties w ith  those that share its ow n m oderate stance 
on  m ost issues and its conservative dom estic political 
character. It has generally good  relations with the Euro­
pean and A sian  countries w ith  which it has significant 
com m ercial dealings and w ith  the U nited  States, despite 
occasional strains arising largely from the U .S . Position  
on  A rab-Israeli issues. First am ong the G u lf Arab States 
to  establish d ip lom atic relations with the Soviet U n ion  
(1963), K uw ait tries to  steer a careful path betw een the  
superpowers.

T he Iran-Iraq war, from  its inception in  Septem ber 1980, 
represented a serious threat to  K uwait’s security. W hile 
Iraq rem ains a source o f  concern, periodically reviving its 
claim  to  K uw aiti territory, K uw ait saw no alternative to  
providing the Baghdad govem m ent substantial financial 
support and serving as a vital conduit for m ilitary supplies. 
Iran attacked a  K uw aiti refinery com plex in 1981 and

inspired terrorist acts o f  sabotage in  1983 and 1986, and  
in  1985 a m em ber o f  the underground Iraqi radical group  
al-D aw a attem pted to  assassinate the m ler, Sheikh Jäbir 
al-A hm ad Ä1 Sabäh.

In Septem ber 1986 Iran began to  concentrate its attacks 
on  G u lf  shipping largely on  K uw aiti tankers. T his led  
K uw ait to  abandon its policy  o f  trying to  keep the super­
powers out o f  the G ulf. K uw ait invited  both the Soviet 
U n io n  and the U n ited  States to  pro vide protection for its 
tankers in  early 1987. Several K uw aiti tankers were re- 
flagged w ith U .S . flags and were given U .S. naval escorts. 
In M arch 1987 three K uw aiti tankers were reregistered 
under the flag o f  the Soviet U n ion .

T he effect o f  the war has been  to  prom ote closer rela­
tions with K uw ait’s conservative G u lf  Arab neighbours, 
Saudi Arabia, Bahrain, Qatar, the U n ited  Arab Emirates, 
and O m an. W ith them , in  1981, K uw ait form ed the G u lf  
C ooperation C ouncil (GCC) to  develop  closer Cooperation 
on  econ om ic and security issues. Steady, m odest progress 
has been m ade in  both areas.

For later d evelopm ents in the history o f  K uwait, see the 
B ritann ica  B o o k  o f  the Year  section  in the b r it a n n ic a  
W O R L D  D A T A  A N N U A L . (J.D.An.)

Oman

T he Sultanate o f  O m an (Arabic: Saltanat 'U m än) is an  
independent Sultanate that occup ies the southeastem  coast 
o f  the Arabian Peninsula. It is bounded on  the Southwest 
by Y em en , on  the south and east by the Arabian Sea, on  
the north by the G u lf  o f  O m an, on  the northw est by the  
U n ited  Arab Em irates, and on  the west by Saudi Arabia. 
In addition, in  the R u’ü s al-Jibäl (“the M ountaintops”) is 
a sm all enclave, occupying the northem  tip o f  the M u- 
sandam  Peninsula at the Strait o f  H orm uz; this territory 
gives O m an its on ly  frontage on  the Persian G ulf. Because 
the boundaries w ith Saudi Arabia are not fixed, the exact 
area o f  O m an cannot be determ ined; it is estim ated to  be 
about 120,000 square m iles (300 ,000  square kilom etres). 
Its offshore territories include al-M asirah Island to  the  
east and the five K huriyä M uriyä Islands, 25 m iles o ff  
the south coast. M uscat (M asqat), a port on  the G u lf  o f  
O m an, is the Capital.

P H Y S IC A L  A N D  H U M A N  G E O G R A P H Y

T he land. R e lie f  N orth em  O m an is dom inated  by three 
physiographic zones. T he long, narrow Coastal plain o f  
al-Bätinah Stretches along the G u lf  o f  O m an. The high, 
barren al-Hajar M ountains extend  southeastward, paral­
lel to  the G u lf  coast, from  the M usandam  Peninsula to  
a p oin t near Cape al-H add, at the eastem m ost tip  o f  
the Arabian Peninsula; the great central d ivide o f  W adi 
Sanä’il separates the al-Hajar in to  a western and an east­
e m  range. A n  inland plateau falls away to  the west o f  
the al-Hajar M ountains in to  the great Rub' al-K hali (the 
E m pty Quarter) desert, w hich  the Sultanate shares w ith  
Saudi Arabia. T hese zones are further subdivided in to  a  
num ber o f  unofficial provinces: al-Bätinah; the m ountains 
and associated valleys o f  the E astem  al-Hajar and W estern  
al-Hajar; O m an province, or al-Jaw f (the central foothills 
and valleys on  the in land side o f  the al-Hajar M ountains 
and the historie heartland o f  Om an); az-Zähirah (west 
o f  O m an province, next to  the U n ited  Arab Emirates, 
and including al-Buraym ï oasis); ash-Sharqïyah (lying east 
o f  O m an province behind the al-Hajar M ountains); and  
Ja'län (fronting the Arabian Sea south o f  Cape al-Hadd).

T he fertile sou th em  region o f  D hofar (Zufär), incorpo­
rated in to  the Sultanate on ly  in  the 19th Century, is sepa- 
rated from  the rest o f  O m an by several hundred m iles o f  
open  desert. Three coterm inous m ountain  ranges, rising to  
about 5 ,000 feet (1 ,524  m etres), form  a crescent in D hofar  
around a long, narrow, Coastal p lain on  which is located  
the provincial Capital o f  Salälah. B ehind the m ountains, 
gravel plains gradually merge northward in to  the southem  
reaches o f  the Rub' al-Khali.

C lim a te  a n d  p la n t a n d  a n im a l life. G enerally, the cli­
m ate is hot and dry in the interior and hot and hum id  
along the coast. Sum m er tem peratures in the Capital o f  
M uscat and other Coastal locations often reach 97° F
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(36° C), w ith high hum idity; w inters are m ild , w ith lows 
around 63° F  (17° C). Tem peratures are sim ilar in  the 
interior, although they are m ore m oderate at higher alti- 
tudes. D hofar is d om inated  by the sum m er m on soon  that 
envelopes the m ountains in  fog and m ist for up to  four 
m onths. Salälah’s clim ate is m ore m oderate than that o f  
northem  O m an and is relatively constant throughout the 
year. Rainfall throughout the country is m inim al, averag- 
ing about four inches (104  m illim etres) a year. There are 
no perm anent bodies o f  fresh water in  the Sultanate.

Because o f  the low  rainfall, Vegetation is sparse except 
where irrigated. Irrigation is provided by an ancien t Sys­
tem  o f  water channels know n as aflä j (singulär, fa la j) .  The 
channels, w hich often  run underground, originate in wells 
near the bases o f  the m ountains.

A.C. Waltham— Robert Harding Picture Library

A fa la j in a date grove, Akhdar Mountains, Oman.

A cacia trees form most of w hai little natural Vegetation 
exists, and the soil is extrem ely rocky. The govem m ent  
protects rare species, such as the Arabian oryx, m ountain  
goats, foxes, and the loggerhead turtle.

S ettlem en t patterns. O m an is fundam entally  a rural 
country. Settlem ents are typically located near the foothills 
o f  the al-Hajar M ountains, where the afläj provide irri­
gation. In addition  to  sm all villages, a num ber o f  sizable 
tow ns, including N izw ä, Bahlä’, Izki, and ‘Ibrï, are found  
on  the in land, or southw estem , side o f  the W estern al- 
Hajar. The al-Bätinah coast provides opportunities for 
fishing, as w ell as irrigated cultivation. A s a consequence  
it is rather m ore densely populated, w ith m ajor tow ns 
at Shinäs, Suhär, al-Khäbürah, al-M asanna'a, and Barkä\ 
Traditional housing in  the al-Bätinah often  consists o f  
palm -frond huts, in  contrast to  the m ud-brick structures o f  
the interior. Ar-Rustäq, al-'Awäbi, and N akhl are principal 
settlem ents on  the al-Bätinah side o f  the W estern al-Hajar.

A t the eastem  end o f  the al-Bätinah lie the tw in cities o f  
M uscat and Matrah; both are ancient ports, but they have 
been  transform ed in to  a b oom in g  m etropolis. T o  the east, 
the only m ajor tow n  is Sür, a w ell-protected port that is 
still the hub o f  fishing and boatbuilding industries. A  no­
m adic population  occupies the land betw een the irrigated 
valleys and the desert, but the nom adic Proportion o f  the 
total population  is quite sm all. Som e o f  D hofar’s residents 
are concentrated in  tow ns a long the coast, and som e are 
sem inom adic cattle herders in  the m ountains. A  small 
nom adic population  inhabits the in land plateaus along the 
Rub' al-Khali. Khasab is the on ly  significant tow n in  the 
sparsely populated M usandam  Peninsula.

T he people. O m an ’s population  is principally Arab, al­
though large num bers o f  ethnic Baluchi live along the al- 
Bätinah; both groups are exclusively M uslim . T he Ibädite 

bädism  branch o f  Isläm , a m oderate variant o f  the Khärijite sect, 
claim s the largest num ber o f  adherents, perhaps slightly 
less than h alf o f  the total population . In b elief and ritual, 
Ibädism  is close to  Sunnite Isläm  (the m ajor or orthodox  
body o f  M uslim s), differing in  its em phasis on  an elected  
im am  as the spiritual and tem poral leader o f  the Ibädite

com m unity. N on-Ibädite Arabs and the Baluchi, w ho have 
m igrated to O m an from  Iran and Pakistan over the last 
several centuries, are Sunnites.

The M uscat-M atrah conurbation  has long been h om e to  
significant num bers o f  m erchants o f  Indian origin, som e  
o f  w hom  also live a long the al-Bätinah. N otable am ong  
these are the Liwätlyah (K hoja), originally from Sind but 
w ho have lived in O m an for about 4 0 0  years. The Indian  
com m unities are m ainly Shï'ite, the m ost widespread Is­
läm ic sect after the Sunnite, w ith a few  H indus. There are 
also several sm all Persian com m u n ities, and a num ber o f  
Swahili-speaking O m anis b o m  in  Z anzibar and elsewhere 
in East Africa retum ed to  O m an after 1970.

Several large Arab tribes predom inate along D hofar’s 
Coastal plain. The inhabitants o f  the D hofari m ountains  
are know n as j ib ä lis , or “people o f  the m ountains.” They  
are ethnically distinct from  the Coastal Arabs and are re­
lated instead to the inhabitants o f  eastem  Y em en  (Aden). 
They speak South Arabic languages, w hich are largely un- 
intelligible to  speakers o f  m o d em  Standard (N orth) Arabic. 
D hofaris are all Sunnite M uslim s.

Since the influx o f  o il in com e and the palace coup o f  
1970, increasing num bers o f  expatriates reside in the cou n ­
try, particularly in  the Capital area. T hese include W estern  
busm cssnicii, governm ent adviscfs, and  arm y om cers, as 
well as skilled and unskilled  labourers from  the Indian  
subcontinent, the Philippines, and  elsew here in Asia.

T he econom y. O m an is a rural, agricultural country, 
with fishing and overseas trading im portant for the Coastal 
populations. Before 1970, thousands o f  O m anis left the  
country to find work in  nearby oil-producing States. O il in  
com m ercial quantities w as discovered  in  O m an in  1964, 
however, and was first exported in  1967. Subsequently the  
production o f  oil rapidly cam e to  d om in ate the country’s 
econom y. By the m id-1980s o il represented one-half o f  
the gross dom estic product and provided  about 85 percent 
o f  the govem m ent’s incom e.

Serious developm ent p lanning began in  1976 w ith the  
first five-year plan (1 9 7 6 -8 0 ). T he fram ework for the sec- 
oiid nve-year plan (1981-85) was iaid in 1978. The plans 
included developm ent o f  necessary socia l am enities, addi­
tional investm ent in  the petroleum  industry, and further 
econ om ic diversification.

N atu ra l resources. Several sm all copper m ines and a 
sm elter were opened  in  the early 1980s at an ancient m in- 
ing site near Suhar, but copper reserves are not expected  
to  last beyond the m id-1990s. C hrom ite is also m ined  in  
sm all quantities. O ther m ineral resources are insignificant.

Agriculture a n d  fish ing. Agriculture is m ainly subsis- 
tence in  nature and em p loys about on e-h a lf o f  the pop­
ulation. The afläj irrigation System has long supported a 
three-tiered crop approach (three crops raised at different 
levels on the sam e plot), w ith date palm s above; lim es, 
bananas, or m angoes in  the m iddle; and alfalfa, wheat, 
and sorghum  on the ground. D ates (the country’s leading  
crop) and lim es grown in  the interior oases have long been  
traded for fish from  the coast as w ell as exported abroad. 
Grapes, walnuts, apples, and other fruits are grown in  the 
high m ountain  plateaus. D hofar also produces coconuts  
and papayas. M ost rural fam ilies keep goats, as w ell as a 
few cows, and O m an is well know n for cam el breeding. 
Cattle are raised a lm ost exclusively in  D hofar.

Labour m igration has left fields to  lie fallow and the 
irrigation Systems to  decay. Partly in  an attem pt to  reduce 
food  im ports, the g ovem m en t has sought to stim ulate 
agricultural production w ith the establishm ent o f  research 
stations and m odel farms along the Bätinah coast and in  
Dhofar, as well as date-processing plants at ar-Rustäq and  
Nazwä. The g ovem m en t has also sought to encourage  
com m ercial fishing by providing boats and m otors, cold  
stores, and transportation; and fisheries production in  the 
G u lf o f  O m an and Arabian Sea has increased.

Industry. Crude o il production  averaged about 300 ,000  
barrels per day through the 1970s. T he govem m ent’s re­
sponse to declining oil prices in  the 1980s was to increase 
production; by the m iddle o f  the decade, production had  
clim bed to nearly 60 0 ,0 0 0  barrels per day, a larger figure 
than som e OPEC countries produced but still far behind  
the ranks o f  the w orld’s largest o il exporters.

Research  
stations 
and m odel 
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Industrial development began only with the change of 
govemment in 1970 and is oriented to such infrastructural 
projects as electricity generators, desalinization complexes, 
and the cement plants outside Muscat and Salälah. The 
five-year plans have stressed private-sector development 
as well as joint ventures with the govemment. Traditional 
handicrafts, such as weaving, leatherworking, boatbuild- 
ing, and gold and silver work, are declining.
Finance and trade. After registering annual economic 

growth rates of 10 percent or more in the early 1980s, 
the country began to suffer balance-of-payment deficits in 
1986 as a result of declining oil prices. The low level of 
foreign reserves forced the govemment to introducé regu­
lär budget cuts, devalue the Omani riyal by 10 percent in 
1986, and issue treasury bills for the first time. Defense 
spending, which had averaged between 40 and 50 percent 
of the total budget since 1970, was trimmed somewhat, 
and expensive arms purchases were postponed.
Crude oil accounts for most exports, while imports con­

sist of consumer goods, foodstuffs, and industrial equip- 
ment. Among the country’s major trading partners are 
Japan, the United Arab Emirates, and the United King­
dom. Most businesses are family-owned.

Transportation. There are two modem ports, Port 
Qabus in Matrah and Raysut near Salälah, both built in 
the early 1970s. Significant intercoastal trade is carried on 
by traditional wooden dhows. The two principal airports 
are located at as-Sïb, about 30 miles from Muscat, and 
at Salälah. The govemment is a major stockholder in the 
international carrier Gulf Air and also operates Oman 
Aviation Services domestically. Since 1970 a modem road 
network of asphalt and gravel roads linking all the coun­
try’s main settlements has been built up from virtually 
nothing, and a 480-mile highway between Muscat and 
Salälah was completed in 1984.
Administration and social conditions. Government. 

Oman’s govemment is a monarchy (sultanate). Cabinet 
ministers are typically chosen from among Muscat mer- 
chants, informal representatives of interior tribes, and 
Dhofaris. The country has no written constitution and 
there are no political parties or elections, but the State 
Consultative Council, formed by the sultan in 1981, in- 
cludes members representing the government, the cham- 
ber of commerce, and the various regions of the country. 
Local govemment is carried out by a combination of 
traditional walis (representatives of the sultan) and more 
recently established municipal councils.
The Sultan’s Armed Forces, formed in 1958 from several 

smaller regiments, has grown since 1970 to about 21,500 
personnel, spurred in part by the rebellion in Dhofar in 
1964-76. The. preponderance of Baluchi soldiers, many 
of whom had been recruited from the sultanate’s former 
enclave of Gwädar in Pakistan, was reversed in favour of 
Arabs, and a policy of Omanization steadily reduced the 
numbers of British officers.
Education. Education has expanded dramatically since 

1970, when only three primary schools existed. By 1985 
there were almost 200 primary schools, 300 preparatory 
schools, and 36 secondary schools serving some 200,000 
students. Sultan Qabus University was opened in Septem­
ber 1986.
Health and welfare. The post-1970 government also im- 

proved health care throughout the countryside. It has built 
hospitals, health centres, and dispensaries and equipped 
mobile medical teams to serve remote areas. The govem­
ment also pro vides generous housing loans.
Cultural life. Oman is a tribal society and the individual 

Omani typically identifies foremost with his tribe. Women 
have been relatively freer in Oman than elsewhere in the 
Arab world. Attempts have been made to minimize the 
effect of development on the heavily traditional society 
through, for example, incorpörating traditional elements 
of architecture in new buildings and a 1986 law forbid- 
ding Omani nationals to marry foreigners. The Ministry 
of National Heritage and Culture has been active in pre­
serving historie buildings, excavating archaeological sites, 
and supporting traditional crafts.

Several Arabic-language newspapers are published on a 
daily and weekly basis, and there is an English-language

daily. A colour television System was opened in 1974-75, 
and radio stations broadcast in Arabic and English.

For Statistical data on the land and people of Oman, 
see the Britannica World Data section in the britannica
WORLD DATA ANNUAL.

HISTORY
There are three principal themes in Omani history: the 
tribal nature of its society, the traditional Ibädite Imamate 
form of govemment, and its maritime tradition. Archae­
ological evidence of civilization in Oman dates to the 3rd 
millennium bc, but Persian colonization in the 7th or 8th 
Century bc seems to have been responsible for the creation 
of the falaj irrigation system, which has sustained Omani 
agriculture and civilization ever since.
The history of Dhofar followed a separate track. An­

cient south Arabian kingdoms controlled the production 
of frankincense from Dhofar’s port of Sumharum from 
the Ist Century a d , and the province remained oriented 
toward south Arabia until it was absorbed into the Al Bü 
Sa'ïd state in the 19th Century.
The Omani tribal system. The origins of the Omani 

tribal system can be traced to the immigration of Arab 
tribes from south Arabia into the Ja'län region in the 2nd 
Century a d . The tribes subsequently moved northward 
into the Persian-controlled area of Mäzün in Oman, where 
they were joined by tribes moving into Oman from the 
northwest. Arab dominance over the country began with 
the introduction of Isläm in the 7th Century.

The Ibädite Imamate. A semblance of national political 
unity emerged only with the introduction of the Ibädite 
Imamate in the mid-8th Century. Oman’s mountains and 
geographic isolation provided a refuge for then-extremist 
Ibädites, who proceeded to convert the leading tribal clans 
to their sect. The new Ibädite state was headed by an 
elected imam who served as both temporal and secular 
leader of the community. In actuality, selection of a new 
imam depended on agreement among the religious leaders 
and the heads of the major tribes, particularly the leaders 
of the two major tribal confederations, which came to be 
known as the Ghäfiris and the Hinäwis.
A recurring pattern was established with the decline of 

the First Imamate, which reached its zenith during the 9th 
Century. Elected imams tended to give way to hereditary 
dynasties, which then collapsed as a result of family dis- 
putes and the resurgence of Ibädite ideals.
The maritime tradition. Maritime trade, the third prin­

cipal theme in Omani history, also contributed to dynastie 
decline. Virtually cut off from the rest of the Arabian 
Peninsula by vast deserts, Omani sailors plied the waters 
of the Indian Ocean, ranging as far as China in the me­
dieval period. This maritime tendency was strongest when 
dynasties moved their capitals from the Ibädite heartland 
to the coast and focused their attention on acquiring terri­
tory elsewhere in the Gulf, along the Arabian Sea, and on 
the East African littoral.

Arrival of the Portuguese. The Portuguese sacked Mus­
cat in 1507 and soon controlled the entire coast. A Century 
later, the Ya'äriba dynasty drove the Portuguese from the 
Omani coast, recapturing Muscat in 1650, and then took 
over Portuguese settlements along the Persian and East 
African coasts. Their empire eventually crumbled in a civil 
war over succession in the early 18th Century, enabling the 
Persian ruler Näder Shäh to invade the country in 1737.
Ahmad ibn Sa'ïd, the governor of Suhär, drove out 

the Persian invaders and was subsequently elected imam 
about 1744, thus establishing the Al Bü Sa'ïd dynasty, 
which has ruled Oman ever since. His grandson, Sa'ïd ibn 
Sultän (ruled 1807-56), reasserted Omani control over 
Zanzibar and eventually moved his residence there. Upon 
his death the Al Bü Sa'ïd empire was split between two 
sons, with one receiving Zanzibar, which remained under 
Al Bü Sa'ïd rule until 1964, and the other ruling Oman.

The fortunes of the Al Bü Sa'ïd state in Oman declined 
through the second half of the 19th Century. The Ä1 Bü 
Sa'ïd dynasty quite possibly would have collapsed if it had 
not been for the presence of the British, who propped up 
the Al Bü Sa'ïd sultans in Muscat against periodic revivals 
of the Ibädite Imamate in the interior.

Persian
coloniza­
tion
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Tribal attacks in the name of the imam were made on 
Muscat and Matrah in 1895 and 1915. An agreement was 
negotiated by the British between the tribal leaders and 
Sultan Taymür ibn Faysal (reigned 1913-32) in 1920. By 
its terms, the Sultan recognized the autonomy, but not 
the sovereignty, of the Omani interior.

This Situation lasted until 1954, when Imam Muham­
mad al-Khalïlï, who had become imam in 1920, died. 
His weak successor, Ghälib, was influenced by his brother 
Tälib and a prominent tribal leader, Sulaymän ibn Him- 
yär, and the three enlisted Saudi Arabia’s support against 

iudi Sultan Sa'ïd ibn Taymür. The Saudis had occupied part
xupation of al-Buraymï oasis, jointly administered by Oman and 

neighbouring Abu Dhabi (now part of the United Arab 
Emirates), in 1952, apparently in hopes of finding oil. In 
1955 an international arbitration tribunal on al-Buraymï 
broke down and the British engineered the ouster of the 
Saudi garrison.
At the same time a regiment led by British officers 

moved into the Omani interior and reunited the Sultanate. 
Remnants of the imamate’s supporters, however, held 
strongholds in the Mount al-Akhdar Massif of the Western 
al-Hajar mountains until they were forced to surrender 
in early 1959.

In the early 1960s another threat tu the Sultanate emerged 
in Dhofar. Sultan Sa'ïd ibn Taymür had moved to Salälah 
permanently in 1958. The mountain jibälls began to rebel 
openly against Sultan Sa'ïd’s petty restrictions in the mid- 
1960s. The Marxist Populär Front for the Liberation of 
the Occupied Arab Gulf (later the Populär Front for the 
Liberation of Oman; PFLO) gained control of the growing 
rebellion in 1968, with the help of neighbouring Marx­
ist South Yemen (which gained independence from the 
British in late 1967) and first Chinese and then Soviet 
assistance. The seriousness of the Dhofar rebellion was a 
principal factor in the palace coup of July 23, 1970, which 
saw Sultan Sa'ïd overthrown by his son, Qäbüs ibn Sa'ïd. 
Qäbüs, who had been trained in Britain at the Royal 

Military Academy, Sandhurst, quickly reversed his father’s 
pöhey of Isolation and set about to develop Oinaii. Addi­
tional British personnel and equipment were brought into 
the Sultan’s Armed Forces to help put down the rebel­
lion in Dhofar, and these efforts were aided by Jordanian 
and especially Iranian troops. The plain around Salälah 
was gradually freed from the threat of attack, the moun­
tains were cleared of rebel activity, and the rebellion was 
crushed by late 1975.

In late 1970 Sultan Qäbüs appointed the country’s first 
true cabinet and took steps toward building a modern gov­
emment structure. Qäbüs first appointed his uncle Täriq 
ibn Taymür as prime minister, but he subsequently served 
as his own prime minister and as minister of defense and 
foreign affairs also. The Ä1 Bü Sa'ïd are less heavily repre- 
sented in govemment positions than other ruling families 
elsewhere in the Gulf.

Oman joined the Arab League and the United Nations 
in 1971 but declined to join either the Organization of 
Petroleum Exporting Countries (OPEC) or the smaller 
Organization of Arab Petroleum Exporting Countries 
(OAPEC). It was one of six founding members of the 
Gulf Cooperation Council, established in 1981 to promote 
Cooperation in economic, political, and security matters 
among its members. Oman has been closely linked to 
Britain since the early 19th Century, and relations with the 
United States, established in 1833, have grown close since 
the early 1970s.

Diplomatie relations were established with neighbouring 
Yemen (Aden) in 1983 and the Soviet Union in 1985. 
Oman’s location gives it a particular interest in the safety 
of traffic through the Strait of Hormuz, and Oman at- 
tempted to maintain neutrality in the Iran-Iraq war.

For later developments in the history of Oman, see the 
Britannica Book o f the Year section in the britannica 
WORLD DATA ANNUAL. (J.E.P.)

Qatar

The State of Qatar (Arabic: Dawlat Qatar) is an inde­
pendent emirate on the west coast of the Persian Gulf.

It occupies a desert peninsula that extends from the Ara­
bian mainland north of southem Saudi Arabia and the 
United Arab Emirates. Its area is about 4,400 square 
miles (11,400 square kilometres), including a number of 
small islands nearby in the Persian Gulf. The Capital is 
Doha (ad-Dawhah) on the east coast, once a centre of 
pearling activity.

PHYSICAL AND HUMAN GEOGRAPHY
The land. The Qatar peninsula is about 100 miles (160 

kilometres) from north to south and 50 miles from east to 
west. Most of its area is flat desert, but hills rise to about 
130 feet (40 metres) along the western coast. Sand dunes 
and salt flats are the chief topographical features of the 
Southern sector. Vegetation is found only in the north.

Doha, on the east coast, is Qatar’s largest city and its 
commercial centre. It has a deepwater port and an inter­
national airport. The main oil port and industrial centre 
is Musay'ïd (Umm Sa'ïd), to the south of Doha on the 
eastern coast. Dukhän, on the western coast, is the coun­
try’s third major urban area. These three cities and many 
smaller settlements are linked by road.
The climate is hot and humid from June to September, 

with temperatures as high as 104° F (40° C). The spring 
and fall rnonths—April, May, October, and November— 
are temperate. Rainfall is scarce.

The people. Qatar was originally settled by nomads 
from the central part of the Arabian Peninsula. Native 
Qataris, most of whom are Sunnite Muslims, constitute 
only about one-fifth of the total population. About one- 
third of the population is of South Asian origin, largely 
Pakistani; almost one-fifth are Iranian (mostly Shï'ite Mus­
lims); and about one-fourth are other Arabs. Few nomads 
remain, and only about 10 percent of the people live in 
rural areas. Of the total work force, some 90 percent is 
expatriate. Arabic is the official language, and the official 
religion is Isläm.
The economy. Qatar’s economic prosperity is derived 

from oil, which was discovered there in 1939 and was first 
produced in 1949. Before then, iacking any significant 
merchant dass and any economic occupation apart from 
pearling, fishing, and some trade, Qatar’s population was 
one of the poorest anywhere in the world. By the 1970s, 
however, the native Qataris enjoyed one of the highest per 
capita incomes in the world.

The original oil concession was granted to the Iraq 
Petroleum Company (IPC), comprising European and 
American Companies. This and later concessions were National- 
nationalized in the 1970s. While the state-owned Qatar ization of 
General Petroleum Corporation oversees oil operations, oil industry 
the private corporations continue to play an important 
role as service Companies.
Resources. Qatar’s oil reserves, found both onshore 

along the western coast and offshore from the eastem 
coast, are modest, especially by the Standards set else­
where in the region, and are expected to last only until 
the second or third decade of the 2 Ist Century (assuming 
a constant rate of production equal to that of the mid- 
1980s). By conservative estimate the country’s gas reserves 
amount to 4 percent of the world’s total.
Industry. To assure its future prosperity Qatar has 

sought to diversify its economy through industrialization.
Most of the industrial sector comprises large firms of 
mixed state and foreign private ownership. For example, 
the Qatar Iron and Steel Company is co-owned by the 
Qatari govemment and two Japanese Companies, which 
constmcted the plant and took responsibility for produc­
tion, marketing, and exporting. Flour milling and cement 
production have also been undertaken. Because the diver- 
sification is dependent for its success on the abundance of 
cheap energy to run the plants, it is tied to Qatar’s hydro- 
carbon resources. Thus the future economic development 
and prosperity of the country are largely dependent upon 
exploitation of the enormous offshore natural gas reserves 
of the Northwest Dome, beneath the Persian Gulf.
Agriculture. The scarcity of fertile land and water im- 

poses severe limitations on agriculture, and most food 
must be imported. Use of treated sewage effluent and de- 
salinated water have helped expand production of fruits,
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such as dates and melons, and of vegetables, such as toma- 
toes, squash, and eggplants. Meat and milk production 
have grown, and some efforts at modernizing the fishing 
industry have been made. Food production generates only 
about 1 percent of the gross domestic product.
Trade and finance. In the mid-1970s Japan supplanted 

Britain as Qatar’s chief source of imports. The chief pur- 
chasers of Qatari exports are Japan, France, and Singapore. 
Other major markets for and suppliers of goods include 
Italy, The Netherlands, the United States, and Australia. 
Machinery and transport make up the largest category of 
imports, and crude petroleum accounts for more than 90 
percent of exports.

The Qatar National Bank provides banking functions for 
the state; other banks are authorized to operate. Qatar has 
been generous in its foreign aid disbursements, particularly 
to other Arab and Islämic countries.

Administration and social conditions. Government. 
Qatar is ruled by a hereditary emir who presides over 
a patriarchal political system that resembles a traditional 
monarchy. In large measure the country’s political stabil- 
ity is made possible by the homogeneous nature of the 
native Qatari population. Moreover, several hundred male 

The Ä1 members of the ruling family, the Al Thäni, dominate
Thänl politics, and the Al Thäni make up perhaps as much as

40 percent of the native Qatari population. Succession 
is within the family but not necessarily from father to 
son, and the emir’s power is constrained principally by 
the need to maintain the support of important members 
of the family.
The Constitution, originally adopted in 1970 and revised 

since, formally divides the government into branches, 
explicitly naming the executive and the judiciary. The 
Constitution includes the legislative process among the 
functions of the emir. The emir appoints a council of 
ministers to manage the affairs of state and an advisory 
council to assist him in drafting and promulgating laws. 
Civil and criminal codes were introduced in 1971, and 
all civil and criminal cases fall within the purview of a 
system of secular courts. The Islämic (Shari'ah) courts are 
based on the interpretation of the Qur’än and the sunna 
(customs derived from the sayings and actions of the 
Prophet Muhammad), which narrowly and rigidly defines 
the scope and application of the religious law. The juris- 
diction of the -Shari'ah courts in Qatar is now essentially 
confined to personal and family matters.

Qatar is a member of the Organization of Petroleum 
Exporting Countries (OPEC), the Organization of Arab 
Petroleum Exporting Countries (OAPEC), and the Arab 
League; membership in the Gulf Cooperation Council 
(GCC) links it closely to its fellow Arab Gulf States— 
Kuwait, Saudi Arabia, Bahrain, the United Arab Emirates, 
and Oman. In issues conceming the Gulf region and in 
wider issues, as in its foreign policy generally, Qatar main- 
tains a low profile, generally steering a neutral political 
course and not taking a lead in regional issues. Although 
Qatar has a small defense force of about 6,000 men, for 
security against extemal threat it must depend on the 
protection of others. It follows very closely the lead of 
Saudi Arabia on most issues, in part because, like Qatar, 
Saudi Arabia adheres to the conservative Hanbalï school 
of Islämic jurisprudence.
Education. Education is free and compulsory for all res­

idents, citizens and noncitizens alike. Six years of primary 
school, three years of intermediate school, and three years 
of secondary school are required in both govemment-run 
and private schools. Classes are segregated by sex.

Qatar spends generously on education, and its system 
has expanded rapidly. Two teacher-training colleges, one 
for men and one for women, were founded in 1973, and 
together they were given university status in 1977. The 
university has continued to expand, and a new campus 
was completed in 1985 in Doha.
The government also provides adult education classes in 

schools and centres throughout the country, with an em- 
phasis on increasing adult literacy. The country’s literacy 
rate is estimated to be about 50 percent.
Health and welfare. Health care and medical services 

are provided free to all residents through government

programs. The govemment also funds recreational and 
cultural clubs and facilities for young people as part of its 
extensive “youth welfare” campaign.

Cultural life. Several agencies and departments oversee 
literary, artistic, and cultural activities as well as recreation 
and tourism. The Qatar National Museum, in Doha, in­
cludes displays of the country’s history and archaeology, 
a lagoon in which Qatari sailing and pearling vessels are 
displayed, and a museum of the sea.

The govemment sponsors the fine arts, traditional arts 
and crafts, theatre, music, Publishing, and libraries through 
various programs. Govemment-owned radio and televi- 
sion stations broadcast in Arabic, English, French, and 
Urdu. Several local daily newspapers and weekly publica- 
tions are available.

For Statistical data on the land and people of Qatar, 
see the Britannica World Data section in the britannica
WORLD DATA ANNUAL.

HISTORY
Up to the latter part of the 19th Century the Khalïfah fam­
ily (Al Khalïfah), the ruling family of Bahrain, dominated 
Qatar. In 1868 leading families of the country requested Bahraini 
negotiations with the British to end this relationship in dominance 
exchange for an enlarged British protective role. In 1871 
the son of the ruling sheikh invited the Ottoman Turks 
into Doha. He subsequently thwarted Turkish attempts to 
place Qatar under their administration, and in the Anglo- 
Turkish Convention of 1913 the Ottoman Empire gave up 
any rights to Qatar. In the course of the 19th Century the Al 
Thäni established their rule, and in 1916 they concluded 
a treaty with Britain that prohibited the mier from enter­
ing into any relationships with other foreign govemments 
without British consent. The British govemment in return 
was obliged to protect Qatar from maritime attack and to 
help the country to defend itself against an attack by land.
A treaty signed in 1934 amplified the British guarantees of 
protection. Until independence in 1971, and after, British 
political, military, and financial advisers played a key role 
in the country’s development.

Even before independence Qatar had begun to play a 
role in the international arena. It joined OPEC in 1961 
and became a member of OAPEC in 1970. In 1968 the 
British govemment announced plans to withdraw from 
its defense commitments east of Suez, which meant that 
Britain would be ending its protective relationship with 
Qatar and its neighbours. Discussions were held to pro- 
mote the concept of a union of nine States—the seven 
Trucial States, plus Bahrain and Qatar. Jealousies and 
suspicions prevented the realization of the union, though 
Qatar’s Constitution (with sübsequent amendments) re- 
mains the one designed to serve a federation of nine. On 
Sept. 1, 1971, Qatar declared its independence, and the 
earlier agreements with Britain were replaced with a treaty 
of friendship. Later in that same month Qatar joined the 
Arab League and the United Nations. In 1981 it joined its 
five Arab Gulf neighbours in establishing the Gulf Coop­
eration Council, an alliance formed to promote economic 
Cooperation and to enhance both internal security and ex­
temal defense against the threats generated by the Islämic 
revolution in Iran and the Iran-Iraq war.

For later developments in the history of Qatar, see the 
Britannica Book o f the Year section in the britannica 
WORLD DATA ANNUAL. (J.D.An.)

Saudi Arabia
The Kingdom of Saudi Arabia (Arabic: al-Mamlakah al- 
'Arabïyah as-Sa'üdïyah) has an estimated area of 865,000 
square miles (2,240,000 square kilometres), occupying 
about four-fifths of the Arabian Peninsula. It is bordered 
by Jordan, Iraq, and Kuwait on the north; by the Persian 
(Arabian) Gulf, Qatar, the United Arab Emirates, and 
Oman on the east; by a portion of Oman on the southeast; 
by Yemen on the south and Southwest; and by the Red Sea 
and the Gulf of Aqaba on the west. Portions of the bor­
ders with the United Arab Emirates, Oman, and Yemen 
are undefined. A territory of 2,200 square miles along the 
Gulf coast was shared by Kuwait and Saudi Arabia as a
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neutral zone until 1969, when a political boundary was 
agreed upon. Each of the two countries administers one- 
half of the territory, but they equally share oil production 
in the entire area. The Capital is Riyadh. Saudi Arabia is 
named for the house of Sa'üd, the founding and ruling 
dynasty that dates from the 18th Century.

Saudi Arabia is a Muslim and an Arab state, and these 
two attributes have had a fundamental influence on the 
country’s foreign relations. It is a founding member of the 
Arab League (1945) and of the Organization of the Islämic 
Conference (1971). The kingdom exhibits a certain aloof- 
ness to outsiders: a foreigner can secure a visa to visit it 
only if invited by an individual or an Organization within 
the country. Once inside, a visitor encounters a pervading 
sense of independence and pride. The extraordinary eco­
nomic changes that occurred starting in the 1960s altered 
neither the govemment nor the centrality of religion.

Since the mid-20th Century, however, the pace of life in 
Saudi Arabia has accelerated greatly. Mecca and Medina, 
the two hobest cities of Isläm, have always provided the 
country with outside contacts, and such contacts have 
expanded with innovations in transportation technology 
and Organization. More recently, petroleum has wrought 
irreversible domestic changes—educational and social as
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and methods of Organization have been superimposed on 
a traditional society by the introduction of millions of for­
eign skilled workers and by the employment of hundreds 
of thousands of Saudis in nontraditional jobs. In addition, 
tens of thousands of Saudi students have studied abroad, 
mostly in the United States. Television and radio have be­
come common media of communication and education. 
Highways and airways have replaced traditional means of 
transportation, notably the camel caravan.

PHYSICAL AND HUMAN GEOGRAPHY
The land. Relief. The Arabian Peninsula is dominated 

by a plateau that rises abruptly from the Red Sea and dips 
gently toward the Persian Gulf. In the north the western
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sea level, decreasing slightly to 4,000 feet in the vicinity of 
Medina and increasing southeastward to more than 10,- 
000 feet. The watershed of the peninsula is only 25 miles 
(40 kilometres) from the Red Sea in the north, receding 
to 80 miles near the Yemen (San'ä’) border. The Coastal 
plain, known as Tihämah, is virtually nonexistent in the 
north, except for occasional wadi deltas, and it widens 
slightly toward the south. Wadis flowing to the Red Sea 
are short and steep, though one unusually long extension 
is made by Wadi al-Hamd, which rises near Medina and 
flows inland to the northwest for 100 miles before turning 
westward. The imposing escarpment that runs parallel to 
the Red Sea is somewhat interrupted by a gap northwest of 
Mecca but becomes more clearly continuous to the south.
Toward the interior, the surface gradually descends into 

the broad plateau area of the Najd, covered with lava 
flows and volcanic debris as well as with occasional sand 
accumulations; it slopes down from an elevation of about
4,500 feet in the west to about 2,500 feet in the east. There 
the drainage is more clearly dendritic (Le., branching) and 
is much more extensive than that flowing toward the Red 
Sea. To the east, this region is bounded by a series of 
long, low ridges, with steep slopes on the west and gentle 
slopes on the east; the area is 750 miles long and curves 
eastward from north to south. The most prominent of the 
ridges are the Tuwayq Mountains (Jabal Tuwayq), which 
rise from the plateau at an elevation of some 2,800 feet 
above sea level and reach a height of more than 3,500 feet 
Southwest of Riyadh, overlooking the plateau’s surface to 
the west by 800 feet and more.

The interior of the Arabian Peninsula contains extensive 
sand surfaces. Among them is the world’s largest sand 
area, the Rub' al-Khali (the Empty Quarter), which dom- 
inates the southem part of the country and covers more 
than 250,000 square miles. It slopes from above 2,600 
feet near the border with Yemen (San'ä’) northeastward 
down almost to sea level near the Persian Gulf; individual 
sand mountains reach heights of 800 feet, especially in the 
eastem part. A smaller sand area of about 22,000 square

miles, called an-Nafud (nafüd designating a sandy area 
or desert), is in the north central part of the country. A 
great arc of sand, ad-Dahnä’, almost 900 miles long but 
in places only 30 miles wide, joins an-Nafud with the 
Rub' al-Khali. Eastward, as the plateau surface slopes very 
gradually down to the Gulf, there are numerous salt flats 
(sabkhahs) and marshes. The Gulf coastline is irregulär, 
and the Coastal waters are very shallow.
Drainage. There are virtually no permanent surface 

streams in the country, but Wadis are numerous. Those 
leading to the Red Sea are short and deep, but those 
draining eastward are longer and more developed except 
in an-Nafud and the Rub' al-Khali. Soils are poorly de­
veloped. Large areas are covered with pebbles of varying 
sizes. Alluvial deposits are found in wadis, basins, and 
oases. Salt flats are especially common in the east.

Climate. Climatically, the kingdom is almost entirely a 
desert. In winter, cyclonic weather Systems generally skirt 
north of the Arabian Peninsula, moving eastward from 
the Mediterranean, though sometimes they reach eastern 
and central Arabia and the Gulf. Some weather Systems 
move southward along the Red Sea trough and provide 
winter precipitation as far south as Mecca and sometimes 
as far as Yemen (San'ä’). In March and April some rain,

ormally torrential, falls. Ir O U l l l X l i L ' i the highlands of Asir
('Asir), southeast of Mecca, receive enough rain from the 
monsoonal winds to support a steppelike strip of land.

Winters, from December to February, are cool, and frost 
and snow may occur in the southem highlands. Average 
temperatures for the coolest months, December through 
February, are 74° F (23° C) at Jiddah, 58° F (14° C) at 
Riyadh, and 63° F (17° C) at ad-Dammäm. Summers, 
from June to August, are hot, with daytime temperatures 
in the shade exceeding 100° F (38° C) in almost all of 
the country. Temperatures in the desert frequently rise as 
high as 129° F (54° C) in the summer. Humidity is low, 
except along the coasts, where it can be high and very 
oppressive. Precipitation is low throughout the country, 
amounting to about 2 xh  inches (64 millimetres) at Jiddah,
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at ad-Dammäm. These figures, however, represent mean 
annual precipitation, and large variations are normal. In 
the highlands of Asir more than 19 inches a year may be 
received, falling mostly between May and October when 
the summer monsoon winds prevail. In the Rub' al-Khali 
a decade may pass with no rain at all.

There are three climatic zones: (1) desert almost every­
where, (2) steppe along the western highlands, forming a 
strip less than 100 miles wide in the north but becoming 
almost 300 miles wide at the latitude of Mecca, and (3) 
a very small area of humid and mild temperature condi- 
tions, with long summers, in the highlands just north of 
Yemen (San'ä’).

Plant and animal life. Much of Saudi Arabia’s Vegeta­
tion belongs to the North African-Indian desert region. 
Plants are xerophytic and are mostly small herbs and 
shrubs that are useful as forage. There are a few small areas 
of grass and trees in southem Asir. The date palm {Phoenix 
dactylifera) is widespread, though about one-third of the 
date palms grown are in ash-Sharqlyah province.

Animal life includes the wolf, hyena, fox, honey badger, 
mongoose, porcupine, baboon, hedgehog, hare, sand rat, 
and jerboa. Larger animals such as the gazelle, oryx, leop- 
ard, and mountain goat were relatively numerous until 
about 1950, when hunting from motor vehicles reduced 
these animals almost to extinction. Birds include falcons 
(which are caught and trained for hunting), eagles, hawks, 
vultures, owls, ravens, flamingos, egrets, pelicans, doves, 
and quail, as well as sand grouse and bulbuls. There are 
several species of snakes, many of which are poisonous, 
and numerous types of lizards. There is a wide variety 
of marine life in the Gulf. Domesticäted animals include 
camels (now little used for transportation), fat-tailed sheep, 
long-eared goats, salukis, donkeys, and chickens.

Settlement patterns. Four traditional regions stand 
out—the Hejaz, Asir, Najd, and al-Hasa (transliterated 
more precisely as al-Hijäz, 'Asir, Najd, and al-Ahsä’). The 
Hejaz, in the northwest, contains the two holiest cities 
of Isläm, Mecca and Medina, as well as the kingdom’s

Three
climatic
zones



Arabia 833

primary port and diplomatic centre, Jiddah. Asir is the 
highland region south of the Hejaz; its Capital, Abhä, lies 
at an elevation of about 8,000 feet. Subregions in Asir 
are formed by the oasis cluster of Najrän—a highland 
area north of Yemen (San'ä’)—and by the Coastal plain, 
the Tihämah. Najd occupies a large part of the interior 
and includes the Capital, Riyadh. Al-Hasa is in the east 
along the Persian Gulf; the region includes the principal 
petroleum-producing areas.

Nomadism, the form of land use with which the kingdom 
is traditionally associated, has become virtually nonexis­
tent, and the pattem of extensive land use traditionally 
practiced by the nomadic Bedouin has been supplanted 
by the highly intensive pattems of urban land use. More 
than 70 percent of Saudi Arabia’s total population lives 
in cities, and almost all of the rest lives in govemment- 
supported agricultural enterprises.
Less than 1 or 2 percent of the total land area is used for 

crops. Of the cultiyated land about 45 percent is worked 
by rain-fed dry farming (mostly in Asir), 40 percent is 

Irrigation in tree crops, and the remainder is irrigated. Most of the 
irrigated areas, in the districts of Riyadh and al-QasIm, 
for example, and near al-Hufuf in ash-Sharqlyah province, 
utilize underground water.
The largest towns are cosmopolitan in character, and 

some are associated with dominant functions: Mecca and 
Medina are religious, Riyadh is political and administra­
tive, and Jiddah is commercial and diplomatic. Dhahran 
(az-Zahrän), near the Persian Gulf coast in ash-Sharqlyah 
province, is the administrative centre of the Arabian Amer­
ican Oil Company (Aramco), and nearby al-Khubar and 
ad-Dammäm are important commercial Coastal towns. Al- 
Jubayl on the Gulf and Yanbu' on the Red Sea are the 
terminus points of oil and gas pipelines, and large petro- 
chemical industrial complexes are located there.
The people. Language. Arabic is a Semitic language. 

It originated in Arabia, where the language is presumed 
to be the “purest.” Classical written Arabic is Standard 
throughout the Arab world, while spoken Arabic varies 
considerably. Such colloquial variations are evident even 
within Saudi Arabia—in part because of the strength of 
traditional group allegiances and in part because of vary- 
ing extemal influences in different parts of the kingdom. 
English is widely understood.
Ethnie groups. Considerable ethnic homogeneity is ev- 

Ethnic ident. Saudi nomads are “pure” Arabs, or at least descen-
homoge- dants therefrom. As in the case of language, variations
neity have developed because of a long history of regionalism

and tribal autonomy and because some localities have 
been subjected to important outside influences. Thus, the 
influence of black Africa is evident along the Red Sea 
littoral, and influences from Iran, Pakistan, and India in 
the east.
An increasing number of outsiders enter and leave Saudi 

Arabia. By the late 1980s the estimated number of for­
eign workers was between one-fourth and one-fifth of the 
country’s total population. At first most of these were 
Arab, such as Yemenis, Egyptians, Palestinians, Syrians, 
and Iraqis. Increasing numbers of non-Arab Muslims such 
as Pakistanis have been employed, as have large numbers 
of non-Muslim Koreans and Filipinos who are hired in 
group contracts for specified periods. Among specialized 
technical workers, most are Europeans and Americans. 
Also of note is the number of people making the annual 
pilgrimage (hajj) to Mecca. By the late 1980s the num­
ber approached 2,500,000 a year, of whom about half 
traveled from Arab countries and half from African and 
Asian countries.
Religion. Saudi Arabia is the home of Isläm, and its 

native population is almost entirely Sunnite Muslim (i.e., 
adhering to the chief branch of Isläm, Sunnism [Sun- 
nah], called traditionalist or orthodox). The Wahhäbi in- 
terpretation of Sunnite Isläm is the one officially used. 
Wahhäbism, as it is called in the West, is a puritanical 
interpretation and is named after Muhammad ibn 'Abd 
al-Wahhäb (1703-92). Isläm is a political as well as a 
religious system, and it is the source of the govemment’s 
legitimacy. The king upholds Isläm, applies its precepts, 
and is subject to them.

ShI'ites, who are adherents of ShI'ism, the second major 
branch of Isläm, make up about 4 percent of the popula­
tion and are found mostly in the oases of al-Hasa and al- 
Qatlf. The only Christians are foreign industrial employ­
ees and businessmen. Public worship and display of non- 
Muslim faiths is prohibited.
Demography. Saudi Arabia’s birth and death rates are, 

respectively, 42 per 1,000 and 12 per 1,000, giving an an­
nual natural increase of about 3 percent. Infant mortality 
is about 110 per 1,000 live births, and life expectancy at 
birth is 61 years. About 45 percent of the population is 
under 15 years of age, and 4 percent is 60 years or older.
The govemment’s pro-natal policy prohibits the use of 
birth control measures.

The major areas of population are in the central He­
jaz, in Asir, in central Najd, and near the Persian Gulf.
The largest cities include Riyadh, Jiddah, Mecca, at- 
Tä’if, Medina, ad-Dammäm, al-Hufuf, Tabük, Buraydah, 
al-Mubarraz, Khamls Mushayt, al-Khubar, Najrän, Hä’il,
Jizän, and Abhä.

The economy. Long-range economic development is 
directed through the Implementation of five-year plans.
In contrast to most developing countries, in Saudi Ara­
bia there is an abundance of Capital. The first two five- 
year plans (1970-80) established most of the country’s 
basic transport and Communications facilities. Subsequent 
objectives were to diversify the economy (including the 
development of agriculture-based industry, such as flour 
milling); to reduce dependence on foreign labour (espe­
cially at the management level); to increase domestic food 
production; to improve education, vocational training, 
and health services; and to further connect the different 
regions of the country. Industrial development is centred 
on the towns of al-Jubayl on the Persian Gulf and Yanbu' 
on the Red Sea coast, both of which are part of a plan to 
use natural gas to fuel industries.
Resources. The economy of Saudi Arabia is dominated 

by petroleum and its associated industries. In terms of oil 
reserves, Saudi Arabia ranks first, with almost one-fourth 
of the world’s known reserves.

Oil deposits are located in the east, southward from 
Iraq and Kuwait into the Rub' al-Khali and under the 
waters of the Persian Gulf. Other mineral resources are 
known to exist, and the govemment has pursued a pol­
icy of exploration and production in order to diversify Non- 
the economic base. Geologie reconnaissance mapping of petroleum 
the Precambrian shield in the west has revealed deposits mineral 
of gold, silver, copper, zinc, lead, iron, titanium, pyrite, resources 
magnesite, platinum, and cadmium. There are also non- 
metallic resources such as limestone, silica, gypsum, and 
Phosphorite. Forest and rangeland resources are limited, 
the former covering a total of only about 600 square miles, 
mostly in Asir.
Agriculture. The Kingdom of Saudi Arabia inherited 

the simple, tribal economy of Arabia. Many of the peo­
ple were nomads, engaged in raising camels, sheep, and 
goats. Agricultural production was localized and subsis- 
tent. Domestic food production has been given special 
attention in the kingdom’s development planning, and the 
government has made subsidies and generous incentives 
available to the agriculture sector. In the mid-1980s more 
than 50 percent of the native Saudi work force continued 
to be employed in agriculture, and agriculture contributed 
about 4 percent of the gross domestic product.

The kingdom has achieved self-sufficiency in wheat, eggs, 
and milk, among other items, though it still imports 
about 70 percent of its food needs. Wheat is the primary 
cultivated crop, followed by sorghum, barley, and millet. 
Watermelons, tomatoes, dates, grapes, onions, and pump- 
kins and squash are also important crops.

Two major constraints to cultivation are poor water sup- 
ply and poor soil. Concrete and earth-filled dams have 
been built, primarily in the Southwest, to provide irriga­
tion. Agricultural expansion has been great in irrigated 
areas, while the amount of land given to rain-fed farming 
has decreased. Substantial resources of subterranean water 
have been discovered in the central and eastem parts of 
the country. Desalinization of sea water is almost entirely 
for urban and industrial uses. Riyadh’s water supply, for
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example, is augmented by a pipeline from a desalinization 
plant in al-Jubayl on the Gulf.
Industry. The discovery of oil changed the entire eco­

nomic Situation of Saudi Arabia. As early as 1923 Ibn 
Sa'üd granted an oil-prospecting concession to a British 
Company, but this concession was never exploited. Al­
though oil was discovered in 1938, World War II curtailed 
activities until near its end. The Ras Tanura refinery was 
opened in 1945, and rapid expansion of the oil industry 
followed because of the increasing postwar demand.
In 1951 the Arabian American Oil Company (Aramco) 

discovered the first offshore field in the Middle East, at 
Ra’s as-Saffanïyah, just south of the Saudi Arabia-Kuwait 
neutral zone, and oil was discovered in the zone itself in 
1953. Al-Ghawär, just south of Dhahran and west of al- 
Hufuf, is the world’s largest oil field. The first portion 
of the al-Ghawär oil field was discovered at 'Ain Dar in 
1948. Intensive exploration of the Rub' al-Khali began in 
1950, and oil fields were discovered there in the 1970s.
In 1950 Aramco put into Operation the Trans-Arabian 

Pipe Line (Tapline), which ran from al-Qaysümah in Saudi 
Arabia across Jordan and Syria to its Mediterranean ter­
minal at Sidon, Lebanon. The line was in Operation only 
sporadically during the 1970s, and in 1983 it ceased to
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Petroline, built to carry crude oil, was completed from al- 
Jubayl on the Persian Gulf to Yanbu' on the Red Sea, 
greatly shortening the distance to Europe and obviating 
navigation through the Gulf and the Strait of Hormuz. 
Petroline was built by the General Petroleum and Mineral 
Organization (Petromin), a government-owned Corpora­
tion. Aramco constructed a massive gas-gathering system 
and, parallel to Petroline, a pipeline for transporting nat- 
ural-gas liquids, which reached Yanbu' in 1981.

During the 1970s and early ’80s Saudi Arabia gradually 
acquired complete ownership of Aramco, and in 1984 
Aramco had its first Saudi president. In terms of produc­
tion Saudi Arabia is surpassed only by the Soviet Union 
and the United States.

The manufacturing sector has expanded widely. Man- 
ufactures include rolled steel, petrochemicals, fertilizers, 
pipes, copper wire and cable, truck assembly, refrigeration, 
plastics, aluminum products, metal products, and cement. 
Small-scale enterprises include baking, printing, and fur- 
niture manufacturing.
Finance. The Saudi Arabian Monetary Agency (SAMA) 

was established in 1952 as the kingdom’s central money 
and banking authority. It regulates commercial and de­
velopment banks and other financial institutions. Its 
functions include issuing and regulating money supply, 
stabilizing the value of currency, acting as banker for the 
government, and managing foreign reserves and invest­
ments. As an Islämic institution its status is nonprofit. 
Under Islämic law banks cannot charge interest, but they 
do charge fees for lending and they pay commission on 
deposits. Money supply and the tempo of business are 
dominated by govemment economic activity, though the 
govemment favours expansion of the private sector. Saudi 
Arabia is one of the world’s largest lenders in terms of 
foreign aid and development assistance.

Trade. Exports consist almost entirely of petroleum and 
petroleum products. Major imports are machinery and 
appliances, foodstuffs and tobacco, transport equipment, 
textiles and clothing, metals and metal articles, and Chem­
icals. The principal destinations of exports are Japan, the 
United States, Italy, France, and The Netherlands. The 
principal sources of imports are the United States, Japan, 
West Germany, Italy, the United Kingdom, and Taiwan.

Transportation. About one-third of the country’s roads 
are paved. The first coast-to-coast road connection, from 
ad-Dammäm on the Gulf to Jiddah on the Red Sea, by 
way of Riyadh, was opened in 1967; it includes a spec- 
tacular descent of the western escarpment from at-Tä’if 
to Mecca. Other important Connections are from Riyadh 
northwestward through Najd to Hä’il, from Riyadh south- 
westward to the Najrän region, between central Najd and 
Medina, from Medina northwestward through Tabük to 
Jordan, from Medina westward and southward to Yanbu' 
and Jiddah, along the length of the Red Sea coast between

the borders of Jordan and Yemen; from at-Tä’if southeast- 
ward along the edge of the plateau to the Najrän by way of 
Abhä, and from ad-Dammän on the Gulf northwestward 
along the Tapline to Jordan. A railroad passing through 
al-Hufuf connects Riyadh and ad-Dammäm. A causeway, 
opened in 1986, connects the kingdom with the island 
nation of Bahrain.
Seaport capacity has been greatly expanded. Major cargo 

ports are Jiddah, Yanbu', and Jizän on the Red Sea and 
ad-Dammän and al-Jubayl on the Gulf. The country has 
many small airports, of which fewer than half have paved 
runways. The national airline, Saudia, provides both do­
mestic and international service. The chief international 
airports are at Dhahran, Riyadh, and Jiddah.

Administration and social conditions. Government. 
Saudi Arabia’s govemment is based on the law of Isläm, 
the Shari'ah, derived from Muhammad’s pronouncements 
and practices and from the traditions of Isläm’s first ad­
herents. Muslim law prescribes civil as well as religious 
rights, duties, obligations, and responsibilities for both 
ruler and mied. Law is revealed and not created, and it is 
interpreted by the ulama, or leamed religious men.

The person of the king combines legislative, executive, 
and judicial functions. As prime minister he presides over 
the Council of Ministers. This council is a legislative body,
although it is also responsible for such executive and 
administrative matters as foreign and domestic policy, de­
fense, finance, health, and education, which it administers 
through numerous separate agencies. Appointment to and 
dismissal from the council are prerogatives of the king. 
Major policy decisions are made by consensus, and opin- 
ion is sought primarily within the royal family (comprising 
the numerous descendants of the kingdom’s founder, Ibn 
Sa'üd). Many members of the royal family hold sensitive 
government posts.

Succession to the throne is not hereditary; the crown 
prince, who also serves as deputy prime minister, is desig- 
nated by the royal family with the support of the ulama and 
the Council of Ministers. The same consultative process 
also designates the second deputy prime minister, who is 
the second heir apparent after the deputy prime minister.

The kingdom is divided into administrative regions, 
which in tum are divided into districts. Provincial gover- 
nors are appointed and are responsible for such functions 
as finance, health, education, agriculture, and municipali- 
ties. The consultative principle operates at all levels of gov­
emment, including the govemment of villages and tribes.
Justice. The Shari'ah law is the basis of justice. Judg- 

ment usually is according to the Hanbali tradition of Isläm; 
the law tends to be conservative and punishment severe. 
In 1970 the Ministry of Justice was established; its work 
is assisted by a Supreme Judicial Council consisting of 
leading members of the ulama. There are more than 300 
Shari'ah courts across the country. Rapid changes since 
the mid-20th Century have produced circumstances—such 
as traffic violations and industrial accidents—not encom- 
passed by traditional law, and these have been handled by 
the issuance of royal decrees. These decrees have evolved 
into a body of administrative law. Avenues of appeal are 
available, and the monarch is both the final court of ap­
peal and the dispenser of pardon.

The armed forces. Military service is voluntary. The 
army accounts for about three-fifths of the total military 
force. It experienced rapid modemization especially after 
the Arab-Israeli war of 1967. Army officers are trained 
at King 'Abd al-'Azïz Military Academy just north of 
Riyadh. The air force was equipped largely by the British 
until the 1970s, when the kingdom began to buy aircraft 
from the United States. Major air bases are at Riyadh, 
Dhahran, Hafar al-Bätin (part of the King Khälid Mili­
tary City) near the border with Iraq and Kuwait, Tabük 
in the northwest near Jordan, and Khamls Mushayt in 
the Southwest near Yemen (San'ä’). All three armed ser­
vices are directed by the defense minister, who is also 
the second deputy prime minister. The National Guard 
is essentially an internal security force, though it can 
support the regulär forces for national defense. One of 
its primary peacetime tasks is to guard the country’s oil 
fields. It is administered separately and its commander
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reports to the crown prince. The armed forces employ 
expatriate personnel in support and training positions.
Education. Education is free at all levels and is given 

high priority by the govemment The school system con­
sists of elementary (grades 1-6), intermediate (7-9), and 
secondary (10-12) schools.

Higher education has expanded at a remarkable pace. 
Institutions of higher education include the King Sa'üd 
University (formerly the University of Riyadh, founded 
in 1957), the Islämic University (1961) at Medina, and 
the King 'Abd al-'Aziz University (1967) in Jiddah. Other 
institutes include the Higher Institute of Technology, the 
Higher Juridical Institute, the King 'Abd al-'Az!z Military 
Academy, the College for the Arabic Language, the Tech­
nical Institute, and the College of Islämic Jurisprudence, 
all at Riyadh; the King Fahd University of Petroleum 
and Minerals at Dhahran; the School of Hadith (narrative 
traditions), the Shari'ah College of Islämic Jurisprudence, 
and the Saudi Arabian Institute for Higher Education, all 
at Mecca; the School of Applied Arts and the Teacher 
Training Centre, both at Medina; and schools of industrial 
education at Riyadh, Jiddah, Medina, and ad-Dammäm. 
Institutes for religious teaching are located in several 
towns. A college of medicine has been started in Jiddah. 
Many foreign teachers are employed, especially in techni­
cal and medical schools. Large numbers of students enroll 
in overseas universities.
Health and welfare. A great deal of attention has been 

given to health care since the 1970s. Between 1970 and 
1980 the numbers of hospital beds, physicians, and nurses 
increased greatly. During the 1980s budgets made Pro­
vision for the construction of many additional health 
institutes, hospitals, and health centres and the hiring of 
additional medical staff. A network of dispensaries serving 
communities of 10,000 or more persons is complemented 
by a system of mobile health services to reach small com­
munities and the remaining nomadic populations. The 
govemment has also begun to train Saudis to replace 
foreign medical personnel. Of serious concern are a high 
rate of trachoma and occasional outbreaks of malaria, 
bilharzia, and cholera.

Saudi Arabia’s population has traditionally been com- 
posed of nomads, villagers, and townspeople. Pervading 
this triad, however, is the patrilineal kinship principle, and 
superimposed on all is the administrative Organization cen­
tred on the royal family. The kinship principle is pervasive 
in Saudi society, and the extended family is a strong social 
unit. Villages constitute local service centres and con- 
tain representatives from more than one tribal affiliation, 
though one group may tend to be dominant. Cities are 
not tribally organized, though the importance of kinship 
affiliation endures and local affairs tend to be dominated 
and administered by a few families. Social stratification is 
more clearly developed in the cities than elsewhere. Before 
the effects of oil were feit on the economy, status was a 
matter of lineage and occupation rather than of wealth; 
with the development of the oil industry, however, wealth 
and material Position have acquired an additional social 
value. The new technology and industry have produced 
a growing middle-income economic group of technocrats 
that is increasingly aware of the widening gap between the 
ruling families and the rest of the population.
Cultural life. The cultural setting is Arab and Muslim. 

To preserve the country’s purist religious Position, many 
proscriptions of behaviour and dress are enforced. Alco- 
holic beverages are prohibited, for example, and the theatre 
and public cinema do not exist. Educated Saudis are well 
informed on issues of the Arab world, the Muslim world, 
and the world at large, but public expression of opinion 
about domestic matters is not encouraged. There are no 
public forums such as political parties or labour unions.

For a thousand years artistic expression usually perpet- 
uated ancient forms. From the 18th Century onward the 
strict Wahhäbi religious outlook discouraged intellectual 
deviation from accepted purist positions. With the advent 
of the petroleum industry came exposure to outside in­
fluences, such as housing styles, fumishings, and clothes, 
and at the same time local craftsmen found themselves in 
competition with imported goods.

Music and dance have always been part of Saudi life. Vi­
sual arts are dominated by geometrie, floral, and abstract 
designs and by calligraphy, the latter a sophisticated and 
leamed enterprise. Not much diversity is seen in tradi­
tional architecture; typical features are decorative designs 
on doors and Windows and wide use of crenellated walls. 
The wave of change starting in the 1960s influenced ar- 
chitectural styles, and stark linear motifs became common 
in office and residential buildings. The spectacular airport 
terminals at Jiddah and Riyadh, however, are testimony 
to the persistence and worth of traditional styles.

Several daily and weekly newspapers are published in 
Arabic and in English. Radio and television broadcasting 
is operated by the Ministry of Information, and there is a 
modern system of telecommunications.
For Statistical data on the land and people of Saudi 

Arabia, see the Britannica World Data section in the bri­
tannica  world data  a n n u a l . (B.K.N.)

HISTORY
The Wahhäbi movement. Örigins and early expansion. 

Muhammad ibn 'Abd al-Wahhäb, the founder of the 
Wahhäbi movement, was bom in 'Uyaynah in 1703 to a 
family of religious judges and scholars and as a young man 
traveled widely in the Hejaz, Iraq, and other regions of the 
Middle East. It was upon his return to 'Uyaynah that he 
first began to preach his revolutionary ideas of religious 
reformation on fundamentalist lines. His teaching was 
influenced by that of the Hanbalï scholar Ibn Taymlyah, 
who had died in 1328.

The ruler of 'Uyaynah, 'Uthmän ibn Mu'ammar, gladly 
welcomed the retuming prodigal and even adhered to his 
doctrines. But the temper of the people was less com- 
plaisant, and 'Abd al-Wahhäb’s preaching was put to a 
number of severe tests. 'Uthmän received threats from the 
Banü Khälid chief of al-Hasa, demanding the death of the 
innovator on pain of withholding annual gifts from the 
province, and even of invasion.

'Uthmän, unable to face the risks of financial loss and 
actual danger but unwilling to kill his guest, decided to 
dismiss 'Abd al-Wahhäb from his territory. The exiled 
'Abd al-Wahhäb went to ad-Dir'ïyah, some 40 miles away, 
which had been the seat of the local prince Muhammad 
ibn Sa'üd since 1726. In 1745 the people flocked to the 
teaching of the reformer, conducted at first discreetly on 
the outskirts of the Capital. The alliance of theologian and 
prince, duly sealed by mutual oaths of loyalty, soon began 
to prosper in terms of military success and expansion.
One by one the enemies of the new dispensation were 

conquered. The earliest wars brought 'Uyaynah and al- 
Hasa under Wahhäbi control, but Riyadh and Manfuhah 
maintained their stubbom resistance for 20 years before 
succumbing to the steady pressure of the new movement. 
By 1765, when Muhammad ibn Sa'üd died, much of 
central and eastern Arabia had fallen under more or less 
effective Wahhäbi rule.

Muhammad ibn Sa'üd’s son and successor, 'Abd al-'Aziz 
I (reigned 1765-1803), who had been largely responsible 
for this extension of his father’s realm by his exploits as 
commander in chief of the Wahhäbi forces, continued to 
work in complete harmony with Muhammad ibn 'Abd al- 
Wahhäb. It was indeed the latter who virtually controlled 
the civil administration of the country, while 'Abd al-'Azïz 
himself, later in cooperation with his warlike son, Sa'üd I 
(reigned 1803-14), busied himself in the expansion of his 
empire far beyond the limits inherited by him. Meanwhile, 
in 1792, the venerable Muhammad ibn 'Abd al-Wahhäb 
died at the age of 89. Wahhäbi attacks had begun to attract 
the attention of the Ottoman government, and in 1798 a 
Turkish force invaded al-Hasa, though it was compelled to 
withdraw. Qatar feil to the Sa'üdïs in 1797, and they also 
gained control through local allies over Bahrain, many of 
the Sunnites of Coastal Oman, and, temporarily, Muscat.

Struggle with the Ottomans. In 1801 the Wahhäbis 
captured and sacked the Shï'ite holy city of Karbalä’ in 
Ottoman Iraq, and in the following year Sa'üd led his fa­
ther’s army to the capture of Mecca itself in the Ottoman 
Hejaz. It was soon after his return from this expedition 
that his father was assassinated by a Shï'ite in the mosque

Military 
success 
of the 
movement
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of ad-Dir'ïyah in revenge for the desecration of Karbalä’.
The issue was now joined between the Ottomans and the 

'apture of Wahhäbis of Arabia. In 1804 Sa'üd captured Medina, and 
ledina the Wahhäbi empire embraced the whole of Arabia down 

to Yemen and Oman. Year after year Sa'üd visited Mecca 
to preside over the pilgrimage as the imam of the Muslim 
congregation. But the tide was soon to turn to his disad- 
vantage. The Sultan of the Ottoman Empire, preoccupied 
in other directions, consigned to Muhammad (Mehmet) 
'AU Pasha, the virtually independent viceroy of Egypt, the 
task of crushing the “heretics.” An Egyptian force landed 
on the Hejaz coast under the command of Tusun, the 
youthful son of Muhammad 'All Pasha. Sa'üd inflicted a 
severe defeat on the invaders, but reinforcements enabled 
Tusun to occupy Mecca and Medina in 1812. The fol- 
lowing year Muhammad 'All assumed command of the 
expeditionary force in person. In the east, Britain severely 
curbed the naval allies of the Wahhäbis in 1809.
Sa'üd died at ad-Dir'ïyah in 1814. His successor, his son 

'Abd Alläh ibn Sa'üd, was scarcely of his father’s calibre, 
and the capture of ar-Ra’s in al-Qasïm by the Egyptians in 
1815 forced him to sue for peace. This was duly arranged, 
but the truce was short-lived, and in 1816 the stmggle 
was renewed, with Ibrahim Pasha, another of Muhammad 
'AlI’s sons, in command of the Egyptian forces. Gaining 
the support of the volatile tribes by skillful diplomacy 
and lavish gifts, he advanced into central Arabia. Joined 
by most of the principal tribes .(Harb and 'Utaiba, Mu- 
tair and Banü Khälid), he appeared before ad-Dir'ïyah in 
April 1818. Fighting among the palm groves of the Wah­
häbi Capital ended in September with the surrender of 
'Abd Alläh, who was sent to Istanbul and there beheaded. 
Local Wahhäbi leaders were executed, ad-Dir'ïyah was 
razed to the ground, and Egyptian garrisons were posted 
to the principal towns. The Sa'üdï family had suffered 
heavy losses during the fighting. A few had managed to 
escape before the surrender; the rest were sent to Egypt 
for detention along with descendants of Muhammad ibn 
'Abd al-Wahhäb. The Wahhäbi empire ceased to exist, 
but the faith lived on in the desert in defiance of the new 
miers of the land.

The dynasty was restored and the second Sa'üdï state 
begun in 1824 when Turkl (1823-34), a grandson of 
Muhammad ibn Sa'üd, succeeded in capturing Riyadh 
and expelling the Egyptian garrison. Thereafter, Riyadh 
remained the Capital of the state. Turkl tried to maintain 
friendly ties with the Ottoman govemors of Iraq and the 
British as he accepted nominal Ottoman sovereignty. Al- 
Hasa and Hä’il feil again to the Sa'üdïs by 1830, as the 
town militias of central Arabia, which formed the bases of 
the Sa'üdï army, overcame the nomadic tribes. Literature, 
commerce, and agriculture flourished despite the cmshing 
losses to society occasioned by the return of cholera.

In 1834 Turkl was murdered by an ambitious cousin, 
who then was deposed and executed by Turkï’s son Faysal 
(1834-38; 1843-65). Faysal refused to pay the Egyptian 
tribute; in 1837 an Egyptian expeditionary force entered 
Riyadh, and Faysal was captured in 1838 and sent to 
Cairo. Khälid, son of Sa'üd and brother of'Abd Alläh, was 
installed as mier of Najd by the Egyptians. Both Faysal 
and Khälid had been carried away into captivity in Egypt 
after the fall of ad-Dir'ïyah, but the former had escaped 
in 1828 to rejoin his father and to play a prominent part 
in the reestablishment of the Wahhäbi regime. Khälid had 
been released from prison to accompany the expeditionary 
force sent to restore Egyptian mie in Arabia as the mier 
designate, on his undertaking to recognize the control by 
Egypt. So Faysal retumed to Cairo for a second period 
of incarceration until his second escape and return to 
Najd in 1843.

Meanwhile the subservience of Khälid to his Egyptian 
and Ottoman masters was increasingly resented by his 
Wahhäbi subjects; and in 1841 his cousin, 'Abd Alläh 
ibn Thunayan, raised the Standard of revolt. Riyadh was 
captured by a bold coup, its garrison was expelled, and 
Khälid, who was in al-Hasa at the time, fled by ship to 
Jiddah. 'Abd Alläh resisted when Faysal reappeared in 
1843, only to be overpowered and slain. So Faysal re- 
sumed his reign after an interruption of five years, to mie

basically unchallenged, despite occasional tribal uprisings 
and friction with the townspeople of al-Qasïm, until his 
death in 1865. The Hejaz remained in Ottoman hands, 
while northern Arabia (the province of Jabal Shammar) 
was locally autonomous but acknowledged the supremacy 
of Riyadh. Faysal reestablished Sa'üdï authority in Bahrain 
for a short time, however, and for a longer time in al- 
Burayml and the Oman hinterland. He extended his in­
fluence as far as Hadhramaut and the frontiers of Yemen.
Only British intervention stopped the extension of direct 
Sa'üdï power over the western shore of the Gulf.
Administration under Faysal was simple and involved 

few people, mostly members of the royal family and 
descendants of Muhammad ibn 'Abd al-Wahhäb. Justice 
in the provinces was enforced by officials appointed by 
Riyadh, even the tribes paid taxes, and the writing of 
poetry and history flourished.

In 1865, when his power was an acknowledged factor 
in Arabian politics, Faysal died. His sons disputed the 
succession. His eldest son, 'Abd Alläh, succeeded first, Legacy of 
maintaining himself uneasily on the throne against the Faysal 
rebellion of his brother Sa'üd II for six years until his 
defeat at the Battle of Judah in 1871. 'Abd Alläh’s flight 
from that field left Sa'üd in possession, but the next five 
years saw the throne change hands no fewer than seven 
times in favour of different members of the Sa'üdï family.
Drought in 1870-74 exacerbated the civil war’s effects, as 
the unity of the Wahhäbi community disintegrated. Mean­
while 'Abd Alläh had appealed to the Ottomans in Bagh- 
dad, who came to his assistance but took advantage of the 
Situation to occupy the province of al-Hasa for themselves 
in 1871—an occupation that lasted for 42 years.

The Rashïdïs. Sa'üd II died of wounds in 1875, and 
after a brief interval of chaos 'Abd Alläh II retumed to 
the throne the following year, only to find himself power- 
less against Muhammad ibn 'Abd Alläh ar-Rashld, whose 
Capital was at Hä’il (and of whom Charles Doughty left 
a brilliant picture in his Travels in Arabia Deserta). Ibn 
Rashïd had succeeded to the throne of his father, the 
founder of the Rashldl dynasty, after a short period of 
anarchy; his accession was marked by the Spilling of royal 
blood on an impressive scale, but he made amends for the 
bloodbath by the smooth and efficiënt administration that 
he succeeded in imposing on his realm.

Ibn Rashïd was undoubtedly the dominant figure in 
Arabian politics when 'Abd Alläh II ibn Sa'üd retumed 
to Riyadh for his third spell of authority. At first the 
Rashïdïs refrained from any forward action, but they soon 
intervened in the chaotic affairs of the Wahhäbi state. And 
it was not long before 'Abd Alläh was “invited” to be the 
“guest” of Ibn Rashïd at Hä’il, while a representative of 
the Rashïdïs was appointed govemor of Riyadh in 1887.
'Abd Alläh’s health began to show serious signs of deteri- 
oration, and he was allowed to return to Riyadh and even 
was named govemor of the city in 1889. 'Abd Alläh did 
not live long in enjoyment of his restoration, however; he 
died in the same year, leaving to his youngest brother,
'Abd ar-Rahmän, the almost hopeless task of saving the 
realm of their ancestors.

But 'Abd ar-Rahmän was soon embroiled in senseless 
hostilities with the Rashïdïs. The Battle of al-Mulaida 
(in al-Qasïm) settled the issue between them decisively in 
1891, and for the second time in the space of 70 years the 
Wahhäbi state seemed to be complete destroyed. 'Abd ar- 
Rahmän fled with his family to take refuge in Kuwait as 
the guest of its miers.

At the death of Muhammad ibn ar-Rashld in 1897 
the throne passed to his nephew, 'Abd al-'Azïz ibn 'Abd 
Mit'ab, who by the tum  of the Century had alienated the 
sympathies of all Najd. Meanwhile the son of 'Abd ar- 
Rahmän, 'Abd al-'Azïz ibn 'Abd ar-Rahmän, was taking 
füll advantage of his enforced sojoum in Kuwait to gain 
from his host, Sheikh Mubärak as-Sabäh, a useful knowl­
edge of world politics. In 1901 the young 'Abd al-'Azïz 
ibn 'Abd ar-Rahmän (he was about 22 to 26 years old) ‘Abd ar- 
sallied out with a small force of 40 followers on what Rahmän 
must have seemed a forlom adventure. On Jan. 15, 1902, and the 
with a select body of only 15 warriors, he scaled the walls capture of 
of Riyadh, surprised and defeated the Rashldl govemor Riyadh
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and his escort before the gate of the Mismak fort, and was 
hailed by the population as their ruler.
Ibn Sa'üd. Thus began a reign destined to be one of 

the most famous in Arabian history. The following years 
witnessed the development of the struggle between the 
Rashïdïs, whose power was by no means spent and who 
received substantial help from the Ottomans in men and 
material, and the restored Sa'üdï dynasty. In 1904 the 
combined Rashïd! and Ottoman forces were defeated by 
Ibn Sa'üd (as 'Abd al-'Azïz ibn 'Abd ar-Rahmän ibn Faysal 
ibn Turki ibn 'Abd Alläh ibn Muhammad Al Sa'üd be­
came generally known outside Arabia); but in agreement 
with him the Ottomans placed garrisons in central Arabia 
for one year. Ibn Rashïd continued the struggle, but he 
was killed in battle in 1906, and thenceforth Ibn Sa'üd, 
who secured the withdrawal of Ottoman troops from al- 
Qasïm in 1906, remained the undisputed master of Ara­
bia. Ibn Sa'üd bent himself to the task of regaining the 
whole realm of his ancestors. He was cautious enough to 
keep the fiction of acknowledging Ottoman overlordship, 
and by contacts with Britain he hoped to balance each 
power against the other.

Meanwhile he busied himself with the reorganization of 
the country’s administration, including the inception of a 
plan designed to ensure the stability and permanence of 
his military force. It was the foundations of Arab society 
that needed examination and strengthening; and it was 
to this task that he set his hand in 1912 with the es­
tablishment of the first Ikhwän (Brethren) colony on the 
desert wells of al-Artäwiyah, peopled entirely by Bedouin. 
The colony formed a militant cantonment dedicated to 
the service of God and prince. Within the next decade 
nearly 100 similar colonies organized around tribal group 
identity were founded on suitable sites throughout the 
country, providing Ibn Sa'üd with a formidable force. The 
Sa'üdï military also included, however, soldiers recruited 
from the towns and nomadic tribes.

Ibn Sa'üd’s first spectacular conquest was the taking of 
al-Hasa province from the Ottomans in 1913, although he 
was compelled to reaffirm Ottoman sovereignty over all 
of his territory in 1914. During World War I he was aided 
by British subsidies, but he managed by adroit diplomacy 
to be relatively quiescent, though surrounded by enemies. 
In 1919, however, he struck his first blow, against Sharif 
Husayn ibn 'Alï of the Hejaz, whose army was annihilated 
at Turabah by the Ikhwän. In 1920 Ibn Sa'üd’s son Faysal 
captured the province of Asir between the Hejaz and the 
Yemen. In 1921 Ibn Sa'üd defeated the forces of Muham­
mad ibn Talal, the last Rashïdï emir, and annexed the 
whole of northern Arabia, occupying al-Jawf and Wadi 
Sirhan in the following year. Kuwait experienced border 
raids and a Sa'üdï blockade over payment of customs 
duties. Meanwhile Faysal and Abdullah, the sons of Sharif 
Husayn of Mecca, king of the Hejaz, had been placed 
on the thrones of Iraq and Transjordan, respectively, by 
the British govemment. These territories with the Hejaz 
served as a formidable British-protected cordon around 
the northern and western borders of the Wahhäbi state, 
with the inevitable result of frequent border incidents.

In 1923 the British govemment invited all the rulers 
concerned in these sporadic hostilities to attend a confer­
ence at Kuwait and if possible to agree on a settlement of 
their differences. The British also made it clear that the 
subsidies hitherto paid to Ibn Sa'üd and Sharif Husayn 
would be terminated from the end of that financial year.
The conference ended in complete disagreement on all 

points, and in September 1924 the Wahhäbis attacked the 
Hejaz. They captured at-Tä’if after a brief stmggle but 
with an accompanying massacre of male civilians, and 
then they occupied Mecca without Opposition. Ibn Sa'üd 
then laid seige to Jiddah and Medina, while Sharif Husayn 
abdicated his throne in favour of his son 'Alï, whose Sit­
uation was virtually hopeless from the beginning. By the 
end of 1925 both Medina and Jiddah had surrendered 
to the Sa'üdïs. The Aqaba-Ma'än district of the northern 
Hejaz was occupied by Transjordan, to prevent its falling 

King of the into Wahhäbi hands. On Jan. 8, 1926, Ibn Sa'üd, who had 
Hejaz and adopted the title of sultan of Najd in 1921, was proclaimed 
Najd king of the Hejaz in the Great Mosque of Mecca. In 1927

he also changed his title of sultan to king of Najd and 
its dependencies, the two parts of his dual kingdom being 
administered for the time being as separate units. In the 
same year the Treaty of Jiddah, negotiated by him with 
Sir Gilbert Clayton, placed his relations with Great Britain 
on a permanent footing as the British fully acknowledged 
Sa'üdï independence. The results of Muslim conferences 
sponsored by the Sa'üdïs in the Hejaz were to legitimize 
their presence as miers.
Ibn Sa'üd found himself in difficulties with the more 

religious elements of Najd because of his association with 
Christian powers and his alleged complaisance in regard 
to the British-protected regimes in Iraq and Transjordan, 
which were still the objects of Ikhwän desire for conquest.
Incidents on their frontiers created a state of virtual though 
undeclared war, in which British aircraft played a part in 
discouraging Wahhäbi incursions. Ibn Sa'üd also on sev­
eral occasions violently suppressed political and military 
Opposition by the Ikhwän.
In 1928 and 1929 Faysal ad-Dawïsh, Sultän ibn Bijäd, 

and other leaders of the Ikhwän, accusing Ibn Sa'üd of be- 
traying the cause for which they had fought and opposing 
the taxes levied upon their followers, resumed their defi- 
ance of the king’s authority. The rebels sought to maintain 
their grazing lands in Iraq, stop the centralization of power 
in the hands of the king, and keep the purity of Wahhäbi 
practices against the innovations advocated by Ibn Sa'üd.
The majority of the population rallied to the King’s side 
and this, with the support of the Najdi ulama, enabled him 
to defeat the rebels. The civil war, however, dragged on 
into 1930, when the rebels were rounded up by the British 
in Kuwaiti territory and their leaders were handed over to 
the King. With their defeat, power passed definitively into 
the hands of townspeople rather than the tribes.

Ibn Sa'üd was at last free to give his undivided attention 
to the development of his country and to the problems 
of foreign policy which beset him on all sides. Above 
all he was concerned to assert and maintain the com­
plete independence of his country and in it the exclusive 
supremacy of Isläm. The ban on music was progressively 
stifled by the radio, which was also used as a tooi to unite 
the kingdom and increase military efficiency. And so on 
until the latitudinarian spirit, slowly at first but with ever- 
increasing momentum, dispersed the inhibitions of the 
puritan regime.

On the other hand Ibn Sa'üd had rigorously set his face 
against any foreign intervention whatever in the internal 
politics of the regime. Aside from members of the royal 
family, and Najdi and Hejazi merchants, many of the 
King’s chief advisers were foreign Muslims. Many of the 
foreign advisers were political refugees from their home- 
lands and served Ibn Sa'üd for a very long time.

(H.St.J.B.P./W.L.O.)
The Kingdom of Saudi Arabia. The history of the King­

dom of Saudi Arabia begins properly on Sept. 18, 1932, 
when by royal decree the dual kingdom of the Hejaz and Unification 
Najd with its dependencies, administered since 1927 as of the 
two separate units under slightly different Systems, was kingdom 
unified under the name of the Kingdom of Saudi Arabia.
The chief immediate effect was to increase the unity of 
the kingdom and to decrease the possibility of Hejazi 
separatism. No attempt was made to change the supreme 
authority of the king as the absolute monarch of the new 
regime; indeed, his power was emphasized in 1933 by his 
choice of his son Sa'üd as heir apparent.
Foreign relations, 1932-53. From the date of its estab­

lishment in September 1932, Saudi Arabia enjoyed füll in­
ternational recognition as an independent state, although 
it did not join the League of Nations.

In 1934 Ibn Sa'üd was involved in war with the Yemen 
over a boundary dispute. An additional cause of the war 
was the Yemen’s support of a rising by an Asiri prince 
against Ibn Sa'üd. In a seven-week campaign the Saudis 
were generally victorious, advancing as far south as the 
Yemeni port of al-Hudaydah. Hostilities were terminated 
by the Treaty of at-Tä’if, by which the Saudis gained the 
disputed district. The rebel Asiri prince was given up by 
the Yemenis, and normal relations were renewed. Diplo­
matic relations with Egypt, severed in 1926 because of
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an incident on the Meccan pilgrimage, were not renewed 
until after the death of King Fu’äd of Egypt in 1936,

Fixation of the boundaries of the country remained a 
Problem throughout the 1930s. In tribal society, where a 
considerable Proportion of the population was nomadic, 
sovereignty was traditionally expressed in the form of 
suzerainty over certain tribes rather than in fixed territorial 
boundaries. Hence Ibn Sa'üd regarded the demarcation of 
land frontiers with suspicion. Nevertheless the majority of 
the frontiers with Iraq und Jordan had been demarcated 
by 1930. In the south and east no agreement was reached 
on the exact site of the frontiers with the Trucial States 
and with Muscat and Oman.

During World War II Saudi Arabia declared its neutrality. 
Britain and the United States subsidized Saudi Arabia, and 
they sent food from India and Egypt to the Hejaz, where, 
because of fewer pilgrims and thus less revenue, the losses 
caused by the war were severe. In 1945, however, Ibn 
Sa'üd declared war on Germany, a purely formal action 
that enabled Saudi Arabia to enter the United Nations as 
a founder member. Ibn Sa'üd also, after some hesitation, 
joined the Arab League, but he did not play a leading 
part in it. The religious and conservative element in Saudi 
Arabia still acted as an obstacle to integration with other 
Arab States, even when Saudis shared common views, as 
in Opposition to Zionism. In the Arab-Israeli war of 1948 
Saudi Arabia contributed only one battalion to the Arab 
cause; it fought as an auxiliary of the Egyptian army.
Internal affairs, 1932-53. Although oil had been dis­

covered in al-Hasa near the shores of the Persian Gulf be- 
xploita- fore World War II, it was not exploited energetically until 
on of oil after the entry of the United States into the war. Revenues 
iserves before the war were based primarily on the pilgrimage, 

customs duties, and taxes—much of which decreased as 
a result of the world economie depression of the 1930s. 
After 1944 a considerable number of employees of the 
oil Company, known thereafter as Aramco (the Arabian 
American Oil Company), arrived in Saudi Arabia. The 
resulting sudden access of wealth from increased produc­
tion was a mixed blessing. The country was itself unable 
to supply ihe oil Company with sufficiënt skilled workers, 
and as a result a flood of employees entered the country 
from other Arab States, materially influencing the thought 
and behaviour of the Saudis. Cultural life flourished, pri­
marily in the Hejaz, which was the centre for newspapers 
and radio. Much to the annoyance of the Saudi leadership, 
in 1949 Aramco paid more taxes to the U.S. government 
than the yield to Saudi Arabia in royalties. As production 
dramatically increased, the Saudis pushed for a revision of 
the 1933 concession. The new agreement of 1950 required 
Aramco to pay an income tax of 50 percent of the net 
operating income to the Saudis.
The disturbance of traditional patterns caused by the 

new wealth and the movement of the population to the 
major cities was reflected in the government. Inexperience 
and the advent of fortune hunters from neighbouring 
countries encouraged extravagance. The poor became rich 
overnight, but prices soared and those who were not paid 
by the oil Company became poorer than ever. Despite 
the new wealth, extravagant spending led to governmental 
deficits and foreign borrowing in the 1950s.

Ibn Sa'üd viewed this flood of wealth and the consequent 
changes in morality with distaste and bewilderment. He 
died on Nov. 9, 1953.

Reign o f King Sa'üd ibn 'Abd al-'Azïz. Ibn Sa'üd was 
succeeded by his eldest surviving son, Sa'üd, his sec­
ond son, Faysal, being declared heir apparent. The two 
brothers were remarkably different. Sa'üd had been heir 
apparent since 1933; he had many ties among the desert 
tribes. Faysal, who had lived chiefly in the cities of the 
Hejaz, had often been abroad in his post as Saudi foreign 
minister. Sa'üd thus represented the ancien régime, while 
those advocating modemization supported Faysal.

As urbanization increased, the character of Riyadh and 
Jiddah was enormously changed. Roads, schools, hospi- 
tals, palaces, apartment buildings, and airports replaced 
the old alleyways and mud-built houses. Weaving and 
other crafts continued, but they were modified by the use 
of new patterns and materials.

At the royal court there was constant rivalry between 
Sa'üd and Faysal. In March 1958, as a result of pressure,
Sa'üd issued a decree transferring all executive power to 
Faysal. In December 1960, however, Faysal was obliged 
to resign as prime minister and the King himself assumed 
the office. In 1962-63 Faysal was once more given exec­
utive powers. Finally, on Nov. 2, 1964, King Sa'üd was 
deposed and Faysal was proclaimed king. The National 
Guard, the royal princes, and the ulama supported Faysal 
in the struggle for power against Sa'üd. Faysal was more 
competent than the King; it was he who developed the 
ministries of government and established for the first time 
an efficiënt bureaucracy.

Foreign affairs under Sa'üd and Faysal. The frontier 
between Saudi Arabia and Muscat and Oman had never 
been demarcated. In the late 1940s this problem assumed 
importance because of the possibility of discovery of oil 
in the area. In 1952 Saudi Arabia occupied the oasis of 
al-Buraymï and in January 1953 Britain and Oman reoc- 
cupied the oasis. In July 1954 the British and the Saudis 
agreed to arbitration, but upon the failure of this process 
Oman and Abu Dhabi reoccupied the oasis.

After World War II the United States became the most 
influential foreign power in Saudi Arabia. American in­
terest was directed toward the oil industry, which was 
owned by U.S. Companies. In 1960 Saudi Arabia became 
a founding member of the Organization of Petroleum 
Exporting Countries (OPEC), which in the 1970s sharply 
limited U.S. dominance in the Middle East.

As a result of the rise to power of Egypt’s Pan-Arab 
nationalist and socialist president, Gamal Abdel Nasser,
Saudi relations with Egypt were often strained. Egyptian Disputes 
propaganda made frequent and sometimes venomous at- with Egypt 
tacks on the Saudi royal family and system of govern­
ment. When Egyptian troops were sent to Yemen (San'ä’) 
in 1962, tension between Saudi Arabia and Egypt be­
came more acute. The Saudis helped the Yemeni royalists 
against the Egyptian-backed republic, and Egyptian air­
craft bombed towns in Saudi Arabia near the border with 
Yemen. In the Arab-Israeli war of 1967 Saudi Arabia sent 
troops to Jordan, but they did not go into action, and 
Faysal ultimately agreed to assist Egypt with financial aid 
provided Nasser withdrew his troops from Yemen.
Faysal, leader of the largest conservative Arab state, con­

tinued to warn against the danger of Communist influence 
in Arab and Muslim countries. Saudi Arabia also acted 
against the United States, however, as a result of U.S. as- 
sistance to Israel during the Arab-Israeli war of 1973. The 
Saudis and other Arab oil producers organized a short- 
lived oil boycott; production was progressively curtailed in 
late 1973 and early 1974, and the price of oil quadrupled.

The Saudi government gained direct ownership of one- 
quarter of Aramco’s crude oil operations in 1973. This 
interest was increased to 60 percent in 1974. Ultimately, 
the Saudis achieved complete control of the Company and, 
therefore, over their chief economic resource. By 1984 the 
president of Aramco was a Saudi Citizen.

(H.St.J.B.P./J.B.Gl./W.L.O)
Reigns o f Khälid and Fahd. On March 25, 1975, King Assassi- 

Faysal was assassinated by his nephew Prince Faysal ibn nation of 
Musä'id 'Abd al-'Azïz. Faysal was succeeded by his half- Faysal 
brother, Crown Prince Khälid, and Prince Fahd was made 
crown prince. During the new king’s reign economic and 
social development, guided by Islämic law, continued at 
an extremely rapid rate, revolutionizing the infrastruc- 
ture and educational system of the country. Despite this,
Khälid exerted a conservative influence among the Arab 
and Muslim nations.
After the signing of the Egyptian-Israeli peace agreement 

on March 26, 1979, Saudi Arabia joined the other Arab 
nations in severing diplomatic relations with Egypt and 
imposing economic and political sanctions. Saudi Arabia 
stated that the primary conditions for peace were full Is­
raeli withdrawal from all territories occupied in the 1967 
Arab-Israeli war and the recognition of the Palestinian 
right to self-determination. The overthrow of the Shah of 
Iran in 1979 and the establishment of the Islämic Repub­
lic of Iran caused the Saudi monarchy serious concern.
Foreign policy also was orientated toward oil policy.
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The only serious domestic challenge to the monarchy 
since World War II took place when the Haram mosque 
(Great Mosque) in Mecca, the holiest site in the world for 
Muslims, was seized by followers of a Saudi Sunnite ex­
tremist. Holding hostages, the rebels occupied the mosque 
for two weeks before they were defeated. The takeover was 
religiously and politically motivated as the rebels called 
for the overthrow of the dynasty and for a stricter Muslim 
society and polity. Domestic unrest continued with rioting 
by Shï'ite Muslims in eastem Saudi Arabia in November 
1979 and February 1980. The Saudi Arabian govemment 
announced plans for the reorganization of the political 
system to include a consultative council and a written 
Constitution. No real changes took place, however, and 
political power remained exclusively in the hands of the 
king and the royal family.

On June 13, 1982, King Khälid died and Crown Prince 
Fahd, who had long been influential in the administra- 
tion of affairs, succeeded to the throne. Fahd maintained 
Saudi Arabia’s foreign policy of close Cooperation with 
the United States and increased purchases of sophisticated 
military equipment from the United States and Great 
Britain. Saudi Arabia in general attempted to lessen dis- 
putes among the Arab States. Beginning in the 1980s the 
Saudi govemment played a major role in determining 
OPEC policy on oil production and pricing. Oil revenues 
have been crucial to Saudi society as its economy and ways 
of living have been revolutionized by the extraordinary 
wealth channeled through the govemment and derived 
from oil operations. Urbanization, mass public education, 
the presence of numerous foreign workers, and access 
to new media have all affected Saudi values and mores. 
While society has changed profoundly, however, political 
processes have not. The political elite has come to include 
more bureaucrats and technocrats, but real power contin- 
ues in the hands of the dynasty.

For later developments in the history of Saudi Arabia, 
see the Britannica Book o f the Year section in the britan­
nica WORLD DATA ANNUAL. (W.L.O.)

United Arab Emirates
Seven tiny emirates along the eastern Persian (Ara­
bian) Gulf coast of the Arabian Peninsula together form 
the United Arab Emirates (Arabic: Ittihäd al-Imärät al- 
'Arabïyah). Formerly known as the Trucial States, Trucial 
Oman, or the Trucial Sheikhdoms, they are bordered by 
Qatar on the northwest, by Saudi Arabia on the west, 
south, and southeast, and by Oman on the southeast and 
northeast. Most of the union’s area of 30,000 square miles 
(77,700 square kilometres) is occupied by Abu Dhabi, 
which Stretches along the Persian Gulf coast. The six other 
emirates are clustered on the Musandam Peninsula, which 
separates the Persian Gulf from the Gulf of Oman; they 
are Dubayy,‘Ajmän, ash-Shäriqah, Umm al-Qaywayn, and 
Ra’s al-Khaymah on the Persian Gulf side, and al-Fujayrah 
on the Gulf of Oman side. The population is concentrated 
in cities along both coasts, although the interior oasis 
settlement of al-'Ayn has grown into a major population 
centre as well. 'Ajmän, ash-Shäriqah, and Dubayy have 
enclaves in al-Fujayrah. Upon formation of the union, in 
1971, the city of Abu Dhabi was chosen as the national 
Capital for a period of five years (later extended).

PHYSICAL AND HUMAN GEOGRAPHY
The land. Nearly the entire union is desert, containing 

broad patches of sand and numerous salt flats. Along the 
eastem portion of the Musandam Peninsula, the northern 
extension of the al-Hajar Mountains offers the only other 
major relief feature. Steep on all sides, the mountains rise 
to 5,000 feet in some places. The Persian Gulf coast is 
broken by shoals and dotted with islands that offer shelter 
to small vessels. There are, however, no natural deepwater 
harbours. The coast of the Gulf of Oman is more regu­
lär and has three natural harbours—Dibä al-Hisn, Khawr 
Fakkän, and Kalbä.

Desert The climate is hot and humid along the coast and is
climate hotter still, but dry, in the interior. Rainfall averages only

three to four inches (75 to 100 millimetres) annually. The

average January temperature is 65° F (18° C), while in 
July the temperature averages 92° F (33° C). Summer 
temperatures can reach 115° F (46° C) on the coast and 
120° F (49 ° C) or more in the desert. In midwinter and 
early summer winds known as the shamal blow from the 
north and northwest, bearing dust and sand.
Because of the desert climate, Vegetation is scanty and 

largely limited to the low shrubs that offer forage to no­
madic herds. In the oases date palms are raised together 
with alfalfa. Food grains include wheat, barley, and mil- 
let. Fruits are grown, and al-'Ayn oasis in Abu Dhabi is 
known for its mangoes. Animal life is largely restricted to 
domesticated goats, sheep, and camels, together with cattle 
and poultry, which were introduced in modern times. The 
Gulf waters offer schools of mackerel, grouper, tuna, and 
porgies, as well as sharks and occasional whales.
The people. Only one-fifth of the union’s residents are 

native and enjoy the rights of citizenship. The remainder 
are the mostly male foreign workers and their depen- 
dents, with South Asians, mainly Indians and Pakistanis, 
accounting for as much as half of the total population 
by some accounts. Arabs from countries other than the 
United Arab Emirates account for more than 10 percent, 
as do Iranians. Southeast Asians, including many Fil­
ipinos, have immigrated in increasing numbers to work in 
various capacities. The official language is Arabic.

Most of the population resides in the Coastal cities. Al- 
'Ayn, part of a grouping of oases on the Omani border 
(known in Oman as al-Buraymï), is a rapidly growing city 
in the interior.

The economy. The union’s economy is dominated by 
the oil produced in the Abu Dhabi and Dubayy emirates.
The richest of the emirates, Abu Dhabi, contributes more 
than three-fifths of the national budget.

Oil was first discovered in Abu Dhabi in 1958. The gov- Oil reserves 
ernment of Abu Dhabi owns a Controlling interest in all 
oil Company operations in the emirate. The largest conces- 
sions are held by Abu Dhabi Marine Operating Company 
(Adma-Opco), which is partially owned by British, French, 
and Japanese interests. One of the main offshore fields is 
located in Umm ash-Shayf, 80 miles into the Persian Gulf 
and 20 miles from the island of Däs. Al-Bunduq offshore 
field is shared with neighbouring Qatar but is operated by 
Adma-Opco. A Japanese consortium operates an offshore 
rig at al-Mubarraz, 70 miles west of Abu Dhabi city, and 
other offshore concessions are held by U S. Companies.
Onshore oil concessions are held by the Abu Dhabi 

Company for Onshore Oil Operations (ADCO), which is 
partially owned by U.S., French, and British interests.
Other concessions are held by Japanese Companies.

The production of oil in Dubayy began in 1969. There 
are offshore oil fields at al-Fath, Fallah, and Räshid, all 
located between 30 and 80 miles northwest of Dubayy.
Dubayy owns a Controlling interest in all oil Companies in 
the emirate. Ash-Shäriqah began producing oil in 1974, 
and in 1980 another field, predominantly yielding natural 
gas, was discovered. In 1984 oil production began off the 
shore of Ra’s al-Khaymah, in the Persian Gulf.
Agricultural production, largely centred in Ra’s al- 

Khaymah emirate, al-Fujayrah emirate, the enclaves of 
'Ajmän, and al-'Ayn, has undergone a considerable ex­
pansion through the increasing use of wells and pumps 
to provide water for irrigation. Dates are a major crop, 
and the United Arab Emirates is close to self-sufficiency 
in much fruit and vegetable production.The country must 
import most of its grains, however. It has also greatly in­
creased its production of eggs, poultry, and dairy products.
The Arid Lands Research Centre, moved from as-Sa'diyät 
Island to al-'Ayn, experiments with raising crops in a 
desert environment. Most fishing is at Umm al-Qaywayn.

The emirates have attempted to diversify their economy 
so as not to be completely dependent on oil. Abu Dhabi 
has begun to harness energy from natural gas for local use 
as well as for export. A petroleum industrial complex has 
opened in ar-Ruways, 140 miles Southwest of Abu Dhabi 
city, with a petroleum refinery, a gas fractionation plant, 
and an ammonia and urea plant. Dubayy’s revenues have 
been invested in projects such as a dry dock and a trade 
centre; its airport has been expanded, and additional ho-
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Trade
Dattems

tels have been built. The free trade zone of Mlnä’ Jabal 
Ali, 20 miles Southwest of Dubayy city, was developed 
during the 1970s and early ’80s. Ash-Shäriqah has built a 
cement plant, a plastic-pipe factory, and paint factories.

Finance. The United Arab Emirates Central Bank was 
established in 1980, with Dubayy and Abu Dhabi deposit- 
ing one-half of their revenues in the Institution. There are 
also commercial and foreign and domestic banks.

Trade. Trade has long been important to Dubayy and 
ash-Shäriqah. Even before the discovery of oil, Dubayy’s 
prosperity was assured by its role as the Gulf’s leading 
entrepot. It was known especially as a route for smuggling 
gold into India. Dubayy’s Port Räshid, adjacent to the city, 
is a large, modern port with a vast shipyard. Ash-Shäriqah 
city’s more modest port is located a few miles north of 
the city on the Persian Gulf coast. Ash-Shäriqah’s port of 
Khawr Fakkän, in an enclave on the Gulf of Oman coast, 
specializes in container shipping.
Exports are dominated by oil, primarily to Japan, the 

United States, and western Europe. Imports include ma­
chinery and transport equipment, basic manufactures, 
foodstuffs and live animals, mineral fuels, Chemicals, and 
crude minerals. Major trading partners include Japan, 
western European countries, the United States, Bahrain, 
Australia, and Singapore.

Transportation. An excellent road system, developed in 
the late 1960s and ’70s, carries vehicular traffic through­
out the emirates and links the union to its neighbours. 
The addition of a tunnel to the bridge connecting Dubayy 
city and Dayrah facilitates the movement of traffic across 
the small saltwater inlet that separates them. The cities of 
Abu Dhabi, Dubayy, ash-Shäriqah, and Ra’s al-Khaymah 
have international airports.

Administration and social conditions. Government. The 
highest governmental authority is the Supreme Council, 
which is composed of the rulers of the seven emirates. 
The president and vice president of the union are elected 
by the Supreme Council from among its members. The 
president appoints a prime minister and a cabinet. The 
Federal National Council, an advisory body, is made up 
of members appointed by the emirates for two-year terms.
Justice. A provisional Constitution was ratified in 1971 

and has been extended periodically by the Federal Na­
tional Council. The provisional Constitution blends West­
ern and Islämic legal principles and calls for a legal code 
based on Shari'ah (Islämic law). At the federal level the 
judicial branch consists of a supreme court and several 
courts of first instance: the former deals with emirate-fed- 
eral or inter-emirate disputes and crimes against the state, 
and the latter cover administrative, commercial, and civil 
disputes between individuals and the federal government. 
Other legal matters are left to local judicial bodies.

The armed forces. The Abu Dhabi and Dubayy defense 
forces have been merged with those of the other emirates as 
the Federal Defense Force; in practice, however, Dubayy’s 
forces have remained independent of those of the other 
emirates. The Supreme Council has made the right to levy 
armed forces a power of the national government.

Alain le Garsmeur— CLICK/Chicago

Young boys preparing for a camel race in Dubayy, United 
Arab Emirates.

Education. Education in the emirates is free. Both boys 
and girls attend public school, and women constitute more 
than half of the student body at the United Arab Emirates 
University, opened in 1977. The literacy rate has reached 
about 70 percent.
Health. Medical services are concentrated in Dubayy, 

which has several hospitals and child-welfare clinics, and 
in Abu Dhabi, which has a large matemity hospital and 
other health facilities. Hospital services are free; there is 
little private medical practice, and most people are treated 
in hospital outpatient clinics.
Cultural life. The cultural life of the United Arab Emir­

ates remains largely traditional. It is rooted in Isläm and 
identifies with the wider Arab world, but it maintains ties 
especially with the neighbouring conservative, patriarchal 
States. Tribal identities remain fairly strong, despite ur- 
banization, and the family is still the strongest and most 
cohesive social unit. The United Arab Emirates has expe- 
rienced the impact of Islämic resurgence, though Isläm in 
the emirates is generally less austere than in Saudi Arabia.
Camel racing remains a populär sport, with prize racers 
often selling for hundreds of thousands of dollars.

In a number of ways change is apparent in the nation’s 
cultural life. Changes in attitudes toward marriage and 
employment of women are discemible. Some women are 
now given more opportunity for choice in a marriage part­
ner, and education and some types of professional work 
have become available to women. New forms of entertain­
ment, ranging from soccer matches to videotape recorders, 
have begun to alter patterns of taste and behaviour.
The news media are concentrated in Abu Dhabi, Dubayy, 

and ash-Shäriqah. Several daily newspapers are published, 
in both Arabic and English. Daily radio and television 
programs are broadcast from Abu Dhabi, Dubayy, and 
Ra’s al-Khaymah, in Arabic and English.
For Statistical data on the land and people of the United 

Arab Emirates, see the Britannica World Data section in
the BRITANNICA WORLD DATA ANNUAL.

HISTORY
In the late 18th and early 19th centuries the dominant 
tribal faction was the Qawäsim, whose ships controlled 
the maritime commerce of the lower Persian Gulf and 
much of the Indian Ocean. Attacks on British and Indian 
shipping led to a British naval action in 1819 that defeated 
the Qawäsim forces.

The effect of this was not only to lessen the power of the 
Qawäsim but to favour the Banl Yäs tribal confederation 
of Abu Dhabi. The Banl Yäs were centred on the al-Liwä’ 
oases of Abu Dhabi, and their strength was land-based and 
largely Bedouin. Under the leadership of the Ä1 Nuhayyan, 
members of the Al Bü Falah tribe, they were the dominant 
element in the Trucial States from the mid-19th Century.
The sheikhs signed in 1820 a general treaty of peace, in 
1853 the perpetual maritime truce, and in 1892 exclusive 
agreements restricting their foreign relations to Britain. In 
January 1968, after the British govemment announced 
that its forces would be withdrawn from the Persian Gulf 
by the end of 1971, Tmcial Oman and the sheikhdoms 
of Qatar and Bahrain initiated plans to confederate. After 
three years of negotiations, however, Qatar and Bahrain 
decided on independent sovereign status. The former Tm­
cial States, excluding Ra’s al-Khaymah, announced the 
formation of the United Arab Emirates in December 1971.
Ra’s al-Khaymah joined the federation in February 1972.
A movement toward centralization was initiated by Abu 

Dhabi in December 1973, when after a change in Cabinet 
membership several of its former Cabinet members took 
positions with the federal govemment. In May 1976 the 
seven emirates agreed to merge their armed forces, and The 
the Constitution was amended in November limiting to federation 
the federal government the right to form an army and 
purchase weapons. Conflicts in 1978 prompted Dubayy 
and Ra’s al-KJiaymah to refuse to submit their forces to 
federal command, and Dubayy began purchasing weapons 
independently. A proposal to form a federal budget, merge 
revenues, and eliminate internal boundaries was rejected 
by Dubayy and Ra’s al-Khaymah, despite strong domes­
tic support. Dubayy’s Opposition was curtailed, however,
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when its ruler, Sheikh Rashid, was offered the premiership 
of the federal govemment; he took office in July 1979.

The Khomeini regime in Iran and the Iran-Iraq war 
created significant danger for the United Arab Emirates. 
The resurgence of Islämic fundamentalism posed a double 
threat to the union’s stability by generating unrest among 
the many Iranian Shfites living in the emirates and by 
providing inspiration to the growing numbers of young 
activist Sunnites who found the existing political order to 
be insufficiently committed to Islämic values. The Iran- 
Iraq war was brought within a few miles of the United 
Arab Emirates’ coast when Iran and Iraq began to attack 
tankers in the Persian Gulf.

The intensity of such threats moved the United Arab 
Emirates to join with Oman, Qatar, Saudi Arabia, Bahrain, 
and Kuwait to form the Gulf Cooperation Council (GCC). 
The council, which held its first summit meeting in 198 i, 
was designed to strengthen the security of its members 
and to promote economic Cooperation.

For later developments in the history of the United Arab 
Emirates, see the Britannica Book o f the Year section in
the BRITANNICA WORLD DATA ANNUAL.

(W.H.I./V.E.I./J.D.An.)

Yemen, South
South Yemen, formerly the People’s Democratie Republic 
of Yemen, also known as Yemen (Aden), merged with 
its neighbour North Yemen in 1990 to form the Repub­
lic of Yemen. The present article treats the two regions 
individually.

South Yemen is situated in the southeastern part of the 
Arabian Peninsula. To the west and northwest lies North 
Yemen. In the north the frontier is undemarcated and 
runs through the great desert of the Arabian Peninsula, 
the Rubc al-Khali (the Empty Quarter). In the east lies 
Oman, and on the south the country is bordered by the 
Gulf of Aden, a part of the Arabian Sea. The territory of 
South Yemen also includes the island of Socotra, which 
lies in the Indian Ocean about 600 miles (965 kilometres) 
due east of Aden and about 200 miles from the Horn of 
Africa; the Brothers, small islets near Socotra; the island 
known as Perim (Arabic: Barim), in the Bab el-Mandeb 
Strait, which separates the Arabian Peninsula from the 
African continent; and, technically, Kamaran Island, lo­
cated just off the coast of North Yemen in the Red Sea. 
Kamaran was occupied in 1972 by North Yemen, which 
insisted that the original treaty assigning the island to 
South Yemen was illegitimate.
Because a major frontier is undemarcated, there is Varia­

tion in the estimates of the land area of South Yemen. The 
govemment claims a total of about 80,000 square miles 
(about 208,000 square kilometres). Other sources estimate 
an area as large as 130,066 square miles.
The history, culture, economy, and population of South 

Yemen have all been influenced by its strategie location at 
the southem entrance to the Red Sea and at a crossroads 
of both ancient and modern trade and Communications 
routes. The same routes that carried goods from India to 
the Mediterranean via the Red Sea also carried Europeans 
to Asia, where they sought trade, ports, and colonies. 
Eventually, after attempts by numerous Middle Eastem 
and European powers to take over the areas around Aden, 
it feil to the British in 1839.

Originally, the British East India Company had been in- 
Aden as terested in Aden as an entrepot and coal-bunkering facility 
entrepot for steamships using the Indian Ocean trade routes. The 

opening of the Suez Canal in 1869, however, restored the 
Red Sea route to its former prominence and further en- 
hanced the value of Aden. By the time oil became a major 
export of the Middle East, in the 1950s, Aden was one of 
the world’s busiest and most important commercial ports.
In time, British interests and concerns led to a more 

aggressive policy with respect to Aden’s hinterland. Be­
tween 1882 and 1914 the British government entered into 
treaties with the many principalities there, and in 1937 
the principalities were given formal protectorate status. In 
the following year the protectorate was divided into the 
Western Aden Protectorate and the Eastern Aden Protec­

torate. In 1967, after a bitter conflict, the country became 
independent and took the name People’s Republic of 
South Yemen; this was changed in 1970 to the People’s 
Democratie Republic of Yemen. The generally poor econ­
omy, the lack of exploitable natural resources (with the 
exception of the oil discovered in the 1980s), and the long 
conflict with Britain (and the West in general) produced 
a slow but steady drift to an association with the Soviet 
Union. The country continued to be closely tied to the 
Eastem-bloc States until the democratie reforms of 1989 
called Marxist Yemen’s own viability into question.

(M.A.G./M.W.W./Ed.)

PHYSICAL AND HUMAN GEOGRAPHY
The land. Relief soils, and drainage. South Yemen is 

divided into two distinct physical zones: the Coastal plain 
and the inland mountains. The Coastal plain runs for 
about 700 miles along the shore of the Gulf of Aden, from 
the Bab el-Mandeb Strait in the west to Cape Dharbat 
'All in the east, on the frontier with Oman. The Coastal 
plain ranges in width from about five miles to as many as 
40, and its composition varies from gravelly in the west 
to sandy in the east. The plain is intersected at irregulär 
intervals by wadis (seasonal watercourses). Their source of 
water is the occasional precipitation that falls on the inland 
mountain ranges. The range nearest the coast is relatively 
low (about 1,000 to 2,000 feet, or 305 to 610 metres), and 
the range farther inland, with an average height of more 
than 6,500 feet, has numerous peaks of 8,000-9,000 feet.
Between them is a plateau with an average altitude of 
about 3,000-3,500 feet, which contains a sizable portion 
of both the population and the arable land.

Nearly all of the wadis drain southward into the Gulf 
of Aden; some of the more important are Wadi Tuban, 
the most westerly; Wadi Mayfa'ah, which formed a part 
of the old Incense Road; and Wadi Hadramawt (Hadhra­
maut Valley), which has been known since antiquity for 
its frankincense trees. Two wadis drain northward into the 
Ramlat as-Sab'atayn, a desert extension of the Rub' al- 
Khali. One of these, Wadi Bayhän, was the site of one of 
the Yemen’s major ancient city-states. Over the centuries, 
the wadis have created alluvial fans, which are the other 
major concentration of arable land.
With the exception of Socotra, the island possessions of Island 

South Yemen have few people and few resources. Perim possessions 
is a waterless, low-lying, almost featureless island with no 
permanent population (since an old quarantine station 
was abandoned); and the Brothers are rocky islets with no 
inhabitants. Only Socotra, with its 1,400 square miles and 
some 12,000 inhabitants, is of any importance. Although 
its renown today rests primarily on the allegation that it has 
become a major Soviet naval base, in the past it was noted 
as a source of such valuable Commodities as civet musk, 
ambergris, frankincense, tortoiseshell, aloes, and dyestuffs.
Its population is ethnically and linguistically distinct from 
the majority of the inhabitants of South Yemen.

Climate. The climate varies with respect to the major 
mountain range. Along the Gulf of Aden coast the climate 
is tropical; it is fiercely hot, with summer temperatures 
regularly exceeding 100° F (38° C), and with very high 
humidity. The winter months are milder, but in the city of 
Aden (and on Socotra and Perim) the seasonal difference 
is not significant. In the mountain areas, however, the ef­
fect of altitude is quite dramatic: the summer months are 
characterized by fairly pleasant temperatures with moder­
ate humidity, while the winter months often produce Trost 
and occasional snowfalls.

The climate of South Yemen is influenced by regional 
wind pattems, especially the monsoons, which bring the 
only reasonably regulär rainfall. Although in the far west 
and in North Yemen rains fall in late winter and early 
spring, most of South Yemen gets no rainfall until the 
summer months and then rarely gets more than about 12 
inches (304 millimetres). Averages conceal the fact that 
the Coastal plain may not get rain for more than a year 
at a time, while some of the mountain regions may get as 
much as 22 inches per year.
Plant and animal life. The generally arid conditions 

that characterize South Yemen are reflected in the prevail-
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ing flora: euphorbias, aloes, tamarisks, acacias, and similar 
drought-resistant species. Among the tropical plants that 
are successfully cultivated are the date palm, citrus fruits, 
bananas, and plantains. Although there is evidence that 
many areas had considerable forest cover as recently as 
100 years ago, there are no extensive stands of trees.
The oryx, a large antelope, and the ibex, a mountain 

goat, have been hunted into virtual if not complete ex- 
tinction; as recently as 100 years ago there were colonies 
of panthers, östliches, and numerous other larger species. 
Wildlife now consists primarily of small mammals (rabbit, 
fox, hyena), various reptiles, and other species well adapted 
to the varied ecological niches to be found in South 

Bird Yemen. Perhaps the largest variety of wildlife is the bird
Dopulation population: the mountains, as well as the Coastal marches 

and wetlands, of South Yemen are major Stopovers on 
migration routes. Socotra has retained a considerable va­
riety of flora and fauna, many of which bridge the types 
found in Africa and the Arabian Peninsula. Nevertheless, 
the increased use of land for grazing (for sheep, goats, 
and the indigenous cattle) has eroded the ecological base 
of many of these species. Perhaps the greatest variety of 
fauna is found in the surrounding seas, where tuna, shark, 
sardines, lobster, squid, and mackerel abound.

Settlement patterns. Aden is the country’s major urban 
and commercial centre. The many years of administration 
by the British and their Indian associates is reflected in the 
city’s design and architecture, a combination of modern 
European and Asian styles. There are very few settlements 
of any size besides Aden; the most important other towns 
with a measure of modern facilities are Lahij to the north­
west of Aden; al-Mukallä to the east, on the Gulf of Aden; 
and the towns of Tarim and Say’ün in the Hadhramaut. 
Most of the population is rural and lives in small villages, 
which are widely dispersed.

Towns and villages in the mountain areas north, north­
west, and northeast of Aden are characterized by a striking 
architectural style similar to that found in the highlands 
of North Yemen. Its most obvious feature is the height of 
the houses; the typical residential structure is four to six 
stories tall. Upon a base of cut stone blocks, additional 
courses of mud or baked brick are added. Windows are 
often highlighted in piaster, and the practice of adding 
Windows between floors produces the impression of multi- 
storied skyscrapers. Although buildings in the Hadhramaut 
Valley are constructed with the same techniques, their 
decorative motifs and stylistic variations have been influ­
enced by Indonesian and Indian designs, brought home 
by Yemeni emigrants.

The people. Ethnie and linguistic composition. The 
population of South Yemen is overwhelmingly of Mediter­
ranean stock, with Arabic as its mother language. Although 
Arabic is the official language, it is heavily influenced by 
the ancient South Semitic language, and it is not the only 
language spoken within the country. The most important 
and visible minority is the Mahra people, resident in the 
area around Qishn in the eastern border area and on the 
island of Socotra. (They were formerly united in the Mahra 
Sultanate of Qishn and Socotra before being melded into 
the South Yemen state.) The Mahra are a Veddoid (Aus- 
traloid) people. According to linguists, their dialect, Mahn, 
is a variant of the ancient Himyaritic language, which was 
used by ancient empires in the region about two millennia 
ago. There are also a few isolated, predominantly African 
communities, made up of descendants of slaves taken to 
the peninsula decades ago, and there are remnants of the 
large Indian, Somali, and Jewish communities that once 
were a part of the Aden urban area. The fierce nationalism 
that characterized the late 1960s, as well as the aggressive 
nationalizations of the 1970s, drove most members of 
these minority groups from the country, 

ribes Most of the population is divided into tribal groupings
and confederations, “tribe” in this context referring to 
a social, political, and economic unit whose members 
sometimes number in the thousands and which is the 
primary basis for personal identification and often for 
group activity. These tribal confederations, among which 
the most important are the Aulaqi, Yäfa'i, and Dathina, 
were the basis for the principalities that existed in the

area before independence. A larger part of the population 
of the eastem region is detribalized, though the basis for 
authority for the major polities in the old Eastern Aden 
Protectorate, such as the Kathiri Sultanate and the Wahidi 
Sultanates, was tribal.
The govemment of independent South Yemen, as part 

of its determined program of secularization and modem- 
ization, undertook numerous measures to de-emphasize 
the importance of the tribe in all areas of domestic life 
(including eliminating the names of the old principalities).
It also sought somewhat successfully to decrease the rela­
tive importance of the old social classes and categories.
Religions. In religious terms, the overwhelming major­

ity of the population are Sunnite Muslims of the Shäfi'i 
school of law (one of the four major schools of Sunnite 
Muslim jurisprudence). There is a significant minority of 
the Zaydiyah, a Shfite sect that is predominant in the 
highlands of North Yemen. The Mahra people, especially 
those living on the island of Socotra, seem to have been 
Christian at one time, but they are now Muslim. The Jews,
Hindus, and Zoroastrians, who were formerly important 
in the commerce and trade of Aden, are now almost 
entirely gone.
Demographie trends. In some respects, the most im­

portant characteristic of the population is the emigration Emigration 
of large numbers of males seeking higher-paying employ- 
ment. This is not purely a modern phenomenon: South 
Yemenis, especially those from the Hadhramaut, have 
been emigrating for centuries, especially in the 18th and 
19th centuries to Indonesia, Malaysia, and India. The 
high rate of emigration has had an important impact on 
the economy and demography of the country. It has been 
estimated that in the late 1970s, when emigration was 
at a peak, perhaps as many as 200,000 South Yemenis 
were abroad, primarily in the Persian Gulf States, and that 
their remittances were the single largest source of foreign 
exchange. As the price of oil feil and the economy of 
the labour-importing States leveled off, both the flow of 
emigration and the income from remittances declined.
The economy. Independent South Yemen was one of 

the world’s poorest countries: the region has little industry, 
and the amount and variety of its natural resources are 
limited. The economy is centred on Aden, but the city’s 
dramatic decline since independence, as well as the service 
nature of its economic base, mean that it does not add 
significantly to the overall Standard of living, especially of 
the rural majority.
Resources. There are deposits of a few ores, predom­

inantly in the Hadhramaut region and in some of the 
mountains of the north and northwest, but these are not 
commercially viable. Oil was discovered in the Shabwah 
region on the edge of the Ramlat as-Sab'atayn in 1983, 
and the first well began production in 1987. Salt is mined 
in the Shabwah region also, from which it has been ob- 
tained since antiquity. Salt also is extracted from the sea 
in extensive salt pans near Aden.
Agriculture. Less than 1 percent of the total land area 

is arable. As a result, the country is not self-sufficient in 
foödstuffs, and a large portion of the population is engaged 
in subsistence farming, typically in the alluvial fans of the 
wadis, along the banks of the wadis themselves, or in the 
upland areas that have sufficiënt soil for effective cultiva- 
tion. The limited soil and poor rainfall have combined to 
produce some of the most highly sophisticated methods Water 
of water Conservation anywhere in the world, most visible conserva- 
in the terracing of the northwestem mountains. Irrigation tion 
is necessary for almost all cultivation. Livestock includes 
goats, sheep, and cattle (with an unusual variety found 
on Socotra). Camels and donkeys are used primarily for 
transportation, though their value has declined as the net­
work of roads has expanded and more people are able to 
afford motor vehicles.
The most common crops are cereals, such as millet, com 

(maize), wheat, and barley; vegetables; some fruits, such 
as bananas and melons; sesame (primarily for oil); and 
the date palm. For many years the main cash crop was 
cotton (Abyan long-staple), but high production costs as 
well as low market prices have combined to send this 
sector into decline.
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The mud-brick multistory houses of Shibam, South Yemen.
Lynn Abercrombie

Fishing. An important sector of the Contemporary econ­
omy of Yemen is the commercial fishing industry. The 
waters of the Gulf of Aden and surrounding areas teem 
with a wide variety of commercially desirable fish. With 
extensive assistance from the Soviet Union, this sector of 
the economy has expanded to become a significant source 
of foreign exchange.
Industry. Most industry is located in the Aden region. 

The nation’s oil refinery—its major industrial enterprise— 
is in an industrial zone known as Little Aden, to the 
west of the city. The refinery, originally built by British 
Petroleum in 1954, has been expanded and upgraded a 
number of times and was nationalized in 1977. Industries, 
typical of a developing state, are predominately the man- 
ufacture of foodstuffs (particularly fish and fish products), 
soft drinks, cement, plastics, paints, aluminum ware, and 
fumiture, mostly for local use. A small handicrafts sec­
tor produces goods such as the jambïya (the traditional 
Yemeni dagger) and its various accessories.

Trade. Trade was for centuries the major source of 
wealth for Aden, as well as the ancient city-states of the 
hinterland. The port of Aden has always been highly val- 
ued because of its deep-water anchorage and protection 
from winds and seas; these features allowed it to become 
an entrepot and transshipment emporium for goods going 
to and from North Yemen, which has poor natural har­
bours, and Somalia and Ethiopia (Eritrea), as well as goods 
eventually moving on to Egypt and the Mediterranean 
Basin. In the 1950s and ’60s, the heyday of the,Suez 
Canal and the European-Far East trade, Aden was one 
of the busiest ports in the world. With the closure of the 
canal, the development of supertankers, and the conflicts 
in the area, its Position and importance declined. Today’s 
shipping, trade, and other traffic is a small fraction of that 
in the early 1960s.

South Yemen imports large amounts of crude petroleum, 
especially from Iran, for refining and exports petroleum 
products (which make up the bulk of its total exports) to 
Iran, Japan, France, The Netherlands, and other countries. 
Fresh fish also are exported. Nonpetroleum imports in­
clude machinery and transport equipment, food and live 
animals, and manufactured goods. The Soviet Union, 
Japan, Australia, and the United Kingdom are the major 
sources of nonpetroleum imports.

Transportation. Because Britain’s primary interest lay 
in Aden and because the British government was com-

mitted for many years to a policy of noninterference in 
the internal affairs of the protectorate States, little was 
done to improve Communications in these areas. Most of 
the mountain areas of the west, northwest, and north are 
connected only by rudimentary tracks, often impassable 
even for four-wheel-drive vehicles. The nation’s most im­
portant overland trade route for many decades has been 
the link with North Yemen, from Aden to Ta'izz. This 
was the first track to be paved. Since independence the 
government has built paved roads to most of the major 
Coastal towns east of Aden. Aden remains the transporta­
tion hub, however.

Coastal sea traffic is essentially limited to small ships car- 
rying fish and other local Commodities between Aden and, 
for example, al-Mukallä. The most dramatic improvement 
in domestic transportation is probably the development of 
extensive domestic air services. An international airport is 
located near Aden.

Administration and social conditions. Government. Prior 
to the merger with North Yemen in 1990, South Yemen 
had an avowedly Marxist govemment. Its political system 
and economy reflected many of the goals and principles of 
Marxism, and its domestic and foreign policies provided 
further evidence of this Orientation. On the other hand, 
some characteristics of the country remained essentially as 
they were during the pre-independence period, and some 
marked deviations from rigid Marxism were made in the 
govemment’s priorities and policies.

Before independence the territory of South Yemen was 
divided into more than 20 “statelets,” and different sec- Yemeni 
tions of the country had different statuses within the “statelets’ 
British Empire. For example, Aden, with its more sophis­
ticated economy, population, and global Orientation, was 
administered as a Crown Colony (i.e., directly from Lon­
don) from 1937 to 1967. At the same time, the statelets 
were given the status of protectorates, which meant that 
Britain did not directly intervene in their domestic affairs 
(although it often gave “advice” on policy) but committed 
itself to the defense of their given frontiers in return for 
their commitment not to undertake any foreign policies 
that would be detrimental to Britain’s interests. The prin­
cipalities were administered by the Bombay Presidency, in 
India. One result of this fragmentation was a considerable 
difference in the political sophistication as well as eco­
nomic development between Aden and the hinterlands.

In order to break down the old tribal affiliations, as well 
as the economic and political factionalism and loyalties 
associated with them, the postindependence govemment 
abolished the traditional borders and reorganized the 
country into six numbered govemorates. (The numbering 
system was later abandoned, and the govemorates were 
given names to promote identification with them by their 
respective inhabitants.) Tribal affiliations and loyalties 
were not eliminated, however, by the creation of the new 
administrative subdivisions, which deliberately cut across 
the lines and associations of the old ones. Abundant ev­
idence of this was provided by the events of January 
1986, when a brief civil war broke out: the alliances that 
coalesced during this time clearly resurrected traditional 
tribal loyalties and enmities.

The formal governmental framework of South Yemen 
was laid out in the Constitution of 1970. The major insti­
tutions were the Presidium, an 11- to 17-member collegial 
executive body, whose chairman was the formal head 
of state; the Council of Ministers, which was the main 
focus of executive authority and policy-making; and the 
Supreme People’s Council, a 111-member body, which 
was the equivalent of a national legislature and the source 
of authority of the govemment and the state. Its member- 
ship was elected by universal adult suffrage.

The Constitution expressly stated that the formal goals of 
the republic were to be achieved through the Yemen So­
cialist Party (YSP), the only legal political Organization. Its 
major institutions were the General Congress, which met 
briefly once every few years, at which time it selected the 
party’s secretary-general, the Central Committee, and the 
Politbüro. The Central Committee ran the party between 
congresses; its most influential and powerful members 
were also selected to the Politbüro, which was headed by
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the secretary-general. Although the Politbüro made most 
important decisions, it remained accountable to the Cen­
tral Committee, which removed presidents of the republic 
from office in 1975 and 1986. All other government bod- 
ies, including the armed forces, were subordinate to the 
party.
Justice. During the years preceding independence, dif­

ferent Systems of law were used in the Crown Colony of 
Aden and in the various protectorates. In Aden the local 
courts applied laws enacted by the legislative and execu­
tive authorities in civil and criminal matters. The Muslim 
law (Shari'ah) was applied in matters of personal status 
(such as birth, marriage, divorce, and inheritance), and the 
other religious communities were similarly allowed their 
own religious regulations. In the rural areas traditional 
judges applied the Shari'ah, and in cases that involved civil 
actions they often acted as intermediaries or mediators 
(the role usually played by the sayyids in the more settled 
areas and by the manqads in the remoter reaches of the 
Ramlat as-Sab'atayn, for example). The legal system used 
in these areas often had little to do with the more formal 
provisions of the Shari'ah; in fact, these adjudicators often 
administered or used tribal law.

The Marxist govemment of South Yemen sought to in­
troducé a secuiar and regularized administration of justice 
throughout the county and piedged to introducé family, 
labour, criminal, and even civil law through a nationwide 
system of courts. Some progress in this direction was made 
by establishing a supreme court and magistrate’s courts, 
but there were clear remnants of the old system, especially 
in the rural areas.

Health and welfare. Many tropical diseases are endemic 
in the country, especially in the Coastal beit, and the Stan­
dard of health is generally low, with high infant mortality 
rates and widespread malnutrition. An important goal of 
the govemment has been to decrease the consumption of 
the khat (qät) plant, the leaves of which contain a mild 
alkaloid. The chewing of khat leaves is an important part 
of the social life of all Yemenis, however. Most of the khat 
consumed in South Yemen is grown in North Yemen, 
and an aciive trade has continued despite the efforts of 
the govemment of the south to eliminate it.

Education. The govemment has also sought to secular- 
ize and to improve access to public education. The school 
system offers eight years of elementary education to all 
students. Secondary education varies from two to five 
years, depending on the specialty. Secondary education is 
divided into academie, technical, and skilled labour pro­
grams. The country’s only university was founded at Aden 
in 1975. Many students study abroad.
Cultural life. South Yemen is a part of the Islämic 

world and as such participates in and identifies with many 
of the trends therein. The country also contains, however, 
the remnants of many past empires and political Systems 
that played important roles in the world centuries be­
fore the appearance of Isläm. The best known of these 
were associated with the ancient world’s dependence upon 
southem Arabia for its highly prized supply of frankin­
cense and myrrh. Furthermore, the mariners and traders 
of these ancient States had a monopoly on trade between 
India and the Mediterranean due to their knowledge of 
the trade winds and monsoons. The result was the rise of 
extremely wealthy and powerful States and empires. The 
mins of their temples and cities are an important draw 
to archaeologists and scholars and are a matter of intense 
pride for the South Yemenis.

In more recent times the asceticism of the Marxist govern­
ment, especially from 1970 to 1990, severely restricted the 
participation of the population in global cultural trends. 
Because education, broadcasting, and the press were all 
under governmental control, cultural life was neither par­
ticularly varied nor cosmopolitan. There was, however, a 
growing system of higher education, as well as an active 
antiquities and archaeology department, and their publi- 
cations and activities were varied. Aden has archaeology 
and ethnology museums.

For Statistical data on the land and people of South 
Yemen, see the Britannica World Data section in the bri­
t a n n ic a  WORLD DATA ANNUAL.

HISTORY
Before the arrival of Isläm, the Yemen was claimed by 
the various city-states and empires that arose in the south- 
westem corner of the peninsula. Their wealth and power 
were based in their exclusive trade of frankincense and 
myrrh and in their control over the trade of a number 
of other highly prized Commodities drawn from trading 
partners in India, Southeast Asia, and East Africa: ivory, 
ostrich plumes, various spices, and other goods.
With the development of Roman shipping in the Red Sea 

and the consequent loss of exclusive knowledge concem- 
ing the trade winds and monsoons, and with the conquest 
of the Arabian Peninsula by Isläm, the centre of economic 
and political activity moved from southem Arabia to the 
Hejaz (the area around Mecca and Medina in modem 
Saudi Arabia). The Yemen feil prey to an unending series 
of factional, dynastie, and local miers of more or less 
despotic tendencies.

Southern Arabia reemerged as an important area with the 
cultivation of the coffee shrub (Cojfea arabica), beginning 
in the 15th Century, and with the vastly increased demand 
for the goods of Asia among Europeans emerging from 
the Middle Ages. The Red Sea region became an arena of 
conflict between the Egyptians, the Ottomans, and, later, 
various European powers seeking to gain some measure 
of control over the trade in condiments and spices from 
India to Europe, as well as over the coffee trade. The 
conflict occupied most of the 16th and 17th centuries; 
by the beginning of the 18th Century, with the route to 
Europe around Africa having become the Standard one, 
Arabia once again lost Europe’s interest (as well as its own 
primary source of wealth). With the exception of Mocha 
in the western Yemen, which continued to play a role 
in the coffee trade, Aden and other ports in the region 
became backwaters. Aden’s population sank dramatically 
as its trade moved elsewhere: by the early 19th Century 
what had been a thriving town with a population of more 
than 10,000 had become a village of fewer than 500.

Developments in the 19th Century, however, began to 
change this: first, there was the determination of the 
French to establish footholds in the Middle East; second, 
there was the determination of the British to stop them; 
third, there was the bipartisan effort to limit the influence 
and power of Muhammad 'Ali s Egypt; and, fourth, there 
was the decision of the Ottoman Empire to reestablish its 
presence in the Yemen, which it had abandoned centuries 
earlier. Most of these interests intensified as a result of the 
opening of the Suez Canal in 1869 and the reemergence 
of the Red Sea route between Europe and the Far East as 
the most economical and commercially important one.

In the interim, primarily to establish a presence in 
southem Arabia from which to resist the advances of the 
Ottoman Empire, the British had, in 1839, taken the city 
of Aden. In succeeding decades, as the Ottoman Empire’s 
presence became firmer and more widespread, the British 
presence expanded: the British obtained nearby islands 
and additional areas on the mainland (from malleable 
sheikhs). Under British administration the role of Aden as 
an entrepot and coaling station began to grow; its popula­
tion and its economic importance in the region similarly 
increased. To protect Aden’s hinterland from the designs 
of the Ottomans as much as from the predation of local 
Yemeni leaders, the British signed a series of treaties with 
the sheikhs, nagibs, sultans, and other miers of the small 
principalities into which the area’s population was divided.

By the early 20th Century the confrontations between the 
British and the Ottomans required an agreement; in 1904 
a border commission and a subsequent treaty established 
the frontier between North and South Yemen. The treaty 
was regarded by both Yemens as an instance of non-Arab 
interference in Yemeni affairs.

British policy with respect to the Aden hinterland re­
mained essentially unchanged throughout the decades fol­
lowing the treaty: noninterference in the internal affairs 
of most sheikhdoms, and assistance or guarantees with 
respect to their frontiers and the continuation in office of 
the main families. In effect, this made the protectorates a 
cordon sanitaire around Aden. By the early 1930s British 
influence began to make itself feit in the Hadhramaut
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area. Under the skillful diplomacy and negotiating skills 
of Harold Ingrams, a British resident adviser, the more 
than 1,400 tribes and clans of the Hadhramaut region 
were persuaded, in 1937, to participate in a truce, ending 
years of intertribal feuding and bloodshed. With that, the 
Eastem Aden Protectorate became another chink in the 
armour of the Aden Crown Colony.
At about the same time, it became increasingly clear 

that Britain had to reach agreement with the imam of 
Yemen. Because many of the disagreements over frontiers 
and similar matters could not be permanently settled, the 
Treaty of 1934 was essentially a papering over of most of 
the essential rifts, including sovereignty over the statelets 
of the protectorate. After World War II the problem grew 
apace: the imams of Yemen had the advantage of offering 
an indigenous Muslim regime as an alternative to the 
secuiar British govemment (for such it was in many areas, 
where advice had more or less become administration).

By the 1950s Imam Ahmad’s aggressive policies in the 
Western Protectorate alarmed some of the ruling families 
there, who presumed, correctly, that if North Yemen were 
to take over, their positions would probably be severely 
curtailed if not eliminated. They therefore thought it in 
their interest to cooperate more closely with Great Britain, 
which after all paid most of them a subsidy. By 1959 
an earlier proposal to federate some of the smaller and 
weaker statelets had grown into a much broader scheme 
to include all of the principalities, as well as a design for 
eventual independence.

In order to strengthen the federation, Britain insisted that 
Aden join it, thus creating the anomaly that eventually 
brought an end to the whole scheme: the sophisticated 
business community, the activist labour organizations, and 
similar modern associations in Aden feared their future 
at the hands of what they perceived to be a group of 
largely illiterate and unsophisticated tribal leaders. The 
tribal leaders, on the other hand, feared their overthrow 
at worst, and a considerably diminished political and eco­
nomie role at best, at the hands of the overly sophisticated 
Aden population, which included many non-Muslims and 
non-Arabs. The British continued to insist upon their 
chosen course of action, and by 1965 all but four of the 
protectorate States had joined the federation—a total of 
17 States. Shortly thereafter Britain announced that the 
federation would become independent no later than 1968. 
This announcement unleashed the political conflict and 
the bloodshed that characterized Aden and much of the 
protectorates for the next two years.

Two major groupings emerged: the Front for the Liber­
ation of South Yemen (FLOSY), more or less dependent 
upon Egyptian support, and the National Liberation Front 
(NLF), which drew its support almost solely from indige­
nous sources. As the time for independence grew nearer, 
the conflict between the two developed into open warfare 
for the right to succeed the British. By late 1967 it was 
clear that the NLF was going to emerge as victor, as it had 
already established its control in all of the protectorate 
statelets. When the South Arabian Federation’s army de­
clared its allegiance to the NLF, Britain acceded to the 
inevitable and arranged the transfer of sovereignty to the 
NLF on Nov. 30, 1967.

The new government, which at first changed the name 
of the country to the People’s Republic of South Yemen, 
was not warmly received. Short of resources and unable 
to obtain any significant amounts of aid or development 
assistance from the Western States, the new government 
began to drift toward the Soviet bloc, which was ready 
to welcome an Arab state into the ranks of “liberated 
States,” especially after other Arab States had rebuffed So­
viet overtures and aid programs. At the same time, also an 
outgrowth of the fact that its neighbours had supported its 
rival FLOSY, the NLF began to adopt aggressive policies 
toward these States, particularly Oman.

Relations with North Yemen were only marginally better 
even though many of South Yemen’s leaders were from 
the north and were interested in unity between the two 
States (as reflected in the name adopted at independence). 
For most of the 1970s the movement of people between 
the two was marked: former leaders of South Yemen, such

as 'Abd Allah al-Asnaj, moved north and took govemment 
positions, and northemers such as 'Abd al-Fattäh Ismä'il 
moved to the south.

Both States claimed to be in favour of unification; further- 
more, some other Arab States (notably Libya) supported 
and subsidized various meetings and efforts to bring about 
unification. Yet unification clearly faced major obstacles: 
there were important differences in ideology, as well as 
domestic and foreign policy, between the two States, and 
some Arab States, such as Saudi Arabia, opposed the idea. 
Furthermore, in their effort to expand their influence in 
North Yemen, which was seen as a Western cliënt state, the 
South Yemenis helped to found and fund a broad-based 
Opposition movement, the National Democratie Front.

The desperation of their cause, and the desire to spread 
their vision of the future of the peninsula as soon as 
possible, led the NLF leadership in 1978 to assassinate 
North Yemen’s president, Major Ahmad ibn Hussayn al- 
Ghashmï. The aftermath in South Yemen was the sum- 
mary trial and execution of the president there, Sälim 
'All Rubayyï. Shortly thereafter, 'Abd al-Fattäh Ismä'il be­
came president.

Ismä'il was the major ideologue and driving force behind 
the NLF’s movement into the Soviet camp. Ultimately 
found to be too dogmatic and rigid in his analyses as well 
as his policies and methods of implementation, he was de- 
posed in 1980 and went into voluntary exile in the Soviet 
Union. His successor, 'Alï Näsir Muhammad, instituted a 
far less dogmatic political and economie order.

Nevertheless, the factionalism within the YSP continued; 
some supporters of the more ideologically pure viewpoint 
of the past resented the compromises of the Muhammad 
regime. In February 1985, based upon their support, Is­
mä'il retumed to South Yemen from the Soviet Union. In 
party councils and other political bodies, many of the old 
disagreements on theory and policy reemerged.

In January 1986 these conflicts surfaced in a brief and 
violent civil war that left Ismä'il dead and 'All Näsir 
Muhammad exiled to North Yemen. Leadership of the 
govemment feil to Haydar Abü Bakr al-'Attas, who had 
served in previous govemments as a technocrat.

Late in 1989, echoing the transformations occurring 
among its European allies, the govemment of South 
Yemen joined the govemment of North Yemen in an- 
nouncing approval of a draft Constitution for a unified 
democratie Yemen. Actual merger followed on May 22, 
1990, some six months earlier than originally planned. 
San'ä’ became the political Capital and Aden the economie 
Capital. The former North Yemen president, 'Alï 'Abd Al­
lah Sälih, was elected president, and 'All Salem al-Baidh, 
former secretary general of the Socialist Party of South 
Yemen, was named vice president by the two countries’ 
parliaments. All-Yemeni elections were scheduled to fol- 
low a two-and-a-half-year transition period.

For later developments in the history of South Yemen, 
see the Britannica Book o f the Year section in the britan­
nica WORLD DATA ANNUAL. (M.W.W./Ed.)

Yemen, North

The former Yemen Arab Republic, also known as North 
Yemen and as Yemen (San'ä’), merged with the People’s 
Democratie Republic of Yemen (see above Yemen, South) 
in 1990 to form the Republic of Yemen. The present 
article treats the two regions individually.

North Yemen is situated in the southwestem corner of 
the Arabian Peninsula. It is bounded on the north and 
east by Saudi Arabia, on the south by South Yemen, 
and on the west by the Red Sea. Its eastern border 
with Saudi Arabia, marked by the desert region known 
as the Rub' al-Khali (the Empty Quarter), remains, how­
ever, undemarcated. Its seacoast, from the mouth of 
Wadi Maydl in the north to the Bab el-Mandeb Strait 
in the south, is about 280 miles (450 kilometres) long. 
Because of the indefinite boundaries, the area of North 
Yemen cannot be precisely determined. The former cen­
tral government estimated an area of 77,200 square miles 
(199,950 square kilometres), but unofficial sources es- 
timate about 52,210 square miles. The former Capital,
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San'ä’, is now the political Capital of the new republic.
Historically and geographically, North Yemen extended 

far beyond the boundaries of the present state. In ancient 
times it was successively the centre of the first Minaean 
(13th to 7th Century bc), the Sabaean (from about the 9th 
Century to 115/110 bc), and the Himyaritic (from 115/110 
bc to ad  525) civilizations. It was known to the Greeks as 
Eudaimon Arabia, to the Romans as Arabia Felix, and to 
medieval Arab scholars as al-Yaman as-Saida, all of which 
mean “Fortunate Yemen.” Such geographic names invari- 
ably designated the whole of southem or southwestern 
Arabia, from latitude about 20° N southward to the Ara­
bian Sea and from the Red Sea coast eastward to the vast 
sandy desert of the Rub' al-Khali and the ancient kingdom 
of Hadhramaut (now the Hadhramaut region in South 
Yemen). The political boundaries of North Yemen were 
established early in the 20th Century by a variety of non- 
Yemeni govemments. The govemment of North Yemen 
did not recognize these boundaries in their entirety.

PHYSICAL AND HUMAN GEOGRAPHY
The land. With sufficiënt periodic rainfall to permit 

systematic cultivation, North Yemen is quite unlike any 
other part of Arabia. It is a surprisingly fertile region 
in contrast to the generally arid character of the Ara­
bian Peninsula. Because of its volcanic origin, high relief, 
and abundant rainfall, the country is characterized by a 
remarkable diversity of physical geography varying from 
lowlands to highland ranges.
Relief. North Yemen may be divided into four major 

Four regions, each extending from north to south. From west
physical to east these are the Tihämah, Upper Tihämah, Yemen
regions Highlands, and eastem plateau and valley area.

The Tihämah consists of an arid, level strip of Coastal 
land extending eastward from the Red Sea until the land 
reaches an altitude of 660 feet (200 metres). Intermittent 
patches of cultivated fields altemate with extensive chains 
of sand dunes. Wadis (seasonal watercourses) frequently 
end in the sands before reaching the sea.

In Upper Tihämah, to the east, the flat plains of the 
Tihämah change into canyonlike jagged valleys and low 
plateaus that run parallel to the coast. The region is some­
times known as Mountain Tihämah. Its eastem slopes lie 
between 1,500 and 4,500 feet above sea level. The plains 
are crowned by several hills and peaks, while vigorous 
stream erosion has carved the crystalline, volcanic, and 
limestone rocks into a variety of formations.

The Yemen Highlands run through the centre of the 
country. They consist of high mountains between about
5,000 and 11,000 feet above sea level, although some 
peaks reach even higher. Valleys and plateaus give the 
region a very rugged and complicated topography. There 
are ancient volcanic structures, rolling plateau surfaces, 
high ridges separated by seasonal river valleys, and many 
natural or man-made terraces. These highlands form the 
best cultivated part of North Yemen and support some 
three-quarters of the country’s population.

To the east of the highlands the land gradually slopes 
down toward the undefined eastem borders of the coun­
try. This region consists of larger and more extensive 
plateaus separated by well-defined and longer valleys. It 
lies roughly between 3,000 and 6,000 feet above sea level. 
The whole belt may be regarded as a transitional zone, 
where temperate conditions give way to semiarid and arid 
desert conditions.
Drainage. Innumerable wadis radiate in almost all di- 

rections from the highlands. There are perennial streams 
and rivers in the highlands, but they do not reach the 
coast. Their volume is limited by the seasonal character 
of the rainfall and its annual variations in volume, by the 
high rate of evaporation, and by the downward passage of 
water through the permeable rocks of some riverbeds. The 

The orientation of the main drainage Systems is toward the
iirection of west and south, with a minor system draining to the east. 
Irainage Although many of the rivers flow in short, uninterrupted 

beds, the drainage of the highlands displays a branching 
pattem similar to that of a tree.

Soils. Most of the Tihämah region is composed of 
transported material. The wadis deposit gravel and silt,

while the wind deposits sand and loess (a brown mixture 
of clay, silt, and sand). Poor white salt soils are quite 
common and can be utilized only if extensive irrigation 
is undertaken. In Upper Tihämah, alluvial fans provide 
soils more favourable for agriculture. In the flood season, 
however, the loesslike soils occasionally become water- 
logged, while in the dry season the land is susceptible to 
wind erosion.

On the highlands soils of the terraced fields are largely 
the result of weathering. Because of their high nutriënt 
content and their texture, such weathered products are 
valuable agricultural lands. They are extremely vulnera­
ble to water erosion, however, and may become rapidly 
exhausted under an intensive system of cultivation that 
employs little or no fertilization. Extensive highland areas 
are covered by lithosols—shallow soils consisting of nearly 
unweathered rock fragments, with few or no fine particles.

Climate. North Yemen lies at the border zone of two 
main air masses—the regulär northerly winds and the 
Southwest monsoon winds. These divide the climate into 
a fairly well-defined seasonal rhythm. Over the highlands, 
northerly winds predominate in the winter season, while 
in the summer the Southwest monsoons bring consider­
able rain from July to September.

Seven climatic regions are generally recognized. Semi- Seven 
arid conditions extend along the Red Sea coast, where types of 
the average annual rainfall is less than three inches (75 climate 
millimetres), occurring in limited areas mostly during the 
winter months. Temperatures are high throughout the 
year, with an annual average of 86° F (30° C). Between 
the Coastal region and Upper Tihämah these conditions 
become more arid because of heat currents along the edge 
of the foothills, which often give rise to dust storms. Strong 
winds blow almost daily, reducing visibility to a few feet 
and inducing a high rate of evaporation.

In Upper Tihämah precipitation is considerably higher, 
reaching an annual average of some 20 inches. The valleys, 
plains, and depressions provide easy access for air ex- 
changes between the Tihämah and the highlands that are 
characterized by twice-daily changes of wind direction. On 
the western slopes, between 2,200 feet and the frost line 
at 6,700 feet, precipitation occurs throughout the year.
Yearly rainfall averages vary, according to altitude, from 
eight inches to 39 inches; there are two main rainy sea- 
sons. The southem mountain slopes receive rains generally 
in the summer. The eastem slopes form a transitional 
zone, where summer precipitation decreases eastward un­
til desert conditions prevail. Winter rainfall is confined to 
the upper slopes. The average annual temperature is about 
64° F (18° C).
As a climatic region, the highlands extend upward from 

the frost line. This is the coldest and wettest region. Pre­
cipitation, often accompanied by thunderstorms, ranges 
between 16 inches and 32 inches annually. Much of the 
rain falls in the summer, from July to December, while 
in the winter a secondary rainy season occurs, in March 
and April. The temperature can drop below freezing in 
the early hours of winter momings; the annual maximum 
temperature is 82° F (28° C) and the minimum is 18° F 
(-8° C).
Plant life. The distribution of Vegetation roughly follows 

variations in both elevation and precipitation. Three vege- 
tational regions can be distinguished: the arid-to-semiarid 
Tihämah, the steppe (treeless plain) and wooded region 
of Upper Tihämah, and the mountain Vegetation of the 
Yemen Highlands.

The damp Coastal salt steppe is covered with dense salsola 
scrub, while low prickly grass (Panicum turgidum) merges 
into the more arid Bokar zone. In the wadis, acacias are 
the dominant species. Near the foothills of the western 
slopes, thom trees form a discontinuous belt, which is 
interrupted by Upper Tihämah. Other woody associations 
include sycamores, tamarind, pandanus, and acacias.

Between 600 and 4,000 feet above sea level, mountain 
Vegetation includes such natural and cultivated plants as 
myrrh, carob, fig trees, date palms, and mango trees. The 
evergreen zone between 4,000 and 6,700 feet is charac­
terized by the dominance of euphorbia, which grows to a 
height of 12 or 15 feet. Other plants include eucalyptus,
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acacia, buddleia (shrubs or trees with yellow or violet 
flowers), primula (perennial herbs), Cleome arabica, and 
aloes. Terrace cultivation and overgrazing have resulted 
in serious deforestation, and forest areas are confined to 
small, inaccessible or useless patches.

The treeless uplands above 6,700 feet are equivalent to 
the Alpine pastures of grassland and bushes. Thom shrub 
Vegetation is the dominant form; other species include 
Euphorbia officinalis.

The people. North Yemen has a generally homoge- 
neous population, apparently formed from a mixture of 
two groups. The pre-Qahtänian Mediterranean type, which 
originally inhabited the area, is believed to have been ab- 
sorbed into a composite stock, in which Armenoid (Middle 
Eastem Alpine) elements predominate. In the highlands 
the population shows an even balance between the two 
types. Negroid characteristics introduced about the 5th or 
6th Century a d , however, are increasingly to be seen in 
the Tihämah and toward the south but are almost entirely 
absent in the highlands. A further admixture of early Indo- 
Aryan traits occurs in some parts of the highlands, where 
the population is characterized by fair complexion, blue 

Sunnism eyes, and blond hair. Virtually all the people are Arabic-
and speaking Muslims, and they are divided more or less
Shfism equally into the two traditional Islämic sects—Sunnism 

and Shfism. Sunnism is represented in North Yemen by 
the Shäfi'is in the south and Southwest and Shfism by the 
Zaydïs and the Ismä'ilis in the north, centre, and east. 
Yemeni Jews have mostly migrated to Israel.

Demography. The demographic trends, life expectancy, 
and age structure of the population display characteristics 
typical of the less-developed world. The high birth rate in 
North Yemen is primarily the result of early marriages, 
poverty, and the fact that Yemenis take pride in having 
many children. The high death rate is generally the result 
of poor medical facilities, hygiene, and sanitation as well 
as high infant mortality. While immigration is almost 
negligible, emigration has been a constant characteristic 
of the Yemeni population since ancient times. In the late 
20th Century a steady stream of male migration, attributed 
to both economic and political causes, has resulted in the 
establishment of important Yemeni settlements in neigh­
bouring countries, particularly in Saudi Arabia. Between 
one-third and one-half of the total male labour force was 
estimated to be working outside of the country in the 
early 1980s.
The bulk of the population lives in the western two- 

thirds of the country—that is, in the central highlands, the 
western slopes, and in parts of the Tihämah where suffi­
ciënt water is available for cultivation. There are impor­
tant regional differences in population density. Thus the 
Tihämah and the steppe regions have comparatively lower 
densities than the highlands. In eastem North Yemen the 
density is much lower than the national average.
Settlement patterns. Most agricultural villages of the 

highlands are spread out along the windward-facing slopes, 
where rainfall can support cultivation. The populous west­
ern and southem slopes present a sharp contrast to the dry 
eastem plateaus. In both the Tihämah and eastem North 
Yemen the rural Settlement pattem is one of nucleation, 
or clustered settlements, while on the wetter highlands the 
pattem is one of dispersion. The frost line at 6,700 feet 
marks the upper limit of dense rural settlement.
The average village is a fairly compact settlement with 

houses huddled close together. Some, especially in eastem 
North Yemen, represent relics of more prosperous, ancient 
settlements. In the highlands the average house is built of 
stone or brick, often to a height of three to five stories, 
while in the Tihämah mud-brick and mud-grass houses 
with thatched or straw-covered roofs are fairly common. 
Kinship provides the basis of village social Organization, 
and many of the smaller villages are inhabited by joint 
families.
The cities of North Yemen are primarily communities 

of traders and manufacturers. Other associated groups in­
clude an aristocracy, servants, the religious nobility, civil 
servants, and the unemployed. Some cities, such as San'ä’, 
Zabïd, Ta'izz, Ibb, and Bayt al-Faqïh, can claim a long 
history Stretching back to biblical times. Almost all the

urban settlements are scattered in the beit of denser pop­
ulation along the western slopes of the central highlands.
The largest and most important city is San'ä’, the Capital.
For centuries it has been a manufacturing centre, famous 
for its metalwork and high-quality steel as well as for its 
architecture and its numerous mosques. Ta'izz, located in 
a predominantly Shäfi'i area, is the major city of the south.
Its position near South Yemen has made it an entrepot 
for Yemeni trade through Aden. Of numerous ancient 
ports—such as Salïf, Mocha, Maydï, and al-Luhayyah— 
only al-Hudaydah survives as a seaport of major commer­
cial significance, the growth of Aden having stifled the 
maritime trade of North Yemen. Even al-Hudaydah was 
of little significance until 1961, when the construction of 
port facilities was completed.

Only a small percentage of the total population occupies 
the desert margins of the north and east. The people are 
largely seminomadic cultivators, living in tents.
The economy. Oil was discovered in North Yemen in 

1984, and the country’s participation in the oil market 
was expected to radically transform its basically agricul­
tural economy. Foreign aid, mainly from Saudi Arabia 
and Kuwait, was substantially reduced after the fall of oil 
prices on the world market in 1985.
Resources. Although little scientific surveying has been 

conducted in North Yemen, the country is generally con- 
sidered to be rich in minerals. Deposits of oil have been 
found in the northeast in the Ma’rib-al-Jawf basin and 
elsewhere in the country. Iron ore, already mined and 
smelted on a small scale at Jabal Nuqum, has also been 
discovered in the older sandstone region in the north, at 
Sa'ada and Najrän. Other mineral deposits include coal, 
copper, sulfur, lead, zinc, nickel, silver, gold, and uranium.
Salt is mined at Salïf in the Tihämah.
Agriculture. The economy of North Yemen is primarily 

agricultural; the country is not, however, self-sufficient in 
foodstuffs. Subsistence farming predominates, and agricul- Traditional 
tural methods have remained almost unchanged through farming 
the centuries. The peasant tribesmen still work their land 
with ox-drawn plows, and they have retained the tradi­
tional method of fertilizing with manure and altemating 
the growing of the principal crops with vegetables, legumes, 
and dover. Tractors, Chemical fertilizers, and modem ir­
rigation methods, however, are used increasingly. About 
90 percent of all agricultural land is given to cereal crops, 
including sorghum, millet, barley, and com (maize).

The country’s extremes of altitude and variations in soil 
and climate make it possible to grow a wide variety of 
crops. Coffee, khat (qät; an evergreen shrub with leaves 
that act as a stimulant when chewed), and cereals are 
grown in the highlands; citrus fruits, grapes, and other 
Mediterranean fruits are grown on the slopes; while mil­
let, bananas, cotton, dates, tobacco, mangoes, and tropical 
fruits are produced on the Coastal plain. On the dry east­
em slopes terracing is less common, and the fields are 
confined to areas into which rainwater is channeled or 
where springs can be used for irrigation.

Coffee, khat, and cotton are of particular importance to 
the country’s economy as cash crops. Coffee for centuries 
has been the most important and renowned export of 
North Yemen. Intemationally known as mocha because 
Mocha (al-Mukhä) was the main export port, it is still 
among the most prized and expensive of the world’s cof- 
fees. The choicest variety is grown in the area around 
San'ä’, and the four best kinds are Matari, Sanani, Sherki, 
and Haymi. Coffee is generally grown under irrigation at 
an altitude between 4,300 and 6,700 feet. Exports, sold 
chiefly in the United Statês and Europe, are an important 
source of the foreign exchange of North Yemen.
Coffee cultivation, however, has been steadily yielding to 

the more profitable growing of khat. Yemeni khat, like 
Yemeni coffee, is considered to be of superior quality; the 
govemment’s measures to limit its production and con- 
sumption have had little effect. Its local use, however, is 
largely confined to urban centres.

In the Tihämah, cotton cultivation has decreased substan­
tially since the mid-1970s as a result of adverse weather 
conditions and generally low prices. The chief cereal is 
millet, and other crops of the area (grown with irrigation)
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include sugarcane, dates, tobacco, flax, sesame, olives, wa- 
termelons, and a variety of market-garden produce. In the 
subtropical zone of Upper Tihämah, wadi beds are often 
terraced, and the principal crops include corn, bananas, 
citrus fruit, papaya, and aromatic herbs. The agricultural 
development of the Tihämah is being funded by the 
United Nations, the International Development Associa­
tion, the Kuwait Fund for Arab Economic Development, 
and other international organizations.

Cattle breeding is practiced, but old methods are still in 
use, and the livestock industry in general is still in its 
infancy. The indigenous cattle are mainly of the Asiatic 
zebu variety, which produces little milk. The Frisian, a 
European dairy breed, was introduced but without much 
success. Sheep of three varieties are bred. The predomi- 
nancè of sheep rearing over the raising of all other live­
stock except goats is due to the triple yield of meat, milk, 
and wool. Sheepskin exports are significant.
Fishing. Fishing is a relatively small industry. Small 

boats known locally as sunbuk are used; they are based 
in the Red Sea ports of al-Luhayyah, al-Hudaydah, al- 
Ghulayfiqah, and Mocha. The catch is consumed locally; 
dried fish is sold in the interior, while oysters and clams 
are marketed on the coast. A fish-processing plant, how­
ever, was built near al-Hudaydah.

iandi- Industry. The handicraft industry is known for its high
Tafts degree of skill and artistry. Notable products include

fine textiles, jewelry, indigo dyes, carpets, sheepskins and 
leatherwork, glass, domestic Utensils, swords and shields, 
and a variety of Ornaments. Modem industry, however, is 
still in its infancy. There are small industrial plants at al- 
Hudaydah, Bäjil, and San'ä’. Al-Hudaydah has a cotton 
gin, cotton-cleaning plants, and a cigarette plant, among 
others. Bäjil has a cotton-spinning and cotton-weaving fac- 
tory and a number of light industries, including a cement 
factory. In San'ä’ an integrated cotton-textile factory was 
completed in 1967, and its products account for a large 
percentage of the country’s exports.

The almost-unexploited mineral and industrial potential 
of North Yemen has attracted local and foreign inter­
est. Industrial concerns include the Yemen Petroleum 
Company in San'ä’, the Yemen General Electricity Cor­
poration, the Yemen Textile and Weaving Corporation in 
San'ä’, and the Yemen Company for Industry and Trade. 
The Yemen Hunt Oil Company, a subsidiary of the U.S. 
Hunt Oil Company, has developed the oil wells in the Alif 
field, in the Ma'rib-al-Jawf basin, and opened a refinery 
there in 1986. Construction was completed in 1987 on a 
pipeline linking the Alif field with the Red Sea terminal 
of 'Isä Point, near the port of Salïf.
Finance. The Central Bank of Yemen, founded in 

1971, is responsible for issuing currency and for managing 
gold and foreign exchange reserves. The Yemeni Bank for 
Reconstruction and Development, founded in 1962, has 
several branches in the country. Foreign banks include 
the British Bank of the Middle East, the Arab Bank Ltd. 
(Jordanian), and two Pakistani banks, the Habib Bank 
Ltd. and the United Bank Ltd.

Trade. Until 1961 about 75 percent of the international 
trade of North Yemen passed through Aden. Following 
the attainment of independence in 1962, however, nearly 
all trade passed through the port of al-Hudaydah. The 
export trade, however, was insufficiently organized and 
did not match the import trade in quantity, value, or 
variety. In the mid-1980s exports covered only about one- 
fifth of the value of imports. The principal agriculture- 
based exports are cotton, cotton fabrics, and yarn; cere- 
als; hides and skins; and coffee. Crude petroleum is also 
exported. Imports include food and live animals, manu- 
factured goods, machinery and transport equipment, and 
Chemical products.

Transportation. Road development has been promoted 
Toad by considerable foreign aid. The People’s Republic of
;onstruc- China constructed the mountainous road from al-Huday-
;ion dah to San'ä’, the United States built the road from Mocha

to San'ä’ via Ta'izz, the Soviet Union built the road from 
al-Hudaydah to Ta'izz, and West Germany provided aid 
to asphalt the San'ä’-Ta'izz road. The road from San'ä’ 
east to Ma’rib was completed in 1984. The mountain­

ous roads, especially the al-Hudaydah-San'ä’ road, built 
by imported Chinese labour and rising to more than
11,000 feet above sea level, represent technical achieve­
ments. Goods are transported by modern trucks that are 
often overloaded. Passenger buses make regularly sched- 
uled trips among San'ä’, Ta'izz, and al-Hudaydah. There 
are also innumerable tracks and trails radiating in many 
directions; San'ä’ is the central focus of most of them.

The major port is at new al-Hudaydah, to the north 
of old al-Hudaydah. It is equipped with cranes, a power 
station, repair docks, and storage facilities. All large ships 
dock at new al-Hudaydah, which is frequently congested, 
while only small boats continue to use Mocha.

The Yemen Navigation Company runs passenger and 
cargo shipping services to many ports in the Red Sea and 
on the east coast of Africa. Smaller Companies have cargo 
boats that ply between al-Hudaydah, Djibouti, and Aden.

Yemen Airways (Yemenia) operates domestic flights 
among al-Hudaydah, San'ä’, and Ta'izz airports and inter­
national flights to Arab countries in the Middle East and 
Africa.

Administration and social conditions. Government. In­
dependent North Yemen had a republican form of gov­
ernment under the provisional Constitution of 1974. The 
legislative body was the Constituent People’s Assembly, 
appointed in 1978 to repïace the Military Command 
Council. The head of state and govemment was the pres­
ident, who was elected to a five-year term of office by the 
Assembly. The Cabinet, headed by the prime minister, 
was the executive body. The General People’s Congress, 
consisting of 700 elected members and 300 presidential 
appointees, provided representation for the people at large.
In 1979 North Yemen and South Yemen agreed to unite.
A draft Constitution was prepared in 1981, but was not 
approved until late 1989. The merger formally took place 
on May 22, 1990.

North Yemen is divided into liwä (province), qadcê (dis­
trict), and nähiyah (subdistrict) levels. San'ä’ is the most 
populous province and the most economically developed.
Each nähiyah is composed of about 30 or 40 villages.
Justice. Justice and laws are in accordance with Islam, 

and where constitutional meaning is unclear the principles 
of the Shari'ah are applied. Early in 1964 a Shari'ah court 
was established in San'ä’ to deal with political cases and 
the trials of senior govemment officials; it is the country’s 
highest court. Judges must be well acquainted with Islämic 
law, and members of the govemment must “uphold the 
Qur’än, the teachings of the Prophet, and his religion.”
Armed forces. The Supreme Defense Council, headed 

by the president, is charged with the nation’s defense and 
creation of a populär army. The air force flies bombers 
and fighters as well as transports and helicopters.
Health and welfare. Despite the generally healthy cli­

mate of the Yemen Highlands, where most of the popu­
lation lives, health conditions are poor. Since the 1960s, 
the number of hospitals and other health facilities, as 
well as the number of doctors, has greatly increased. The 
most prevalent communicable and endemic diseases are 
gastroenteritis and malaria.

Education. Education was largely provided by tradi­
tional Qur’änic schools until secularization was begun in Modem- 
the late 1930s. A modem graded school system has been ization of 
in Operation since 1962, providing for a six-year primary education 
stage, a three-year intermediate stage, and a three-year 
secondary course. Although education is free, only a small 
percentage of children attend school. Despite the govem­
ment’s increasing attention to education, North Yemen 
has a low level of literacy.
Higher education within the country is limited to San'ä’

University, founded in 1970, and a small number of col­
leges. There is an agricultural college, founded at San'ä’ in 
the late 1930s, and there are several vocational and poly- 
technic schools, including one for aviation and another for 
radio telecommunications. Of the theological colleges— 
often attached to mosques or to their libraries—those at 
Zabïd, Ta'izz, and Dhamär are the most important.
Cultural life. In spite of its apparent cultural unity, the 

Yemen was a meeting place for many ancient cultures 
and civilizations. Similarities have been drawn between
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marriage institutions in India and Yemen and between 
religious music in Yemen and Byzantine masses.
Tribal dances, some of which are of pre-Islämic origin, 

are performed by men and boys alone or by girls alone. At 
weddings and other festivities, males dance slowly around 
in a circle, each pirouetting as he advances to the ac- 
companiment of drums; each holds his traditional dagger 
(jambiya) aloft, with the point downward.

Local oral literature is rieh in proverbs, populär stories, 
superstitions, mysticism, and poetry. Written literature, 
though not as rieh, deals mainly with Yemeni history, 
Islämic theology, biography, and poetry. Modem Arabic 
literature from the neighbouring countries has a direct 
impact on Yemeni cultural life.
There are daily newspapers and several weekly and other 

magazines. A national television network was established 
in 1980. Both press and broadcasting are largely controlled 
by the govemment.

For Statistical data on the land and people of North 
Yemen, see the Britannica World Data section in the bri­
tannica  WORLD DATA ANNUAL. (Y.T.T./Ed.)

HISTORY
For several centuries before the Muslim conquest the 
Himyarites (Homeritae) were dominant in the Yemen, 
but in a d  525 the last Himyarite king, a Jewish convert 
named Yüsuf As’ar Yath’ar and called Dhü Nuwäs, was 
overthrown by the Ethiopians (Aksumites) in revenge for 
his massacre of the Ethiopian population of Mocha. Under 
the Aksumite Abraha (Abreha), who established himself 
as an independent mier, the country prospered, but for­
eign rule was unpopulär and a Himyarite prince asked for 
Persian help. The Persians expelled the Ethiopians c. 575 
but stayed on to establish their own mle. The last Persian 
viceroy embraced Isläm in 628.
The Muslim conquest. The Yemen easily accepted the 

new religion. 'All, Muhammad’s son-in-law, was named 
govemor of the country, but after the Prophet’s death 
dissidents rose in revolt. The first caliph, Abü Bakr (632- 
634), united the whole of Arabia, including the Yemen, 
under his mle, but neither then nor in the Umayyad or 
'Abbäsid periods were the caliphs able to exercise really 
effective control.

Members of the Shï'ite sect, who wanted 'Alï’s descen­
dants to mle, became a menace to the caliphate, and the 
'Abbäsid caliph Ma’mün sent Muhammad ibn Ziyäd to 

Dynasty of subdue them. Ibn Ziyäd established his own dynasty (c. 
Ibn Ziyäd 822) and founded Zabïd in the lowlands as his Capital.

In 861 another local dynasty, the Banü Yu'fir, established 
itself in the highlands with the Capital at San'ä’. The 'Ab­
bäsids had to acknowledge both dynasties.
A group known as Zaydïs, Shï'ite followers of Zayd, 

grandson of the Prophet’s grandson Husayn, arrived in the 
9th Century from Iraq and the Hejaz and later mied much 
of the northern highlands. The 10th and 1 Ith centuries 
are thus a confused tale of contesting local dynasties. The 
(Ismä'ili) Sulayhids aided by the Fätimid caliphs of Egypt 
were dominant from 1063 for about 50 years, while the 
'Abbäsids supported the Sunnites of the coast.
The 12th to 19th centuries. After overthrowing the Fä- 

timids, Saladin sent his brother Türän-Shäh to annex the 
Yemen in 1173. He made Ta'izz his Capital and mied 
most of the Yemen except for the area north of San'ä’. 
As Saladin’s Ayyübid dynasty gradually succumbed to 
the Mamlüks, his Kurdish and Turkish representatives in 
the Yemen became independent; they set up the brilliant 
Rasülid dynasty in about 1230, with its Capital at Zabïd. 
The Rasülids mied nearly all of the Yemen, including the 
thriving port of Aden, and administered the land through 
fiefs (/<#<?). On their decline in the 15th Century, Sunnites 
continued to flourish for a while, as the Tähirids (from 
1453, Capital Ta'izz) dominated most of the area. From 
1538 Ottoman Turkish armies overran the country, aided 
immeasurably by their use of artillery. The Zaydïs of the 
north were based on a tribal army as they established their 
local mle, but it was their leader Qäsim the Great—who 
was imam from 1597 to 1620—and his son Muhammad 
who expelled the Ottomans by 1636.
The English, under the auspices of the East India Com­

pany and with a firman from the Ottomans, built a trading 
post at Mocha (al-Mukhä) in 1618; coffee was the major 
commodity traded. The imam Ismä'il (1644-76) reestab- 
lished Zaydï control over all of the Yemen and fought the 
rising power of Oman for control of the southem Coastal 
ports. After the death of Ismä'il, the Yemen subsided 
into chaos, and the lowlands became independent under 
various chiefs. Al-Mahdi 'Abbäs (1748—75) temporarily 
revived the power of the imamate, but after 1835 his 
descendants lost effective power.

Wahhäbi influence made some advance in the area of 
the Red Sea coast from 1803, but that was checked during 
1816-18 when Ibrahim Pasha invaded the Yemen from 
the Hejaz on behalf of his father, Muhammad 'Ali, viceroy 
of Egypt. The English capture of Aden in 1839 and the 
return of the Turks in 1849 ended this Egyptian control.
In 1872 the Ottomans captured San'ä’.
The Zaydï imamate was elective, but in 1891 the new 

imam, Muhammad ibn Yahyä Hamid ad-Dïn, virtually 
transformed the 1,000-year-old imamate into a hereditary 
dynasty that survived until 1962. Resistance to the Ot- Dynasty 
toman Empire continued until 1911, when the Ottomans of Imam 
made an agreement with Imam Yahyä (ruled 1904-48) Yahyä 
conceding in substance most of his demands for local au­
thority. The agreement was observed by both parties, and 
Yahyä supported the Ottomans in World War I.

Independence. After the Ottoman defeat, imamic in­
dependence meant the resuscitation of Zaydï claims to 
the historie Yemen, including Aden and the protec­
torate; Imam Yahyä did not recognize the Anglo-Ottoman 
boundary agreed upon in 1914. The Yemen lost the war 
of 1934 with Saudi Arabia and had to yield its claims on 
Asir to the Saudis. In the same year, the Imam concluded 
a treaty with the British providing for the preservation of 
the status quo of the frontiers. Yahyä strengthened the 
imamate by extending government power to the Shäfi'is, 
and he sent military cadets to Iraq and Egypt. Although 
generally the Yemen was kept isolated from the rest of 
the world, many Yemenis left to work in Aden or abroad, 
where they came to see alternatives to the existing order. 
Dissatisfaction with Zaydï rule and the conservatism of 
the dynasty led to Yahyä’s assassination in 1948, and his 
son Ahmad succeeded to the imamate. An attempt to 
depose him in 1955 was foiled, and Ahmad beheaded two 
of his brothers for their share in the conspiracy.

Revolution. Imam Ahmad died on Sept. 19, 1962, and 
was succeeded by his son Muhammad al-Badr. Al-Badr’s 
first act was to appoint 'Abd Alläh as-Sallal as chief of 
staff, and it was as-Sallal, who had functioned as al-Badr’s 
trusted aide, who ultimately came to lead the revolution 
against the Imam. The revolutionaries falsely claimed to 
have killed al-Badr when the fighting began on Septem­
ber 26. The new Yemen Arab Republic was announced, 
and Egyptian troops soon arrived by sea and by air. The 
appointment of a new Cabinet consisting of as-Sallal as 
president and 18 ministers made it clear that the new re­
public was very largely dependent upon the Yemeni army 
and upon strong Egyptian support. The republic contin­
ued to be dominated by Zaydïs as the imamate had been, 
but many of the sayyids (the descendants of the Prophet) 
lost their power and their lives.

Even though the Imam was alive and support for him 
was increasing in the north (encouraged by help from 
Saudi Arabia), the new revolutionary govemment was rec­
ognized by the Communist countries, the Arab republics, 
and the United States.
Attempts by the United Nations to mediate and to effect 

a withdrawal of Egyptian and Saudi Arabian aid were 
unsuccessful. By early 1965 the Imam and his tribal sup­
porters appeared to be winning in much of the country.
Internal political disorder was augmented on the emer- 
gence of a “third force” between republicans and royalists.
In April 1965 a “third force” leader, Ahmad Nu'män, 
became premier, and a presidency council of six was set 
up, including as-Sallal as chairman.
Yemen was in effect divided into a republic and a king­

dom. The latter probably covered two-thirds of the coun­
try, though much of it was less densely populated than the 
area of the republic. The roots of the revolution were in
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the towns rather than among the northem tribes or in the 
countryside. It was in the towns that evidence of social 
and material change—such as the abolition of slavery and 
the creation of banks—largely due to Egyptian and other 
foreign influence, was mostly to be found.
One of the results of an Arab summit meeting held at 

Khartoum from Aug. 28 to Sept. 3, 1967, was an agree­
ment between the Egyptians and the Saudis to withdraw 
all support from the republicans and the royalists. Saudi 
Arabia was anxious that this should coincide with the 
British evacuation from Aden. The date agreed for the 
withdrawal from Yemen was fixed for Dec. 15, 1967. By 
early October the first transports of Egyptian troops had 
left Yemen and by the end of November the British had 
evacuated Aden.
As-Sallal was dismissed from the republican presidency 

on Nov. 5, 1967, by the Yemeni army with the encour- 
agement of Egypt. He was replaced by a three-man presi­
dency council headed by Qadi ‘Abd ar-Rahmän al-Iryänl, 
a former member of the republican govemment who had 
been under house arrest in Cairo the previous year.

The eight-year civil war finally came to an end in 1970 
with the reconciliation of the moderates among the repub­
licans and the royalists, and the latter were integrated into 
the republican regime. The first elections for the members 
of the Consultative Council, as provided in the December 
1970 Constitution, were held in March 1971. In 1972 
fighting broke out along the border with South Yemen. A 
cease-fire in October led to negotiations that produced a 
surprising agreement to unite the two countries, signed on 
Oct. 28, 1972. Although sentiment was strong for unity, 
the vast differences in political Systems, foreign alliances, 
and economies precluded any substantive steps toward 
actually uniting the two Yemens.

On June 13, 1974, the govemment of President al-Iryänl 
was overthrown by a seven-man junta, led by Colonel 
Ibrählm al-Hamdi. The Constitution and the Consulta­
tive Council were suspended. The change in govemment 
discouraged efforts toward unification of the pro-Saudi 
North Yemen with the pro-Soviet South Yemen. North 
Yemen developed increasingly closer relations with Saudi 
Arabia, which provided important budget and develop­
ment assistance.

Negotiations between the heads of state of the two 
Yemens on unification were held in February 1977 and 
were scheduled to continue through the year. Colonel al- 
Hamdi was assassinated on Oct. 11, 1977, however. Forces 
opposed to unification and to military reform were be- 
lieved responsible. Major Ahmad ibn Husayn al-Ghashmi, 
elected by the appointed Constituent Assembly on April 
22, 1978, was killed two months later. The Constituent 
Assembly elected Colonel ‘Alï ‘Abd Allah Sälih president 
on July 17, 1978. Sälih conciliated nearly all factions 
and foreign States and managed to extend his mle as the 
military became the only Institution that held the country 
together. Foreign policy and military purchases were de- 
signed to balance the influence of the Soviet Union with 
that of the United States and Saudi Arabia.

Border fighting with South Yemen that broke out in July 
intensified into full-scale war in February 1979. In North 
Yemen the National Democratie Front (NDF), an Oppo­
sition group, also engaged in fighting in the border area 
and claimed to capture several towns. In March a cease- 
fire was agreed on, with the withdrawal of troops of both 
North Yemen and South Yemen from the border area and 
a reopening of unification talks. The talks, however, led to 
no real change in the relations between the two States. The 
Yemeni economy and govemment rested largely on the 
prosperity of Saudi Arabia, where hundreds of thousands 
of Yemenis worked.

In late 1989, the two Yemeni govemments announced 
their approval of a draft Constitution for a unified, demo­
cratie Yemen. The actual merger was formalized on 
May 22, 1990. San'ä’ was made the political Capital of 
Yemen, with Aden designated the economic Capital. ‘Alï 
‘Abd Allah Sälih was elected president, and ‘Ali Salem 
al-Baidh, former secretary general of the Socialist Party 
of South Yemen, was named vice president by the two 
Yemeni parliaments. Nationwide elections were scheduled

to follow a transition period of two and a half years. 
For later developments in the history of North Yemen, 

see the Britannica Book o f the Year section in the britan­
nica WORLD DATA ANNUAL. (W.H.I./W.L.O./Ed.)
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The dass Arachnida, part of the invertebrate phy- 
lum Arthropoda, indudes forms such as spiders 
(Araneida), harvestmen (daddy longlegs; Opihones), 

scorpions (Scorpionida), mites and ticks (Acari), and a few 
lesser known groups. Only a few species are of economie

importance, including the acarids that transmit diseases to 
humans, other animals, and plants.

For coverage of related topics in the Macropcedia and 
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ARACHNIDS
GENERAL FEATURES

Size range and diversity of structure. Arachnids range 
in size from mites that measure 0.08 millimetre (0.003 
inch) to the enormous scorpion Hadogenes troglodytes of 
Africa, which may be 21 centimetres (eight inches) or 
more in length. In appearance, they vary from the small 
rounded mites to the long-legged opilionids and the crab- 
like spiders.

Like all arthropods, the arachnids have a segmented 
body, a tough exoskeleton, and jointed appendages. Most 
are camivorous. Arachnids lack jaws and, with only a few 
exceptions, inject digestive fluids into their prey before 
sucking the liquefied remains into their mouths. Except 
among the acarids (mites and ticks), in which the entire 
body forms a single region, the arachnid body is divided 
into two distinct parts: the cephalothorax, or prosoma, 
and the abdomen, or opisthosoma. The stemites (ventral 
plates) of the lower surface of the body show more Varia­
tion than those of the upper surface. The arachnids have 
simple eyes.

The cephalothorax is covered dorsally with a rigid cover 
(the carapace) and contains six pairs of appendages, the 
first of which are the chelicerae; these are the only ap­
pendages that are preoral in position; and in many forms 
they are chelate, or pincerlike, and are used to hold and 
crush prey. Among spiders the chelicerae contain venom 
sacs, and the second segment, the fang, can inject venom. 
The second pair of appendages are the pedipalps, or palps, 
which in arachnids function as an organ of touch. In 
spiders and harvestmen the pedipalps are elongated struc- 
tures; in scorpions they are large, chelate, prehensile Or­
gans. Among spiders the pedipalps are highly modified as 
sexual intromittent organs. The basal segment is frequently 
modified for crushing or cutting food. The remaining four 
pairs of appendages are walking legs, though the first of 
these pairs serves as tactile organs among the amblypygids, 
or tailless whip scorpions, while it is the second of these 
pairs that functions as such among the opilionids. Among 
the ricinuleids special copulatory organs are located on the 
third pair of legs. Some mites, particularly the immature 
individuals, have only two or three pairs of legs.

In many arachnids the cephalothorax and abdomen are 
broadly joined, while in others (such as spiders) they are 
joined by a narrow, stalklike pedicel. The abdomen is 
composed of a maximum of 13 segments. The first of 
these may be present only in the embryo and absent in

the adult. In some orders a mesosoma consisting of seven 
segments and metasoma of five may be distinguished; in 
others a few posterior segments may form a pygidium, 
or postabdomen. In general, except for the spinnerets of 
the spiders, the opisthosoma has no appendages. In some 
groups the abdomen is elongated with free tergites; in 
others it may be shortened with indistinct Segmentation. 
Postanal structures vary in both appearance and func­
tion. The scorpions have a short stinger with a swollen 
base enclosing a poison gland; the orders Uropygi (whip 
scorpions) and Palpigradi (palpigrades) have long whiplike 
structures of unknown functions.
Distribution and abundance. With the exception of a few 

groups that have secondarily become aquatic, the arach­
nids are terrestrial predators. Spiders, harvestmen, false 
scorpions (order Pseudoscorpiones), and mites and ticks 
are nearly worldwide in distribution. Scorpions, solpugids 
(wind scorpions, including sun spiders; order Solpugida), 
tailless whip scorpions (order Amblypygi), and vinegar- 
roons, or whip scorpions (order Uropygi), are widespread 
within the tropical and subtropical areas of the world, 
only occasionally being encountered in northern areas. Of 
more sporadic distribution, but more common in tropical 
areas, are the palpigrades, or microwhip scorpions (order 
Palpigradi), the schizomids (Schizomida), and the rici­
nuleids (Ricinulei). In northem areas mature spiders and 
harvestmen are particularly conspieuous during the early 
autumn, though they are abundaht throughout the year. 
Most, however, are seldom observed, for they inhabit leaf 
mold or soil and form an important part of the cryptozoic 
fauna. Most abundant of the arachnids are the acarids 
found in soil, in fresh and marine waters, and as parasites 
of animals and humans.

Importance. The numbers and predaceous habits of 
arachnids make them important to humans. Free-living 
mites play an important role in the conversion of leaf 
mold to humus. Many mites are parasitic. Many ticks 
are intermediate hosts for organisms that cause serious 
diseases. Though all spiders possess poison that can be 
utilized for catching prey, only a few have a poison suf- 
ficiently powerful to affect humans. A bite of the black 
widow spider (Latrodectus mactans) may result in dis- 
comfort or serious illness; that of the brown recluse spider 
(Loxosceles reclusa) may result in a severe local reaction. 
The sting of some species of scorpions may cause a severe 
reaction and even death in humans.

Terrestrial
predators

Parasitic
mites
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Figure 1: Diversity of arachnids.
From (restoration) R.R. Shrock and W.H. Twenhofei, Principles of Invertebrate Paleontology, 
copyright 1953, used with permission of McGraw-Hill Book Company; (Araneida) Invertebrate 
Identification Manual by Richard A. Pimentei, © 1967 by Litton Educational Publishing, Inc., 
reprinted by permission of Van Nostrand Reinhold Company; (Ricinulei, Uropygi, Solpugida, 
Scorpiones, Amblypygi) Transactions of the Connecticut Academy of Arts and Sciences, vol. 
XXXI (1933); (Schizomida) after American Museum Novitates, The American Museum of Natural 
History, New York City (1957), in A. Kaestner, Invertebrate Zoology, John Wiley & Sons, Inc.

N A T U R A L  HISTORY

Reproduction and life cycle. In most cases the male 
does not transfer the spermatozoa directly to the female 
but rather initiates courtship rituals in which the female 
is induced to accept the gelatinous sperm capsule (sper- 

Spermato- matophore). During mating the sperm are transferred to 
phore a sac within the female reproductive system, the sperma-

theca. The eggs are fertilized as they are laid. Mating in 
solpugids is more active, occurring at dusk or during the 
night; during courting the male seizes the female, lays her 
on her side, massages her undersurface, opens her genital 
orifice, and forces a mass of sperm into her spermatheca. 
Reproductive behaviour in mites is highly variable; sperm 
usually are produced in a spermatophore and transferred 
to the female either by the chelicerae or by the third pair 
of legs of the male. In the ricinuleids the third legs rather 
than the pedipalps are modified for the transfer of sperm 
into the female genital opening.

The harvestmen appear to be the only arachnids in which 
sperm transfer is direct. There is little or no courtship 
among the members of this dass; rather, mating occurs 
whenever a male and female encounter one another. The 
male has a chitinized penis that is inserted into the genital 
opening of the female as the partners face one another. 

Care for Many arachnids simply deposit their eggs in the soil or 
eggs in a protected site, and no further care is given to them;

others, particularly tropical species, guard the eggs by 
remaining with them during the period of development. 
Some spiders place their eggs in cocoons, and the eggs of 
some tailless whip scorpions, schizomids, whip scorpions, 
and false scorpions are attached beneath the abdomen.

Among scorpions the fertilized eggs develop inside the 
mother, and the young are born alive. In scorpions whose 
eggs contain much yolk, the eggs develop within the 
oviduct; in those with little yolk, the eggs remain in place 
and each embryo lies in a diverticulum (hollow outpouch- 
ing) with a tubular extension through which nutriënt 
fluids pass from the wall of the maternal intestine. When 
the young are sufficiently developed, they are expelled 
and carried about on the mother’s back until after the 
first molt. False scorpions carry their eggs in a brood sac 
attached to the genitalia. The embryos develop and grow 
within this brood sac and are nourished by the female.

Details of early development are not known for all forms, 
but that of egg-laying spiders is considered typical. The 
two major divisions of the body (the cephalothorax and 
the abdomen) appear at an early stage, and the appendages 
first appear as knobs. In many arachnids the organism is 
wrapped around the yolk, a Situation altered by a pro- 
cess termed inversion or reversion, after which hatching 
usually occurs.
Growth occurs by molting, or ecdysis. In many, the first 

molt occurs while the animal is still within the egg. The 
newly hatched arachnid is small and the exoskeleton less 
sclerotized (hardened) than the adult. With the exception 
of the acarids and ricinuleids, which have three pairs of 
legs when hatched, the hatchlings have four pairs of legs. 
The number of molts required to attain maturity varies; 
some spiders, for example, have 12. Before molting, arach­
nids seek protected sites; spiders, false scorpions, and some 
mites produce a cocoon to protect themselves.

Mites differ in both development and growth. In the 
life cycle of the mite, unlike other arachnids, an egg 
hatches into the six-legged, or hexapod, larva, which passes 
through one or several immature (nymphal) stages before 
becoming an adult. Most mites lay eggs, though some are 
ovoviviparous; i.e., the eggs develop within the body of 
the female and hatch within or immediately after extru- 
sion. Acarids are also able to reproduce from unfertilized 
eggs (parthenogenesis). The life cycle of ticks is similar to 
that of mites.

The life span of arachnids in temperate areas is usually 
a single season; they rely upon their eggs to perpetuate 
the species. In warm regions some groups (e.g., whip scor­
pions, tailless whip scorpions, scorpions, solpugids, and 
tarantulas) appear to live more than a single year.

Ecology and habitats. Although most arachnids are in- 
conspicuous free-living terrestrial forms, some acarids are 
parasitic, a few spiders live on or near water, and some 
mites are aquatic. Most arachnids lead solitary lives, com­
ing together only briefly for mating. Even though they 
possess a chitirtous exoskeleton, most arachnids are sub­
ject to damage by desiccation. Many arachnids, especially 
small, little-known forms, (ricinuleids, for example), are 
found only in well-protected niches. The favourable en­
vironment of the relatively constant, moisture-containing 
microclimate provided by soil litter, burrows, or caves 
is the reason these species constitute a high proportion 
of the cryptozoic fauna. Cave-dwelling species often have 
special adaptations—for example long extremities, light 
colour, and no eyes. Most arachnids, even those adapted 
to desert areas, avoid excessive heat by adopting a cryp­
tozoic habitat and by being active only during the cooler 
parts of the day.
A few arachnids (e.g., some scorpions, solpugids, spiders, 

and harvestmen) are capable of producing rasping sounds 
by rubbing together homy ridges or other special sound- 
producing structures. Sound may be used in general to 
warn predators or by males during courtship. Preening is 
common among arachnids. This consists of cleaning the 
legs by passing them through the chelicerae. A method of 
protection and escape from predatory enemies consists of 
the quick dropping of a captured limb.

Locomotion. Locomotion among arachnids involves a 
sequence of movements of the legs: the first and third legs

Molting

Life span
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of one side and the second and fourth legs of the other side 
are brought forward nearly simultaneously. Most arach­
nids are not great travelers. Those that do travel long dis- 
tances rely upon methods other than walking or running; 
for example, a spider about to migrate scales a vertical 
object, releases a strand of silk, and relies upon the wind 
to carry it away (ballooning). Pseudoscorpions often rely 
on an activity termed phoresy, in which they cling to the 
legs of more mobile animals, such as flies or harvestmen, 
and are carried about. Mites may use phoresy or gusts of 
air to carry them to new sites.

Food and feeding. As carnivores, most arachnids feed 
chiefly upon smaller arthropods; exceptions are among 
parasitic acarids and plant-feeding harvestmen. Acarids 
are nourished principally by fluids obtained either from 
living animal or plant material or from decaying or- 
ganic matter. Parasitic forms have mouthparts modified 
for sucking blood or juice. Harvestmen appear to be the 
only arachnids capable of ingesting small particles. More 
commonly the prey is torn into small pieces as digestive 
fluids flow over it—or a hole is made in the body of the 
prey, and digestive fluids are injected—and the digested 
contents are sucked up.
While many arachnids actively seek their prey, the more 

common method is that of lying in wait. Active arachnids, 
such as the solpugids, use both tactile and visual responses 
in prey recognition as they run at random. The American 
whip scorpion (Mastigoproctus giganteus) hunts mostly at 
night, moving slowly with pedipalps extended and touch- 
ing objects with the extended first leg. Harvestmen run 
rapidly over bushes, herbs, and other Vegetation in pur- 
suit of prey.
Associations. Though most arachnids are solitary an­

imals, some spiders live in enormous communal webs 
housing males, females, and spiderlings. Most of the in- 
dividuals live in the central part of the web, with the 
outer part providing snare space for prey shared by all of 
the inhabitants. In some cool and dry areas harvestmen 
often gather in enormous numbers, probably protecting 
themselves against extremes of temperature or desiccation. 
Mimicry is seen among some spiders that are found in ant 
colonies. These spiders resemble the ants in appearance 
and habit, are tolerated by the ants, and actually feed 
upon the ant pupae.

FORM AND FUNCTION
General features. Though arachnids are easily recog­

nized by the division of the body into two parts (the 
cephalothorax and abdomen) and their possession of six 
pairs of appendages, they are extremely diverse in form. 
The dorsal region of the prosoma has a solid covering, the 
carapace, and the underside has one or more sternal plates 
or the coxal segments of the six pairs of appendages. The 
opisthosomal segments do not bear appendages. The soft 
body is protected by an exoskeleton composed of chitin, 
and the somites are united by a soft membrane. Eyes, 
if present, are simple, and their number varies with the 
species. Sexes are always separate, but it is often difficult 
to distinguish between them. At times, however, either 
males or females, but especially males, may develop spe­
cial structures, brighter colour, larger spines, or larger size.

External features. There are many modifications of the 
cephalothorax and abdomen. Among the scorpions the ab­
domen is subdivided into the mesosoma, or preabdomen, 
and the metasoma, or postabdomen; the latter is mobile 
and more slender. Similar arrangements are found among 
whip scorpions, schizomids, and ricinuleids. Among the 
harvestmen the division between the two parts is only 
partial, and among most acarids the body is rounded and 
shows no Segmentation. Spiders exhibit the greatest Varia­
tion in body shape.

The form and function of the six pairs of appendages is 
variable. The first pair, the chelicerae, often have claws. 
They transport spermatophore (solpugids, some acarids), 
produce sounds (solpugids, some spiders), cut Strands of 
silk (web-dwelling spiders), and produce silk (pseudoscor­
pions). The pedipalps, the second pair, likewise are often 
highly modified. Among the scorpions and pseudoscor­
pions the pedipalps are large; among the tailless whip

ventral view dorsal view

Figure 2: Anatomy of a pseudoscorpion.
From A. Petrunkevitch, Treatise on Invertebrate Paleontology, part P (1955), courtesy of the 
Geological Society of America and the University of Kansas Press

scorpions and some harvestmen they are elongated and 
equipped with many heavy spines. Among some arachnids 
they are prehensile, serving both to capture and hold prey. 
In spiders they serve to transfer sperm, and for the scor­
pions, pseudoscorpions, and tailless whip scorpions they 
play an important role during courtship.

There are typically four pairs of walking legs, each of 
which usually has seven segments of variable lengths, with 
the last segment often bearing claws. The legs serve chiefly 
for locomotion but may be modified to serve as tactile 
organs (harvestmen), for capturing and immobilizing prey 
(running spiders), and for producing sound (harvestmen, 
spiders, solpugids, and scorpions).

Internal features. Support, skeleton, and exoskeleton. 
The arachnid exoskeleton is formed of chitin, a nitrogen- 
containing carbohydrate associated with a protein. This 
complex is tough but pliable. The exoskeleton consists of 
two parts: the thin outer epicuticle, which is usually a wax 
and is impermeable to water, and the thicker endocuticle. 
Membranes, flexible portions of the cuticle, are present 
wherever there are movable articulations.

Growth can occur only by shedding the old skeleton, a 
process termed molting, or ecdysis. This process is under 
hormonal control and involves the secretion of a new cu­
ticle below the old one. Sclerotization, or hardening, may 
be accompanied by pigmentation.

While the exoskeleton provides both support and protec­
tion, the arachnids have an endoskeleton, the endosternite, 
which provides a surface for muscle attachment.

Tissues and muscles. The muscles of the cephalotho­
rax are well developed, while those of the abdomen are 
reduced. The muscles are striated, similar to those of 
vertebrates; those of the legs have their origin either on 
the endosternite or on the body wall and extend to the 
basal segments of the appendages. Muscles within the ap­
pendages make possible the movements of the individual 
segments. Within the opisthosoma, muscles consist pri­
marily of bundles that connect the various segments. Most 
of the space between the digestive tract and the body wall, 
the hemocoel, is filled with blood.

Nervous system and organs o f Sensation. The arachnid 
nervous System is similar to that of other arthropods in 
that it consists of a brain and a chain of paired ganglia. The 
nervous system has been highly modified by ganglionic 
fusion and migration forward toward the head region. The
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large ganglion above the esophagus is considered the brain 
and gives rise to the nerves of the eyes and chelicerae. It is 
joined to a ganglion located below the esophagus. Nerves 
from this latter ganglion extend to the pedipalpi and legs. 
An unpaired nerve runs along the esophagus and stomach; 
it is connected to the brain by paired nerves.
There are commonly three types of sense organs: tactile 

hairs called trichobothria (Figure 3), simple eyes (ocelli), 
and slit sense (lyriform) organs. Specialized structures, 
possibly serving as tactile organs or for the detection of air 
movements, include malleoli (racket organs) of solpugids 
and comblike appendages (pectines) of scorpions. The 
number of simple eyes found on the carapace varies; scor­
pions, for example, may have as many as five pairs of 
simple eyes on the sides of the carapace in addition to a 
median pair, while opilionids have only median eyes, and 
many cryptic or cave-dwelling species have either reduced 
eyes or none at all. The most abundant sense organs, 
tactile hairs, are scattered over the body. The slit sense 
organs, which appear as slits in the cuticle, may function 
to detect odours; slit organs on the legs of harvestmen, 
however, function in the reception of internal stimuli 
(proprioception). Tarsal organs are small, round holes in 
the upper surface of the last segment of the leg that may

Figure 13-7 from Invertebrate Zoology, 4th ed., by R.D. Barnes, 
copyright © 1980 by Saunders College Publishing, a division of Holt, 
Rinehart, and Winston, Inc., reprinted by permission of the publisher

Figure 3: Trichobothrium of a spider with only the lower part 
of the hair showing.

Digestion and nutrition. With the exception of some 
harvestmen and mites, arachnids are predators, relying 
upon smaller arthropods for their food. The harvestmen 
may be the only arachnids capable of ingesting food parti- 
cles; most species partially digest their prey as it is held in 
the chelicerae. The digestive system is a tube that begins 
with the mouth situated below the chelicerae, leading into 
the pharynx, then into the esophagus, and from there 
into the sucking stomach, which has heavy muscles and 
serves to pump the partially digested food into the midgut, 
where special enzymes digest the food. The absorptive 
surface of the midgut is increased by a series of blind sacs. 
Fecal material accumulates in the hindgut and is voided 
through the anus.

Excretion. Two main types of excretory organs occur 
in arachnids: coxal glands and Malpighian tubules. The 
coxal glands consist of three parts: a large excretory sac 
lying opposite the coxal segment of the first pair of legs; a 
long coiled tubule; and a short exit tube that opens to the 
exterior through orifices behind the first and third coxal 
leg segments. The nitrogen-containing waste material usu­
ally is the organic compound guanine.
Respiration. Two types of respiratory organs are found 

among arachnids: book lungs and tracheae. Book lungs 
are found in hardened pockets; diffusion of gases occurs 
between the blood circulating within thin leaflike struc­
tures (lamellae) stacked like pages in a book and the air 
in spaces between these thin structures (Figure 4). The 
tracheal system consists of a number of tubes that open to 
the exterior by paired respiratory pores (spiracles) and is 
similar to that of insects; diffusion of gases occurs within 
small fluid-filled tubes that ramify over the internal organs. 
Scorpions, the tailless whip scorpions, and the whip scorpi­
ons rely upon book lungs; the pseudoscorpions, solpugids, 
ricinuleids, harvestmen, and acarids have only tracheae;

air flowing in through spiracle opening

Figure 4: Diagrammatic section through a book lung.
From R.D. Barnes, Invertebrate Zoology, 4th ed., (1980), Saunders College, Philadelphia

most spiders have both; and the small palpigrades and 
acarids have only cutaneous respiration.

Circulatory system. The circulatory system of the arach­
nids is an open system; that is, blood circulates in tissue 
sinuses. Special venous channels conduct blood from the 
tissues to the heart, from which it is pumped through a 
series of blood vessels back to the sinuses. The respiratory 
pigment usually is hemocyanin and is in solution in the 
hemolymph; cells are present but do not carry oxygen.
Reproductive system. There is considerable Variation in 

the number and appearance o f  both ovaries and testes.
In general, the ovaries are associated with oviducts; and 
the testes have vasa deferentia. The genital orifice of both 
sexes (except mites) is on the undersurface of the second 
abdominal segment; in mites it may be dorsal. Sperm are 
usually transferred to a special structure of the female, the 
spermatheca.

Glands and hormones. The glands of arachnids are usu­
ally peculiar to individual orders. In spiders, silk is stored 
as a viscous liquid in the silk glands, which are found at 
the end of the abdomen; the number of spinnerets is vari­
able. The viscous liquid, a protein, passes through minute 
tubes at the tips of the spinnerets; the change from liquid 
to solid thread occurs by a structural rearrangement of 
the protein molecules after the silk is drawn from a silk 
droplet. The silk of the pseudoscorpions is produced by 
a spinneret located on a movable finger of the chelicera; 
the few mites that produce silk have glands in the area 
of the mouth.
Toxic substances are secreted by special glands found in Toxic 

the chelicerae of spiders, in the pedipalps of false scorpi- substances 
ons, and in the poison glands of scorpions. The poisonous 
substances (and their effects) differ even within species of 
the same order. The strongly alkaline poison of spiders 
is much less poisonous to mammals than to arthropods; 
bites of spiders of the genera Loxosceles (brown recluse) 
and Latrodectus (black widow) may cause human dis- 
comfort; those of the latter may cause serious illness.
The venom of most scorpions, sufficiently toxic to kill 
most invertebrates, usually is not dangerous to humans; 
the venoms of some genera (Androctonus and Buthus of 
Africa, various species of Centruroides of Mexico, Ari­
zona, and New Mexico), however, are highly toxic nerve 
poisons. The toxicity of the venom of the pseudoscorpions 
is not known. The paired glands of whip scorpions located 
near the anus secrete specific acids (formic, acetic) that 
serve as irritants and apparently are used for defense. The 
openings of paired odoriferous glands are found on the 
cephalothorax of harvestmen; when irritated these animals 
secrete a fluid containing cyanic acid that probably serves 
to repel predators.

EVOLUTION AND PALEONTOLOGY
While arachnid fossils are abundant, it is extremely dif­
ficult to trace the evolution of individual groups. The 
earliest forms recognizable as arachnids include a scorpion 
that dates from the Silurian Period (about 430,000,000- 
395,000,000 years ago) and an acarid from the Devonian 
Period (about 395,000,000 to 345,000,000 years ago).
Spiders with segmented abdomens and presumably four
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pairs of spinnerets are known to have existed during the 
Carboniferous Period (345,000,000 years ago). Palpigrades 
have been described as fossils only from the Jurassic 
Period (190,000,000 years ago) in Europe, and the schizo- 
mids are known from the late Cenozoic Era in Arizona 
(about 7,000,000 years ago). The Mesozoic Era (about
225,000,000-65,000,000 years ago) is poor in arachnid 
fossils; while the Cenozoic Era (from about 65,000,000 
years ago to the present) is rieh in them. A. Petrunkevitch 
(1953) concluded that all orders of arachnids were either 
already extant or in the process of evolving by the Silu- 
rian Period. Since the Silurian scorpion closely resembled 
modern forms, the hypothetical arachnid ancestor must 
antedate any known fossil forms. The stem group of the 
chelicerates is believed to be among the members of the 
trilobite-like Olenellinae. These date from the Cambrian 
Period (about 570,000,000 years ago). During Paleozoic 
times the eurypterida, large animals resembling modern 
scorpions, were abundant, and both groups can be traced 
to a common ancestor.

It is impossible to reconstruct an exact phylogeny of 
the arthropods, but possibly they arose from some sim­
ple segmented worm prior to the Cambrian Period. Two 
divergent lines (other than the trilobites) appeared early 
among the marine forms; one group remained aquatic, 
the other gave rise to the terrestrial arachnids.

The invasion of the land probably started in moist habi- 
tats, such as under leaf-litterlike material. Many changes 
in anatomy and reproductive behaviour had to occur be­
fore the arthropods were successful in their transfer to 
terrestrial life.

A major characteristic of arachnid evolution is that seg­
ments were fused or lost. The five posterior segments of 
the scorpions were retained as a tail. Among the spiders, 
primitive families had abdomens composed of 12 distinct 
segments, which were reduced to five or six in other fam­
ilies and completely fused in adults. Among the acarids, 
abdominal Segmentation was lost and the body showed 
no extemal Segmentation. In general, scorpions have the 
largest number of primitive arachnid features, and spiders 
and mites are the most highly evolved.

CLASSIFICATION
Distinguishing taxonomie features. In classifying arach­

nids, taxonomists rely mostly upon extemal structures, 
including such features as general body form, the degree of 
visible extemal Segmentation, structural modifications of 
prosoma and opisthosoma, characteristics of appendages, 
and special structures involved in sperm transfer. Internal 
anatomical features, developmental traits, and serological 
characteristics are used to a limited extent; conceivably, 
however, as information becomes available, traits such 
as these could play a more important role in arachnid 
Classification.

Annotated Classification. The following Classification of 
arachnids is based chiefly on work by L. Stornier (1944) 
and by A. Petrunkevitch (1949). In the Classification be­
low, the groups marked with a dagger (f) are wholly 
extinct and known only from fossils.

CLASS ARACHNIDA (arachnids)
Chelicerate arthropods with adult body composed of 18 

somites, divided into anterior prosoma (6 somites) and pos­
terior opisthosoma (12 somites); prosoma with 6 pairs of ap­
pendages, Ist pair preoral, last 2 pairs secondarily lost in some 
mites; genital opening in both sexes on 2nd abdominal somite 
(except some mites); heart usually in abdomen; respiration by 
means of book lungs, tracheal tubes, a combination of the two, 
or cutaneous (some cryptozoic forms); exeretion by coxal glands 
and/or Malpighian tubules; digestive system with a pumping 
foregut, midgut with blind sacs, and a short hindgut opening 
with an anus on ventral side of opisthosoma; nervous system 
with a tendency to fuse; not more than 12 simple eyes (ocelli); 
sexes dimorphic; courtship frequent before sperm transfer; usu­
ally terrestrial, carnivorous, noctumal, and cryptozoic; social 
Organization rare; instinctive behaviour highly developed; dis­
tribution variable; about 70,000 species described.
Order Scorpiones (or Scorpionida; scorpions). Prosoma com­
pact, opisthosoma subdivided, taillike portion ending in stinger; 
chelicerae chelate (pincerlike), 3-jointed; size 14-210 mm; ovo- 
viviparous; earliest fossil records from Silurian; widespread in

tropical and subtropical regions; about 1,200 to 1,300 species 
described.
Order Pseudoscorpiones (or Pseudoscorpionida; false or book 
scorpions). Length 1-7.5 mm; carapace entire, abdominal 
somites often subdivided dorsally; chelicerae chelate, movable 
finger with spinneret; oviparous; worldwide distribution; about
2,000 species described.
Order Opiliones (harvestmen or daddy longlegs). Size 1-22 
mm; 3 to 8 opisthosomatic dorsal regions of segments (tergites) 
fused with carapace, remainder free; single pair of eyes, usually 
on median tubercle; oviparous; worldwide distribution; about 
4,500 species described.
f Order Architarbi. Fossil forms with segmented opisthosoma; 
carapace complete, with 2 to 6 eyes; chelicerae chelate; Upper 
Carboniferous of Europe, Pennsylvanian of North America.
t Order Haptopoda. Fossil forms with carapace complete; che­
licerae 3-jointed, chelate, from Upper Carboniferous, England.
t Order Anthracomarti. Fossil forms with complete carapace; 
abdomen with 10 segments; from Upper Carboniferous of Eu­
rope, Pennsylvanian of North America.
*\Order Trigonotarbi. Fossil forms with complete carapace, 
chelicerae 2-jointed, pedipalps leglike, arrangement of coxae as 
in spiders; from Devonian of Scotland, Upper Carboniferous 
of Europe, Pennsylvanian of North America.
Order Palpigradi (palpigrades). Size 0.8-2.6 mm; carapace 
subdivided into 3 parts; eyes absent; coxae movable; chelicerae 
chelate; 3-jointed pedipalps leglike; telson a many-segmented 
flagellum; no book lungs or tracheae; sporadic distribution; 
about 60 species described.
Order Uropygi (whip scorpions or vinegarroons). Size to 130 
mm; carapace complete; coxae movable, pedipalps predatory; 
Ist tarsus tactile; long, whiplike telson; order coextensive with 
1 family, Thelyphonidae; fossils nearly identical with living 
forms; known from Carboniferous of Illinois, Czechoslovakia, 
and England; widespread in tropical and subtropical regions; 
about 85 species described.
Order Schizomida (schizomids). Size 2-15 mm; prosoma with 
segmented carapace; chelicerae 2-segmented; telson short; spo­
radic distribution; about 80 species described.
t Order Kustarachnae. Fossil forms known only from Pennsyl­
vanian of North America; Sternum small, coxae radiate from it.
Order Amblypygi (tailless whip scorpions). Size 8-45 mm; 
prosoma broader than long, covered with carapace; 8 eyes; 
chelicerae not chelate; pedipalps very long, strong; Ist pair of 
legs tactile; members widespread in tropical and subtropical 
regions; about 70 species described.
Order Araneida (Araneae; spiders). Size 0.5-90 mm; carapace 
complete; chelicerae 2-jointed, with ducts of poison glands; 
pedipalps leglike in males, with special copulatory apparatus; 
opisthosoma nonsegmented, bearing spinnerets; group large 
and variable in appearance and habits; worldwide distribution; 
about 34,000 species described.
Order Solpugida (Solifugae; solpugids [wind scorpions]). Size 
10-50 mm; anterior part of 3-part prosoma swollen into head; 
chelicerae powerful; opisthosoma 10 or 11 segments; widespread 
in tropical and subtropical regions; about 900 species described.
Order Ricinulei (ricinuleids). Size 8-10 mm; carapace com­
plete, with cucullus; abdomen of 9 segments, last 3 forming 
caudal region pygidium, development with a 6-legged larval 
form; of sporadic distribution; about 33 species described. 
Subclass Acari (Acarina or Acarida; mites and ticks)
Size from 0.08 to 30 mm in some fully engorged ticks; pro­

soma and opisthosoma fused, somites not apparent; mouth- 
parts adapted to piercing, sucking, biting, grating, or sawing; 
highly variable in appearance; many parasitic and economi- 
cally important forms; worldwide distribution; about 30,000 
species described.
Order Opilioacariformes (or Opilioacarida). Body divided into 
hairy anterior portion bearing 2 to 3 pairs of simple eyes and 
nude posterior portion, with 4 pairs of Stigmata and 12 sec­
ondarily developed segments; terminal palpal apotele a pair of 
claws; terrestrial; 1 family; 12 species.
Order Parasitiformes (mites and ticks). Small to large in size; 
usually heavily sclerotized mites; 1 to 4 pairs of Stigmata on 
posterior portion of body; peritremes, or grooves, present or 
absent; palpal apotele present or absent; tarsi of first pair of 
legs with sensory organs.
Order Acariformes (mites). Weakly sclerotized with few plates; 
eyes present or absent; stigmata, when present, at or between 
bases of chelicerae or on anterior portion of body; chelicerae 
styletlike, chelate (pincerlike), or reduced; habitats from aquatic 
to terrestrial, predatory to parasitic.
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Critical appraisal. Many schemes for the Classification 
of the Arachnida have been proposed. The System used 
here recognizes the name Arachnida as that of a terrestrial 
dass of the subphylum Chelicerata. Members of this dass 
differ from those of the aquatic dass Merostomata (the 
horseshoe crabs) in the absence of gill books and com­
pound eyes, while resembling them in possession of six 
pairs of prosomatic appendages. This definition of Arach­
nida results in the exclusion of the pycnogonids from 
the dass (consequently establishing them in their own 
chelicerate dass, the Pycnogonida) and is in accord with

taxonomie practices of subdividing and separating groups 
in order to clarify relationships.

A systematization of arachnids based upon the work of P. 
Weygoldt and H.F. Paulus (1979) reflects the phylogeny of 
the group and is known as cladistic. This systematization 
is the result of a careful comparative study of structures 
of ancient origin (i.e., Segmentation) as well as the modi- 
fications occurring on more recently inherited structures. 
Thus, a well-constructed cladogram will indicate not only 
the phylogeny of the group but also its relationships to 
other forms. (M.L.Go.)

MAJOR ARACHNID ORDERS
Scorpions
Scorpions (order Scorpiones) often play the role of evil- 
doers in fables and legends; Greek respect for scorpions 
prompted the naming of the constellation Scorpio, a sign 
of the zodiac. A long, curved tail tipped with a venomous 
stinger and grasping, fingerlike first appendages are typical 
scorpion features.

GENERAL FEATURES
Size range and diversity of structure. Scorpions are rel- 

atively large arachnids, with an average size of about six 
centimetres (about 2xh  inches). Only some spiders and 
myriapods and a few insects rival the size of larger scor­
pions. Larger scorpion species are larger than almost all 
terrestrial invertebrates and 33 to 50 percent of all terres­
trial vertebrate species (e.g., frogs, lizards, rodents). Giants 
among scorpions include the black species from tropi­
cal Africa— Pandinus imperator of Guinea attains a body 
length of about 18 centimetres and a mass of 60 grams. 
The length of the smallest scorpion, the Caribbean Mi- 
crotityus fundorai, is 12 millimetres. Although many were 
of average size, a few precursors of modern scorpions were 
comparative giants; some early scorpions (Giganioscorpio 
willsi, Brontoscorpio anglicus) measured 35 centimetres to 
one metre or more; an undescribed species is estimated to 
have been 90 centimetres. Most species from deserts and 
other arid regions are yellowish or light brown in colour; 
those scorpions that are found in moist or mountain habi- 
tats, however, are brown or black.

Distribution and abundance. Modem scorpions live on 
all major landmasses except Greenland and Antarctica 
(they were accidently introduced into New Zealand and 
England). They range from Canada and central Europe to 
the tips of South America and Africa. Scorpions have radi- 
ated into all non-boreal habitats, including deserts, savan- 
nas, grasslands, and temperate, tropical, and rain forests.
The most diverse scorpion faunas occurs in temperate 

and subtropical deserts. Scorpions live at altitudes that 
range from sea level to 2,000 metres (6,000 feet) in the 
Alps, 3,000 metres in the mountains of southwestem 
North America, and 4,000 to 5,000 metres in the Andes. 
Only 14 species are reported in all of the Soviet Union, 
while more than 40 species occur in California and 62 in 
Baja California. In North America only one species occurs 
as far north as southem Canada (Paruroctonus boreus) 
and one as far south as Tierra del Fuego (Bothriurus 
burmeister). In Europe one species of scorpion is known 
as far north as southem Germany, but none is found in 
Scandinavia. Diversity at one location in the tropics ranges 
from five to seven species in Trinidad and Venezuela to 
three species in Brazil.

NATURAL HISTORY
Reproduction and life cycle. Scorpions exhibit few sex­

ual differences, although males usually are more slender 
and have longer tails than females. In order to survive on 
land, scorpions evolved mating behaviours that prevent 
eggs and spermatozoa from drying out.

The breeding season almost always occurs during the 
warm months (late spring through early fall). At this time 
males become vagrant and may travel hundreds of me­
tres to find receptive females. It appears that males find

females by localizing a pheromone that the female emits 
from the end of her metasoma. Mating in scorpions is 
preceded by a complicated and characteristic courtship; 
it is initiated by the male, who faces and grasps the fe­
male by appendages called pedipalps. The pair, directed 
by the male, moves sideways and backward in a dancelike 
motion called promenade ä deux. Many of these actions 
actually result from the efforts of the pair to find a 
smooth surface on which the male can exirude and attach 
the spermatophore by its stalk. The spermatophore bears 
spermatozoa at the tip of the stalk. His maneuvers also 
serve to bring the spermatophore near the open genital 
opercula of the female. Once the female is positioned over 
the spermatophore, physical contact with it causes sper­
matozoa to be ejected into the genital opening (gonopore) 
of the female. Males that remain near females after mating 
sometimes are killed and eaten by them.

Males can mate more than once with a certain amount 
of time between matings (probably the period necessary 
to produce a new spermatophore). Females also mate re- 
peatedly. Some females in the family Buthidae mate even 
while carrying newbom scorpions. Some female buthids 
produce multiple (two to seven) litters from a single insem- 
ination. At least two species are parthenogenetic. Scorpion 
reproduction is uncharacteristic of terrestrial arthropods.

The mother invests a great amount of time and energy 
in her offspring. Further, unlike almost all other animals 
except mammals, scorpions are viviparous, with embryos 
nourished in utero by the mother. Once fertilized, eggs 
are retained in the female’s body for periods varying from 
several months to a year before the young are bom alive. 
Birth lasts several hours to several days. Temperate species 
usually give birth in spring and summer. Tropical species, 
as a group, give birth throughout the year, although many 
restrict parturition to a few months. Litter size averages 
25, with a range of one to 105.

Each young scorpion, white in colour, is still enveloped 
in a membrane, or chorion, at birth; after freeing itself, the 
immature scorpion crawls onto the mother’s back, where 
it remains for a period ranging from one to 50 days. Dur­
ing this time the young scorpions are defenseless, receive 
water transpired through the mother’s cuticle and taken 
up through their own, and utilize food reserves in their 
bodies. Newboms then molt their soft embryonic cuticle 
for one that is fully functional when they assume indepen­
dence. This early mother-young association is obligatory 
for newboms; without it, they do not molt successfully 
and usually die. The young usually leave the mother soon 
after this first molt.
As in all arthropods, growth is accompanied by eedysis 

(molting). Scorpions molt an average of five times, with a 
range of four to nine times, before reaching maturity. The 
number in some species is variable; in others, males reach 
maturity after a different number of molts. For example, 
in some Centruroides small males mature after four molts 
and large males after five. There are no reports of molting 
occurring after reproductive maturity has been reached.

Food and feeding. Scorpions are opportunistic predators 
that eat any small animal they can capture. Common prey 
include insects, and spiders and other arachnids. Scor­
pions often prey on other scorpions. Less common, but 
regulär, prey include terrestrial isopods, snails, and small 
vertebrates (lizards, snakes, rodents). The only known
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specialist scorpion is the Australian Isometroides vescus, 
which feeds solely on burrowing spiders.

Scorpions are largely noctumal and hide during the day 
in the confines of their burrows, in natural cracks, or under 
rocks or bark. Individuals become active at the beginning 
of the night and cease activity some time before dawn.

Most scorpions are sit-and-wait predators that remain 
motionless until a suitable prey moves into an ambush 
zone. Airbome vibrations of flying prey are detected. Scor­
pions also sense Substrate vibrations of prey walking on the 
surface. These behaviours are sophisticated enough that 
scorpions can determine the precise distance and direc­
tion of their prey. Once the prey is detected, the scorpion 
Orients, runs to the prey, and seizes it. The prey is stung 
if it is relatively large, aggressive, or active; otherwise, it is 
simply held in the pedipalps while it is eaten.

Many buthids, however, actively search for prey. These 
species usually have long, slender bodies and chelae. Many 
have powerful venoms to offset their small chelae.

Scorpions lack conventional jaws, and their feeding habits 
are unusual; a pair of toothed pincerlike appendages (che­
licerae) and sharp edges of adjacent jawlike structures 
(maxillae and coxae) macerate the prey, as quantities of 
digestive fluids secreted from the small intestine pour over 
it. The victim’s soft parts are broken down, liquefied, and 
sucked into the scorpion’s stomach by a pumping action. 
The victim is gradually reduced to a ball of indigestible 
material, which is cast aside. Eating is a slow process, 
often taking many hours. (W.J.G./G.A.P0 .)

Ecology and habitats. Because scorpions fluoresce un­
der ultraviolet light, biologists can study their natural 
behaviour and ecology. Portable camping lights equipped 
with black light bulbs are used to detect scorpions at night. 
On a moonless night, scorpions can be seen at distances 
of 10 metres.

Scorpions’ habitats range from the intertidal zone to 
snow-covered mountains. Several species live in caves, 
with one species, Alacran tartarus, found at depths more 
than 800 metres below the surface.

Some species are specific in habitat and Substrate re-
From I.W. Sherman and V.G. Sherman, Invertebrates: Function and 

Form, 2nd ed. (1976), Macmillan Publishing Company, New York City 
prosoma opisthosoma

Figure 5: (A) Dorsal and (B) ventral views of a scorpion.

quirements. For example, psammophilic species exhibit a 
morphology that both adapts and restricts them to sand. 
Setae form combs on the legs that increase the surface area 
and allow them to walk on sand without sinking or losing 
traction. Lithophilic species occur only on rocks. They 
possess stout, spinelike setae that operate in conjunction 
with highly curved claws to provide the legs with a strong 
grip on rock surfaces. The longest scorpion in the world, 
Hadogenes troglodytes, in which a South African female 
averages 210 millimetres, is a lithophile that can move 
rapidly on any spatial plane, even upside down.

Other species show adaptability in habitat use. The 
European Euscorpius carpathicus occurs in caves, above 
ground, and in the intertidal zone. Scorpio maurus occurs 
from sea level in Israel to above 3,000 metres in the Atlas 
Mountains thousands of kilometres to the west.

In some habitats scorpions are one of the most successful 
and important predators in terms of density, diversity, 
population biomass, and role in community energetics 
and structure. Many species occur locally at densities up 
to one or more individuals per square metre. Vaejovis 
littoralis, an intertidal scorpion from Baja California, ex- 
hibits the highest density, two to more than 12 per square 
metre along the high-tide mark. Since adult scorpions 
commonly weigh from 0.5 to five grams, the population 
biomass of the denser species is high. In some desert areas 
the population biomass of scorpions exceeds that of all 
other animals except termites and ants.

Several factors contribute to scorpions’ success. Although 
they are morphologically conservative, scorpions are quite 
adaptable in terms of ecology, behaviour, physiology, and 
life history. They continue to thrive in extreme environ­
mental conditions. Some species can be supercooled below 
the freezing point for weeks, yet retum within hours to 
normal levels of activity. Others survive total immersion 
under water for as long as one to two days. Desert scor­
pions can withstand warm temperatures (45°-47° C), sev­
eral degrees higher than the lethal temperatures for other 
desert arthropods.

Associations. Scorpions are a valuable prey because 
many are relatively large and quite dense. Vertebrate 
predators include birds (mostly owls), lizards, a few small 
snakes, mammals (some rodents and camivores), and frogs 
and toads. Some vertebrates specialize on scorpions, at 
least seasonally. Scorpions are a major predator on other 
scorpions as well; both cannibalism and predation on 
other species is frequent. Such predation can be a major 
mortality factor and may limit the abundance and distri­
bution of some species. A few large arthropods (spiders, 
solpugids, centipedes) also eat scorpions.

Scorpions exhibit several antipredator adaptations. The 
most obvious are the stinger and venom. Venom has a 
dual function: one of its Chemical components is directed 
at arthropods (prey capture) and one at vertebrates (preda­
tor deterrence). An injection of potent neurotoxin is an 
overkill for most insects. Noctumal activity and the low 
levels of surface activity may have evolved to avoid pre­
dation (most species are active only a few hours on 20 to 
50 percent of all nights in the year).
Many predators exhibit typical behaviours that enable 

them to handle scorpions safely. Most vertebrate predators 
bite or break off the scorpion’s tail and stinger. Some ver­
tebrates and arthropods are immune to scorpion venom, 
even from those species that are lethal to humans.

The vast majority of scorpions are nonsocial, solitary 
animals that interact only at birth, courtship, or cannibal­
ism. They are often aggressive and are usually considered 
“inveterate cannibals.” A few, however, exhibit social be­
haviour. Some form overwintering aggregations with in­
dividuals of their own species, usually under bark or in 
fallen trees. A few extend the mother-offspring association 
for weeks to months or even years. In some cases (e.g., 
Pandinus imperator) offspring may remain with the family 
group even as adults, and some family groups cooperate 
in prey capture.

Specificity 
to habitat

Adapt­
ability

Anti­
predator
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FORM AND FUNCTION
General features. The anatomy of scorpions has 

changed little from the Paleozoic Era. Consequently, their
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body plan is relatively primitive. Segments and associated 
structures were lost or fused during evolution from an- 
cestral arthropods and arachnids to more highly evolved 
descendants. Scorpions have more segments (18) than 
any other arachnids and are strongly segmented in the 
design of the heart and nervous system. The possession 
of book lungs, rather than a trachea, for respiration is 
also primitive.

External features. The three major regions that form 
the body are the anterior prosoma, the medial meso- 
soma, and the posterior metasoma. The mesosoma and 
the metasoma form the opisthosoma. The prosoma has 
six segments, each with a pair of appendages. The three- 
segmented chelicerae that arise from the first segment are 
chelate (pincerlike) and serve to masticate food. The pedi­
palps originate in the second segment and terminate in 
chelate pincers (chelae). Pedipalps are used for a variety of 
purposes, including prey capture, defense, courtship, and 
burrow excavation. Four pairs of legs arise from segments 
three through six. The pedipalps and legs are composed 
of segments: (basal) coxa, trochanter, femur, patella, tibia, 
basitarsus, and tarsus. Legs end in tarsal claws used to 
grasp the surface during walking. The coxae of the pedi­
palps and the first two pairs of legs are expanded ventrally
to form a gnathobase that encloses a preeral cavity where
food is masticated, squeezed, and transferred from the 
chelicerae to the mouth. One medial and from zero to five 
lateral pairs of eyes are set into the dorsal carapace that 
covers the prosoma.

The mesosoma has seven segments: the first (pregenital) 
segment is reduced and bears the stemum; the second 
(genital) bears the ventral gonopore covered by a pair of 
small genital opercula. The unique comblike pectines arise 
from the genital segment. Four pairs of book lungs are 
on the ventral side of mesosomal segments three through 
six. The seventh mesosomal segment marks the end of 
the “body.” The mesosoma is covered dorsally by seven 
tergites and ventrally by five stemites; these plates are sep­
arated from each other and laterally by a flexible pleural 
membrane. The tail is composed of the five-segmented 
cylindrical metasoma and a posterior telson bearing the 
stinger. The anus exits at the end of the fifth metaso- 
mal segment.

The exoskeleton is composed of chitinous cuticle overlain 
by impermeable epicuticular waxes. Growth is accompa- 
nied by ecdysis. Scorpions increase in weight until the 
exoskeleton becomes too small to allow further growth and 
a new exoskeleton is secreted by the epidermis under the 
old. During this process, some materials are resorbed from 
the old cuticle. Scorpions, like other arachnids, probably 
increase blood pressure just before molting. The cuticle 
ruptures at the side and front margins of the carapace. 
The chelicerae, pedipalps, legs and body are withdrawn 
from the old cuticle over a period of 12 hours. Scorpi­
ons then probably change blood pressure to expand body 
volume temporarily while the new cuticle hardens. This 
allows room for future growth in mass. As the cuticle tans, 
it hardens, darkens, and gradually acquires the ability to 
fluoresce under ultraviolet light.

Internal features. Muscles attach to the inner cuticle. 
Scorpion muscles are striated with individual fibres inner- 
vated by several neurons. A single neuron can attach to 
several muscle fibres. The strength of muscular contrac- 
tion is a function of the rate of impulse delivery rather 
than of the number of fibres contracting (as is the case in 
vertebrates). The neuromuscular system has fast (phasic) 
neurons that produce rapid movement and slow (tonic) 
neurons that produce the prolonged contractions neces- 
sary in posture or slow movement.

The central nervous system consists of a brain and 
ventral nerve cord. The brain is composed of two large 
ganglia that surround the esophagus. The supraesophageal 
ganglion is bilobed: the protocerebrum processes optie 
information and is the origin of complex behaviours; the 
tritocerebrum mainly Controls the normal body functions. 
The subesophageal ganglion innervates the chelicerae. Lo­
comotion is controlled by both ganglia. A pair of circum- 
esophageal connectives links the two ganglia. The nerve 
cord, which runs posteriorly along the length of the ani­

mal, consists of seven ganglia connected by pairs of fibres.
Scorpions perceive the world through visual, tactile, and 

Chemical sense organs. Their eyes cannot form sharp im­
ages; however, their medial eyes are among the most sen­
sitive to light in the animal Idngdom. Evidently they can 
navigate at night using shadows cast by starlight. Lateral 
ocelli sense only changes in light intensity and are used to 
entrain circadian cycles. Light receptors occur in the tail 
in some species.

Scorpions interpret vibrations transm itted through the air 
and Substrate. Long, th in  trichobothria are deflected best 
by air vibrations originating perpendicular to  one plane. 
These hairs are situated o n  the pedipalps along different 
planes, thus allow ing scorpions to  detect the direction o f  
air m ovem ent— e.g., to  catch aerial prey, detect preda­
tors, and navigate using prevailing w inds. Tarsal slit sense  
organs are used by som e species to  detect Substrate vibra­
tions produced by prey, potential predators, and m ates. 
These thin  areas in  the cuticle  are deform ed by m echani- 
cal energy transm itted up  the leg from  the Substrate.

Chemoreceptors are located in the oral cavity (for taste) 
and the pectines. Receptors in the pectines are used by 
some species to locate some prey. Males use their pectines 
to detect pheromones produced by receptive females. 
Pectines are sexually dimorphic in that males have larger 
pectines with more and larger teeth.

Digestion by all arachnids, including scorpions, begins 
outside the mouth. The preoral cavity is supplied with 
digestive juices from the gut that semi-digest the food 
before it enters the mouth. Setae in the preoral cavity fil­
ter undigestible material such as prey exoskeleton. These 
particles are matted together and expelled. Food passes 
from the mouth to the pharynx to the esophagus to the 
midgut to the hindgut and is expelled through the anus. 
The muscular pharynx acts as a pumping organ drawing 
food into the body. Several pairs of cecal glands arise in 
the hepatopancreas and enter the midgut. These glands 
produce the amylases, proteases, and lipases used to digest 
food in the midgut and preoral cavity. Absorption occurs 
in the midgut and hindgut. The hepatopancreas is a large 
organ constituting about 20 percent of the total body 
mass, where food is stored as glycogen.
Scorpions are extremely efficiënt eating machines. They 

can increase their body weight by one-third when feeding. 
Metabolie rates and energy needs are low— 10 times lower 
than that of insects. Further, they are extremely efficiënt 
at transferring energy from prey tissue to their own. The 
ability to consume large quantities of food at one time, 
high transfer efficiency, extremely low metabolic rates, and 
an efficiënt food-storage organ combine to allow scorpions 
to live without food for up to 12 months. It is possible 
that scorpions feed from only five to 50 times a year. The 
Proportion observed feeding in nature is always low (2 
to 7 percent).

Excretion and water balance are interlinked in all terres­
trial arthropods, including scorpions. Nitrogenous wastes 
from protein metabolism are collected by two pairs of 
Malpighian tubules. They enter the gut at the hindgut- 
midgut connection. Excretory wastes are expelled through 
the anus with feces. The scorpion excretory system is one 
reason desert scorpions are so efficiënt at water Conser­
vation. Nitrogenous wastes (xanthine, guanine, and uric 
acid) are nearly insoluble to water. Feces are likewise 
extremely dry. Further, minimal water is lost through ei­
ther the spiracles or waxed integument. Some scorpions 
live indefinitely without drinking water; sufficiënt water is 
normally contained in their food or is produced intemally 
from food as water of metabolism.
The open circulatory system is typical of arthropods. The 

dorsal tubulär heart runs the length of the mesosoma. A 
pacemaker contracts the heart rhythmically. Hemolymph 
(blood) flows via the anterior aorta to the prosoma and 
from the posterior aorta to the metasoma. The anterior 
aorta branches into the cephalic and cerebral arteries and 
to smaller arteries that carry blood to each limb and to the 
nerve cord. Arteries branch further and eventually empty 
into blood sinuses. Blood sinuses are extensive and bathe 
most tissues. Most gas and material exchange occurs there. 
Blood returns via sinuses and veins into a pericardial sac
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surrounding the heart, entering the heart through seven 
pairs of slitlike ostia. Blood is a colourless fluid containing 
proteins and salts. There are no blood cells.

Book lungs consist of a cavity and internal parallel leaves 
(lamellae) of thin cuticle across which gas exchange occurs. 
A sinus surrounds the book lungs, and blood is pumped 
in and out indirectly by the heart; the cardiac pulse is 
transmitted by ligaments attached to the sinus. Ventilation 
occurs passively when individuals move.
The paired gonads are a network of tubules that su- 

perficially appear similar in both sexes. Males possess 
seminal vesicles, and large paraxial organs produce the 
spermatophore. The spermatophore is produced in two 
parts that fuse during extrusion. Sperm enters the female’s 
gonopore, and fertilization is internal. Eggs (from ovarian 
follicles within the ovariuterus) undergo two types of em­
bryologie development. Apoikogenic scorpions have ova 
with various amounts of yolk; katoikogenic scorpions have 
smaller, yolkless ova. Both are viviparous but differ in 
the amount of nutrition derived directly from the mother. 
Apoikogenic embryos primarily use yolk and receive only 
some nourishment from the mother, possibly by diffusion 
across embryonic membranes. Katoikogenic embryos are 
nourished via a specialized oral feeding apparatus that 
develops early. They use their chelicerae to grip the nipple 
of a specialized, stalked diverticulum that branches from 
the mother’s ovariuterus. This “teat” receives and trans- 
ports nutrients from the hepatopancreas to the embryo, 
which uses its pharyngeal musculature to pump nutrients 
into its body.
Venoms. About 25 species in eight genera possess po- 

Hazards tent venoms capable of killing humans. With the excep- 
to humans tion of snakes and bees, scorpions cause more deaths than 

any other nonparasitic group of animals. More than 5,000 
people are thought to die each year from scorpion stings. 
In Mexico alone, five species of Centruroides caused an 
average of 1,696 deaths per year during the 1950s.

Scorpions are major health hazards in parts of India 
(Buthotus tamulus), North Africa and the Middle East 
(Androctonus, Buthus occitanus, Buthotus minax, Leiu- 
rus quinquestriatus), South America and the West Indies 
(Tityus, Rhopolarus), and South Africa (Parahuthus). All 
these species are members of the family Buthidae. Buthids 
produce a complex neurotoxin that causes local and sys- 
temic effects. Severe convulsions, paralysis, and cardiac 
irregularities precede death. Death can be avoided if anti- 
venoms are administered (now available against most 
lethal species).

The venoms of more than 1,200 other species are not 
deadly. These species produce hemotoxins that cause mild 
to strong local effects, including edema, discoloration, and 
pain. (The sting is often far less painful than that of a bee.) 
Victims fully recover in minutes or in a matter of days.

EVOLUTION AND PALEONTOLOGY
Scorpions first appeared in the Silurian Period (430,- 
000,000 to 395,000,000 years ago). Some believe that 
they almost certainly evolved from the Eurypterida (wa­
ter scorpions). Paleozoic scorpions and eurypterids share 
several features: extemal book gills, flaplike abdominal 
appendages, large compound eyes, and similar chewing 
stmetures on the coxae of the first legs.

Like many of the modem crabs, early scorpions were 
Earliest marine or amphibious. The earliest scorpions not only ap-
scorpions parently possessed gills but also had legs adapted to a ben-

thic (bottom-dwelling) existence. The fact that many of the 
earliest scorpions were relatively large also strongly sug- 
gests that these species needed water for support. Finally, 
the earliest fossils are associated with marine organisms.

Marine and amphibious scorpions probably persisted well 
into the Carboniferous Period (345,000,000 to 280,000,- 
000 years ago). The first decidedly terrestrial scorpions 
probably appeared during the Upper Devonian or Lower 
Carboniferous periods (350,000,000 to 325,000,000 years 
ago). The evolution of enclosed book lungs in place of 
extemal book gills was the major change associated with 
the transition from water to land. Although the arrange­
ment of early scorpions into categories is uncertain, they 
radiated into several extinct families and superfamilies.

Several other terrestrial arthropods were on land before 
scorpions appeared. Fossils of other arachnids, myriapods, 
and possibly even insects occur in the Devonian Period 
(380,000,000 years ago). Thus, land was colonized repeat- 
edly by arthropods, and scorpions were probably not the 
first arthropods to establish successfully.
The presence of these fossils along with differing interpre- 

tations of embryologie and morphological data have pro­
duced a controversy over the origin of the arachnids and 
the relationship of scorpions to other arachnids. One view 
considers that scorpions are a group in the phylum Arach­
nida and may even be the ancestor of other arachnids. The 
altemate view contends that scorpions are not arachnids 
at all but modem, terrestrial merostomes: the horseshoe 
crab Limulus is the closest living relative, and the Meros- 
tomata, including scorpions, are a group distinct from the 
arachnids. Whatever their exact taxonomie relationship, it 
is clear that scorpions form a distinct group consistently 
separated by taxonomists from other arachnids.
Except for changes in locomotion and respiration ne- 

cessitated by the migration to land, the basic scorpion 
body plan is similar to that of scorpions that lived 430,- 
000,000 years ago. The earliest scorpions possessed a seg­
mented opisthosoma with the mesosoma and metasoma 
clearly differentiated, well-formed chelate pedipalps and 
chelicerae, eight walking legs, pectines, and a terminal 
stinger. This body plan was a particularly successful one; 
no great architectural revolution in extemal morphology 
accompanied the taxonomie diversification of scorpions, 
and there has not been extensive modification during radi- 
ation into different habitats. Although some species show 
ecomorphological adaptation to different Substrates, sim- 
ilarities among scorpions far overshadow morphological 
differences. (G.A.Po.)

CLASSIFICATION
Distinguishing taxonomie features. Eight extant fami­

lies and about two dozen subfamilies are identified by 
the structure of the stemum, gnathobase, legs, cheliceral 
dentation, venom gland, and number and distribution 
of lateral eyes and pedipalpal trichobothria. Embryologie 
patterns and the anatomy of the reproductive system are 
also important diagnostic traits.
Annotated Classification.

ORDER SCORPIONES (or SCORPIONIDA; scorpions)
Chelicerate arachnids with single carapace over cephalothorax; 

pair of 3-jointed chelicerae; large chelate pedipalps; 4 pairs of 
walking legs; comblike pectines; 4 pairs of book lungs; tropics 
to warm temperate zone; about 1,200-1,300 species described. 
Family Buthidae (buthids)
Oldest living family; in tropics to warm temperate zones; 

triangulär stemum; often with spine under stinger; worldwide 
distribution; about 600 species, including those most danger- 
ously venomous.
Family Scorpionidae (scorpionids)
Mostly in tropics and subtropics of Eastem Hemisphere; pen- 

tagonal stemum; single spur at base of tarsus; worldwide except 
North America; includes the largest scorpions (Pandinus and 
Hadogenes); about 175 species.
Family Diplocentridae (diplocentrids)
Warm regions of Middle East, Mexico, and the Antilles; pen- 

tagonal stemum, single tarsal spur, and tubercular spine under 
stinger; about 50 species.
Family Chactidae (chactids)
Tropical to warm temperate zones, mostly in South America; 

a few species in Australia, Mexico, and Mediterranean region; 
pentagonal stemum and 2 lateral eyes on each side; about 75 
species.
Family Vaejovidae (vejovids)
Mostly in warm temperate region of western North and South 

America, Middle East to eastem Asia; stemum with nearly 
parallel sides; 3 lateral eyes; about 125 species.
Family Bothriuridae (bothriurids)
Tropical and subtropical South America; 1 Australian genus; 

broad, inconspicuous stemum consists of 2 narrow, transverse 
plates; 3 lateral eyes on each side; about 80 species.
Family Chaerilidae (chaerilids)
Pedipalpal femur with 9 trichobothria; gnathobases expanded 

to broad lobes anteriorly; female reproductive system including 
an ovariuterus, with yolk-rich ova developing in the lumen; 
moist habitats in the Malay Peninsula; 15 species.
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Family Iuridae (iurids)
Pedipalpal femur with 3 trichobothria; female reproductive 

system including an ovariuterus, with yolk-poor ova develop- 
ing in the lumen; arid regions of the Americas and the Aegean 
region of Europe; Hadrurus the largest in the United States; 20 
species.

(W.J.G./G.A.Po.)

Acarids (mites and ticks)

Mites and ticks, close relatives of spiders, scorpions, 
and harvestmen, constitute the subclass Acari (Acarina, 
Acarida), which is part of the arthropod dass Arachnida. 
The acarids may be separated into three orders, Opilio- 
acariformes, Parasitiformes, and Acariformes, consisting 
of six suborders and about 428 families.

GENERAL FEATURES
Size range and diversity of structure. Some mites are 

0.1 millimetre in length; the largest ticks are slightly more 
than 30 millimetres. Nymphs and adults generally have 
four pairs of legs, the larvae three. Members of some fami­
lies have a dense covering of stiff hairs, or setae, while oth­
ers are almost nude. Soft-bodied mites and ticks have only 
a few hardened plates, or shields; others that are strongly 
sclerotized liave numerous hardened plates. Acarids range 
in shape from minute, soft-bodied, elongated or circular 
individuals to large, hard-bodied, spiderlike ones. Some 
are flattened; others assume grotesque body shapes as they 
become engorged with food or filled with eggs.

By courtesy of (B) G.W. Wharton, S c ie n c e ,  167: 1382 (1970); (C, bottom) 
from G.O. Evans, J.G. Sheals, and D. Macfarlane, T he  T e r re s t r ia l A c a r i  o f  th e  

B r i t is h  Is le s , vol. 1, p. 139, figure 160, Trustees of the British Museum (Natural 
History); (others) E.W. Baker and G.W. Wharton, A n  In t r o d u c t io n  to  A c a r o lo g y

suborder Prostigmata q  order Acariformes

Figure 6: D iv e rs it y  o f  A c a r i.
(A) O p ilio a c a ru s  s e g m e n ta tu s , female, dorsal view.
(B) Protonymph of the North American house-dust mite 
(D e rm a to p h a g o id e s  fa rinae ). (C, left) H o lo th y ru s  n it id is s im u s , 
male, ventral view; (C, right) D e rm a c e n to r  v a r ia b ilis , female, 
dorsal view; (C, bottom) O rn ith o n y s s u s  b a co t i, female, ventral 
view. (D, left) M y o b ia  m u scu ii, female, dorsal view; (D, centre) 
S a r c o p te s  s c a b ie i, female, dorsal view; (D, right) 
P a rh y p o ch th o n iu s  a p h id in u s , female, dorsal view.

Distribution and abundance. Mites and ticks are dis- 
tributed throughout the world in almost every conceivable 
habitat and frequently occur in large numbers. They are 
recorded as high as 5,000 metres on the slopes of Mount 
Everest and as deep as 5,200 metres in the northern Pa­
cific Ocean. More than 50 terrestrial species are known 
from the Antarctic. A few mites have been found drifting 
high in the atmosphere.

Acarids have been found in diverse habitats that include 
hot springs, caves, harsh deserts, and tundras. Although 
many of the approximately 35,000 species described are 
free-living, some are parasites of animals. The total num­
ber of species of mites and ticks has been estimated at 
more than 500,000.
Importance. The Acari are an economically important 

arachnid group; the ticks (suborder Ixodida), for example, 
surpass all other arthropods (except mosquitoes) in the 
number of diseases they transmit to humans. Many mites Carriers of 
also are intermediate hosts of diseases transmissible to hu- disease 
mans, domesticated animals, and crops. Others are pests 
as a result of their biting or feeding habits or the damage 
they cause to food and related products.

In the mite suborder Holothyrina (order Parasitiformes), 
one species of Holothyrus is known to secrete an irri­
tant substance that is toxic to fowl and humans. The 
house-mouse mite (Liponyssoides sanguineus) transmits 
rickettsialpox to humans. Widespread species such as the 
tropical fowl mite (Ornithonyssus bursä), northem fowl 
mite (O. sylviarum), and chicken mite (Dermanyssus gal- 
linae) also are pests of poultry and humans.

Eriophyid and tetranychid mites (Prostigmata), wide­
spread plant-feeding species, frequently seriously injure or 
kill the host plant; the former are the only phytophagous 
Acari known to transmit plant viruses. The mange, itch, 
or scab mites (Astigmata) occur on many different animals 
including humans. House-dust allergy is caused by species 
of Dermatophagoides, a common arthropod.

The beetle mites (Oribatida), among the most numerous 
soil arthropods, are important in the development of soil 
fertility and also act as intermediate hosts for important 
tapeworm parasites of domestic animals.

Lyme disease of humans and some animals is caused 
by a spirochete transmitted by Ixodes dammini or re­
lated species. Rocky Mountain spotted fever, a rickettsial 
disease that occurs in the United States, is transmitted 
to humans by the bite of several species of hard ticks 
(Ixodidae), especially the Rocky Mountain wood tick 
(Dermacentor andersoni) and the American dog tick (D. 
variabilis). Relapsing fever, an important bacterial disease 
throughout the world, is transmitted to humans by certain 
species of soft ticks (Argasidae) of the genus Ornithodoros.
Texas cattle fever is a widespread protozoan disease trans­
mitted by cattle ticks (Boophilus); the disease, no longer 
prevalent in the United States because the tick has been 
eliminated, remains important in many tropical and sub­
tropical countries. Various other diseases transmitted to 
animals by ticks include anaplasmosis, tularemia, Q fever,
Colorado tick fever, hemorrhagic fever, and tick-bome 
encephalitis.

The chiggers (Prostigmata), important pests of humans, 
also transmit scrub typhus (tsutsugamushi disease), a rick­
ettsial disease occurring in the Asiatic-Pacific region.

NATURAL HISTORY
Reproduction and life cycle. The sexes occur separately 

in acarids; i.e., there are both males and females. Most 
species lay eggs (oviparity), but in some parasitic ones the 
eggs hatch within the female, and the young are bom alive.
Many species also can reproduce by parthenogenesis; i.e., 
by the development of unfertilized eggs.

The actual process of sperm transfer occurs directly or 
in packets called spermatophores. The male spermato- Fertiliza- 
zoa may be introduced by the male copulatory structure tion 
(aedeagus) directly into the female genital opening or, as 
in some Astigmata, into a special female copulatory struc­
ture called a bursa copulatrix. The males of species that 
use the latter method may have special copulatory struc­
tures (e.g., suckers, spurs, or enlarged legs) for grasping 
the female. Some males produce a sealed packet contain-



Arachnids 863

ing spermatozoa (spermatophore) that is transferred to the 
female genital opening, either directly by the mouthparts 
of the male or indirectly by deposition on a surface, after 
which the female places it in her genital opening. Eggs 
begin to develop after mating and fertilization; although 
only a few eggs develop simultaneously in many acarids, 
large numbers develop at the same time in ticks and some 
mites. Eggs are deposited haphazardly on food material 
by many plant- and grain-feeding species and are hidden 
in the soil by predatory soil-inhabiting species. One preda­
tory mite, Cheyletus eruditus, broods her small cluster of 
eggs and drives other arthropods from them.
The primitive life cycle among species that lay eggs has 

four active immature stages—hexapod larva, protonymph, 
deutonymph, and tritonymph. There are many deviations 
from this primitive type of life cycle, which is found 
only in the Oribatida and some Prostigmata. The hexapod 
larva, characterized by three pairs of legs, is common to 
all families of acarids except Eriophyidae (Prostigmata), 
whose members have only two pairs of legs in all active 
stages. Among the Parasitiformes the Mesostigmata lack 
the tritonymphal stage; the Ixodida may have only one 
nymphal stage (Ixodidae) or as many as eight (Argasidae). 
Some Prostigmata (Podapolipidae) develop directly from 
egg to larviform adults; others have from one to three 
nymphal stages. Many Astigmata (order Acariformes) have 
a nonfeeding, or hypopal, stage between the protonymphal 
and tritonymphal stages; it frequently occurs during ad- 
verse environmental conditions.

Free-living Ecology. The free-living acarids include species from all
acarids of the suborders except Ixodida (ticks). The beetle mites 

(Oribatida), largely fungal feeders, are extremely numerous 
in the surface layers of soil; it is estimated that as many 
as 6,000,000 members of one species occur in an acre of 
pasture soil.

Some families of free-living mites have specialized stylet- 
like feeding organs (chelicerae), which can pierce plant 
cells and are used to suck out their contents; feeding by 
members of the family Eriophyidae (Prostigmata), for ex-

Adapted from G.S. Habricht, G. Beck, and J. L. Benach, “Lyme Disease,“ 
copyright © 1987 by Scientific American, Inc., all rights reserved

Figure 7: Life cycle of a hard tick (Ixodes dammini).
The cycle requires two years for completion. Eggs are 
deposited in the spring and larvae emerge several weeks 
later and feed once during summer, usually on the blood 
of small mammals. Larvae molt the following spring into 
eight-legged nymphs and feed once during the summer on 
mammals before molting into adults in the fall. Adults attach 
to a host, where they mate; the male dies but the female 
continues to feed until she lays her eggs and dies. The cycle 
is then repeated.

ample, causes the formation of galis, dwarfing of shoots, 
and malformation of fruits and leaves. The family Te- 
tranychidae (Prostigmata) contains the spider mites, which 
are foliage feeders; several species capable of producing 
silk spin a light web over plant leaves.
The families Acaridae and Glycyphagidae (Astigmata), 

pests of stored grain and cereal products, have blunt, 
toothed chelicerae that enable them to scrape and gouge 
their food material; certain species of these two families 
frequently increase to tremendous numbers in foodstuffs, 
causing “grocers’ itch” or “copra itch” in humans. A large 
group of free-living predatory mites lives in soil, humus, 
other organic matter, and water; these mites prey on small 
arthropods, their eggs, and other small invertebrates.

Many free-living mites utilize insects or other arthro­
pods to disperse themselves; this nonparasitic association 
is known as phoresy. Adults of the genus Dinogamasus 
(Laelapidae), for example, live in a special mite pouch on 
an abdominal segment of certain carpenter bees.

Parasitic species are known in all acarid groups except Parasitic 
Opilioacariformes, Holothyrina, and Oribatida. The ma- acarids 
jority are extemal parasites, including those most impor­
tant to humans and domesticated animals. A few species 
are internal parasites of animals. One ecological group 
contains families found only on the skin surface or feath- 
ers of the host. Psoroptidae (Astigmata), or scab mites, for 
example, attack the skin surface of mammals and feed on 
skin scales; the continuous abrasion of the skin causes a 
lesion over which a protective scab eventually forms. A 
second ecological group contains several families of mites 
that burrow into skin, hair follicles, or quills of the host 
and feed on fatty secretions, lymph material, or, occa- 
sionally, blood. The families Sarcoptidae (Astigmata) and 
Psorergatidae (Prostigmata), for example, contain species 
that burrow just beneath the skin of a mammalian host, 
causing mange or itch. A third ecological group contains 
species that pierce the skin and suck up tissue fluid or 
blood without actually invading the tissues. These species 
may spend either short or long intervals on the host.

The larvae of Trombiculidae (Prostigmata), the chiggers, 
parasitize many vertebrates and a few invertebrates, feed­
ing on host tissues; chigger nymphs and adults, however, 
are free-living and predatory. Species of Dermanyssidae, 
Macronyssidae, and many Laelapidae (Mesostigmata) feed 
on blood or tissue secretions of mammals, birds, and rep- 
tiles. Some species, which spend much of their time off 
the host and in the nest, frequently are referred to as nest 
parasites, or nidicolous species. The protonymph of one 
species of Macronyssidae, found in the mouth of a long- 
nosed bat, causes destruction of tissues; and a species of 
Spintumicidae (Mesostigmata) is found in the anal open­
ing of certain species of cave-dwelling bats. Most members 
of the tick families Argasidae and Ixodidae (Ixodida) are 
obligate blood-sucking parasites of vertebrates; most Ar­
gasidae nymphs and adults feed on the host for only a 
few minutes, but Ixodidae in most stages in the life cycle 
remain attached to the host for several days.

A few families of mites are found in additional parasitic 
associations with vertebrates. Rhinonyssidae, Entonyssi- 
dae, and Halarchnidae (Mesostigmata), for example, are 
respiratory parasites of birds, snakes, and mammals, re- 
spectively. Several families of mites have established a 
parasitic relationship with invertebrates. Larvae of Trom- 
bidiidae and Erythraeidae (Prostigmata) and other fami­
lies, for example, are parasitic on insects; in later stages 
the mites are free-living. In contrast, in the aquatic family 
Unionicolidae (Prostigmata), nymphs and adults parasitize 
mollusks and sponges, and larvae are free-living.

FORM AND FUNCTION
External features. The subclass Acari is distinguished 

by the lack of body segmentation (secondarily developed 
in a few families), a characteristic shared only with the 
spiders among the arachnids. An anterior region called Major 
the gnathosoma contains the mouth, specialized feeding body 
appendages (chelicerae), and segmented structures called regions 
palps, or pedipalps. The mouth or buccal cavity joins the 
pharynx internally; paired salivary glands may discharge 
into the mouth or in front of its opening. The chelicerae
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are basically three-segmented pincerlike appendages; as a 
result of the diverse feeding habits of some mites, how­
ever, chelicerae sometimes are modified as piercing organs 
or stylets. The pedipalps, which may be simple sensory 
structures or predatory organs modified for grasping or 
piercing, usually have five free segments—trochanter, fe- 
mur, genu, tibia, tarsus; frequently there also is a clawlike 
apotele (modified sixth distal segment of appendage).

Behind the gnathosoma is a large region (idiosoma) that 
bears the legs, the genital and anal openings, and an assort­
ment of tactile and sensory structures; respiratory pores 
(Stigmata) and sclerotized shields of various shapes and 
sizes usually are present. The functions of the idiosoma 
parallel those of the abdomen, thorax, and portions of the 
head of insects. Although nymphs and adults commonly 
have four pairs of legs, some Prostigmata (Eriophyidae, 
Podapolipidae, Tenuipalpidae) and Astigmata (Evansacari- 
dae, Teinocoptidae) have one to three pairs. Legs have the 
same basic Segmentation as pedipalps plus a basal coxa; 
fusion or division of segments frequently occurs. The 
tarsus may be terminated either by several sensory hairs 
(setae) or by a clawlike or suckerlike apotele. The legs, 
which frequently bear ridges and spurs, always have tactile 
and sensory setae that follow a fixed pattern in position 
and number; the arrangement of leg setae is helpful in 
establishing systematic relationships. The first pair of legs 
usually functions in locomotion but sometimes is modi­
fied as a sensory or predatory structure.

The genital opening, usually located on the underside 
between the legs, frequently is protected by one or more 
shields or flaps and has two or three pairs of disks; in 
some Prostigmata (Cloacaridae, Demodicidae, Myobiidae, 
Ophioptidae, Podapolipidae), however, the male genitalia 
(aedeagus) is located on the dorsal side. The anal opening, 
also generally on the underside, is surrounded by a shield 
in the Mesostigmata and is always closed by a pair of 
valves; in some Prostigmata (Penthaleidae) and Astigmata 
(Chirorhynchobiidae, Knemidocoptidae) the anal opening 
is located on the dorsal side. As in all arthropods, the 
cuticle of acarids is secreted by an outer cell layer called 
the epidermis, which contains numerous pore canals. The 
cuticle of many acarids absorbs water from the air, en- 
abling them to avoid desiccation.

There are many different types of sensory receptors, most 
of which are setal. The setae, of many shapes and sizes, 
may be hollow chemoreceptors or solid, tactile structures. 
Other specialized setae, known as trichobothria, pseudo- 
stigmatic organs, eupathidia, or famuli, occur only in the 
Acariformes. A sensory pit called Haller’s organ contains 
sensory setae and is found on the tarsal segment of the 
first pair of legs of all ticks (Ixodida). One to three pairs 
of eyes are present on the anterior of the idiosoma in 
Opilioacariformes, a few Astigmata, and many Ixodida 
and Prostigmata. A single median eye also may be present 
in some Prostigmata.

Internal features* The digestive system consists of an 
anterior muscular pharynx, long narrow esophagus, ven- 
triculus (stomach), short intestine, hindgut, and posterior 
rectal cavity. The ventriculus may have several paired 
gastric cecae (blind sacs), which function partly as food- 
storage organs and enable some acarids to go for long peri- 
ods without feeding. One or two pairs of excretory organs 
(Malpighian tubules), which may open into the hindgut, 
absorb waste material from the body cavity and transform 
it into an organic compound called guanine, which passes 
into the hindgut, is mixed with other residues, and even­
tually is excreted from the anal orifice. Some Ixodida and 
Prostigmata have no connection between the ventriculus 
and hindgut, and the latter serves as an excretory organ.

The idiosomal body cavity contains various organ Sys­
tems bathed in blood, or hemolymph. Circulation of blood 
carrying the products of digestion and excretion may be by 
the movement of muscles or by a heart, which is present in 
some suborders. The blood of some soft ticks (Argasidae) 
differs from that of other acarids biochemically, although 
similar morphologically.

One to four pairs of stigmata are present in the idio­
somal region of all acarid orders except Astigmata and 
some Prostigmata and Oribatida, which respire through

Figure 8: Internal features of a mite.
(Top) Dorsal internal aspect. (Bottom) Midsagittal section 
through the anterior region.
From G.W. Krantz, A  M a n u a l o f  A c a r o lo g y ,  2nd ed.

the cuticle or have other types of respiratory organs. The 
stigmata open internally into a system of tubes (tracheae) 
that radiates throughout the body. Tracheae function in 
the exchange of oxygen and carbon dioxide and help to 
control water loss in certain species.
A well-developed central nervous System surrounds the 

esophagus in the idiosoma. A series of nerves radiating 
from one part of the brain innervates the legs, digestive 
system, musculature, and genitalia. The mouthparts are 
innervated by another part of the brain.
The male and female reproductive Systems vary in struc­

ture and position. The gonads may be paired (primitive 
condition), united, or multiple (testes in some Prostig­
mata). There usually are accessory glands associated with 
the reproductive Systems, especially in males.

Pheromones of four types (alarm, assembly, attachment, 
and sex) have been reported in acarids, with those of ticks 
(Ixodida) best known.

CLASSIFICATION

Distinguishing taxonomie features. Features that distin- 
guish the orders and suborders of Acari include the pres­
ence or absence of stigmata—if present, the type, relative 
Position, and structures associated with the Stigmata are 
important—the position and form of the palpal apotele 
(modified distal segment of palpus) when present, the type 
and location of sensory organs, the type of mouthparts, 
and the presence or absence of eyes.

A nnotated  C lassification . The ordinal Classification pre- 
sented here is after Donald E. Johnston in Sybil P. Parker 
(1982). The process of evolution in mites and ticks has 
resulted in a degree of specialization and morphological 
diversity not found in any other group of arachnids. 
Acarids, believed to be derived from two lines of descent, 
have a long, though meagre, fossil history dating from the 
Devonian Period (about 395,000,000 years ago).
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SUBCLASS ACARI (ACARINA, ACARIDA; mites and ticks)
Arachnids usually without visible Segmentation; mostly minute 

in size; larvae usually with 3 pairs of legs, adults usually with 4 
pairs; diverse habitats include plants, soil, animals, stored foods, 
fresh and marine water; parasitic forms may transmit diseases; 
worldwide distribution; about 35,000 described species.
Order Opilioacariformes (mites)
Weakly sclerotized mites superficially resembling members of 

arachnid subclass Opiliones; 1-2.5 mm in size; body divided 
into hairy anterior portion bearing 2 or 3 pairs of simple eyes 
and nude posterior portion with over 200 pores, 4 pairs of stig­
mata, and 12 secondarily developed segments; terminal palpal 
apotele a pair of claws; rutellae (hypertrophied setae) present; 
all coxae of legs movable; first 2 pairs of legs with 6 segments, 
last 2 with divided trochanter, 7 segments; tritostemum paired 
base divided; terrestrial, under stones and other debris in 
semiarid habitats; recorded from southwestem United States, 
Puerto Rico, South America, Central Asia, Africa, and the 
Mediterranean region; camivorous and possibly omnivorous; 
of no economie importance; 1 family and about 12 species. 
Order Parasitiformes (mites and ticks)
Small to large in size; usually heavily sclerotized mites; 1 to 

4 pairs of stigmata on posterior portion of body; peritremes, 
or grooves, present or absent; palpal apotele present or absent; 
tarsi of Ist pair of legs with sensory organs.
Suborder Mesostigmata
Generally with a number of sclerotized plates; 0.2-2 mm in 

size; eyes absent; pair of stigmata between coxae of 2nd, 3rd, or 
4th pair of legs; usually associated with elongated peritremes; 
palpal apotele present; tritostemum usually well developed but 
reduced to absent in some parasitic families; majority free- 
living in soil or decaying organic matter; many parasites of 
vertebrates (except amphibians and fishes) and invertebrates; 
some economically important; cosmopolitan; about 76 families, 
and 5,050 species.
Suborder Holothyrina
Heavily sclerotized; 2-7 mm in size; eyes absent; pair of coxal 

glands opening at base of coxae of Ist pair of legs; pair of 
stigmata behind coxae of 3rd and 4th pair of legs, peritremes 
present; palpal apotele present; tritostemum absent; terrestrial, 
under stones and decaying Vegetation; recorded from Indo- 
Pacific region, southeastem United States; camivorous; of mi­
nor economie importance; 3 families and about 13 species.
Suborder Ixodida (ticks)
Largest Acari; adults 2-30 mm in size, eyes present or absent; 

pair of lateral stigmata enclosed in stigmatal plate (modified 
peritreme) anterior or behind coxae of 4th pair of legs; palpal 
apotele and tritostemum absent; sensory organ on tarsus of Ist 
pair of legs a pit (Haller’s organ); mouthparts modified to form 
hypostome (holdfast organ) with teeth tumed backward; active 
stages mostly extemal parasites (some nonfeeders), feeding pri­
marily on blood of vertebrates (except fishes); many members 
economically important as disease carriers; cosmopolitan; 3 
families and about 825 species.
Order Acariformes (mites)
Small to large in size; generally weakly sclerotized mites (ex­

cept most Oribatida); palpal apotele and posterior body stig­
mata absent; anterior portion of body with or without sensory 
organs that are specialized setae.
Suborder Prostigmata
Most heterogeneous order includes chiggers; 0.1-16 mm in 

size; weakly sclerotized with few plates; eyes present or ab­
sent; stigmata, when present, at or between bases of chelicerae 
or on anterior portion of body; chelicerae styletlike, chelate 
(pincerlike), or reduced; diverse in habitat and habits—terres­
trial, aquatic, marine, parasitic, predatory, phytophagous; many 
species economically important; cosmopolitan; about 135 fam­
ilies and 14,100 species.
Suborder Oribatida (oribatid or beetle mites)
Usually strongly sclerotized and slow moving, 0.2-1.5 mm 

in size; eyes and stigmata absent; pseudostigmata generally 
present, palps without claws, 3-5 segments; chelicerae usually 
chelate; rutella present; tarsi with 1-3 claws; ventrally with 
various shields; majority terrestrial in forest humus and soil, a 
few aquatic; feed on algae, fungi, or decaying material; of some 
economie importance; cosmopolitan; about 145 families and 
8,500 species.
Suborder Astigmata
Homogeneous group includes mange, itch, or scab mites; 

weakly sclerotized and slow moving; 0.2-1.5 mm in size; eyes 
rarely present, stigmata absent; palps single segmented (some­
times with 2 false segments); chelicerae chelate; true claws 
absent; rodlike sensory setae on tarsus of Ist pair of legs; wide 
range of terrestrial habitats; parasitic, predatory, or feed on

decaying material; some species economically important; cos­
mopolitan; about 65 families and 6,500 species.

Crltical appraisal. Acarologists are not in total agree- 
ment as to the Classification of mites and ticks. Much of 
the disagreement concerns the levels at which taxonomie 
divisions should be made and the use of ordinal names; 
consequently, seemingly different classifications are actu- 
ally more alike than they may initially appear to be. 
Knowledge of Acari systematics is so incomplete that any 
Classification proposed below the ordinal level is difficult 
and may quickly become obsolete.

Three major classifications, including that used above, 
have been proposed since 1978 for the mites and ticks. 
The suborders listed above are treated as orders in other 
classifications, with the choice of ordinal names differing 
in some cases. (N.A.W.)

Spiders (order Araneida) are common terrestrial members 
of the invertebrate arthropod dass Arachnida. They dif- 
fer from the insects, another arthropod group, in having 
eight legs rather than six and in having the body divided 
into two parts rather than three. The use of silk is highly 
developed among spiders. About 34,000 species of spiders 
have been described; the world’s spider fauna outside of 
northem Europe, Japan, and North America, however, 
has not been thoroughly collected and studied.

Spiders are predators, feeding almost entirely on other 
arthropods, especially insects. Many spiders that are active 
hunters and overpower their prey have a well-developed 
sense of touch or sight. Others construct silk snares, or 
webs, to capture prey, sometimes in larger numbers than 
can be consumed; webs, constructed instinctively, effec- 
tively trap flying insects. Many spiders are able to inject 
venom into their prey to kill it; others use silk to over­
power prey.

GENERAL FEATURES
Size range. Spiders range in body length from 0.5 to 

about 90 millimetres (0.02-3.5 inches). The largest spiders, 
hairy mygalomorphs (tarantulas), are found in warm cli- 
mates and are most abundant in the Americas; the largest, 
Theraphosa leblondi, is found in Guyana. The smallest 
spiders belong to several families found in the tropics, and 
information about them became known only in the 1980s.

Distribution. Spiders are found on all continents except 
Antarctica (though spider fragments have been reported 
there) and at elevations as high as 5,000 metres (16,400 
feet) in the Himalayan ranges. Many more species occur 
in the tropics than in temperate regions. Though most 
spiders are terrestrial, one Eurasian species is aquatic and 
lives in slow-moving fresh water; a few species live along 
shores or on the surface of fresh water or saltwater.

Small spiders and the young of many larger species se­
crete long silk Strands that catch the wind and can carry 
the spiders great distances. This ballooning behaviour oc­
curs in many families and expedites distribution. Balloon­
ing spiders drift through the air at heights that range from 
three metres or less to more than 800 metres.

Importance. Spiders are predators and because of their 
abundance are the most important predators of insects.
The impact of spider predation is difficult to assess. One 
reason for this is that the web of a spider may catch many 
more insects than the spider can use as food. Spiders have Pest 
been used to control insects in apple orchards in Israel control 
and rice fields in China. Spiders also have been observed 
feeding on insects in South American rice fields and in 
fields of various North American crops. Modem pest 
management uses insecticides that do the least damage to 
natural predators of insect pests.
Some spiders attract their insect prey by secreting sub­

stances that mimic the odour attractants (pheromones) of 
female insects. A male moth in search of a female, for ex­
ample, is attracted to the spider and is caught by a sticky 
globule on a silk line thrown by the spider. If synthesized 
commercially, the odoriferous substances might have im­
portance in pest control.

Spiders
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A few spiders are toxic to humans. The venom of the 
black widow spider and others of the Latrodectus genus 
acts as a painful nerve poison. The bite of the brown 
recluse and others of the Loxosceles genus may cause 
localized tissue death. Other venomous spiders include 
the mygalomorph funnel weaver (Atrax) of southeastern 
Australia and some members of the family Theraphosidae 
(tarantulas) of Africa and South America. In North Amer­
ica Cheiracanthium mildei, a small, pale, clubionid spider 
introduced from the Mediterranean, enters houses in late 
fall and is responsible for some bites; rarely, the site of the 
bite becomes necrotic. Some American theraphosids, or 
tarantulas, throw off abdominal hairs as a defense against 
predators. The hairs have tiny barbs that penetrate skin 
and mucous membranes and may cause temporary itching 
and allergie reactions.

N ATURAL HISTORY

Reproduction and life cycle. Courtship. In male spiders 
the second pair of appendages (pedipalps) is modified to 
form a complex structure for holding sperm; the enlarged 
tips of the pedipalps form copulatory organs. When the 
time for mating approaches, the male constructs a special 
web, called the sperm web. The silk comes from silk 
glands and eiiierges from the spinnerets; epigastne silk 
glands also supply silk, which emerges from spigots in the 
epigastric area (between the book lungs). A drop of fluid 
containing sperm is deposited onto the sperm web through 
an opening (the gonopore) located on the underside of the 
abdomen. The male draws the sperm into his pedipalps; 
the process of charging the pedipalps, known as sperm 
induction, may require minutes or hours for completion. 
Sperm induction may occur before a male seeks a mate or 
after the mate is found; if more than one mating occurs, 
the male charges his pedipalps between copulations.

The way in which a male finds a female varies among 
species. The males of many species wander more exten- 
sively than the females, and males of the relatively seden- 
tary web weavers generally have longer legs than females. 
i he wandenüg males of some species follow silk thrcads; 
some may recognize both the threads produced by a 
female of his own species and the female’s condition— 
i.e., whether she is mature and receptive. Pheromones are 
involved. Other species (e.g., jumping spiders) also use 
visual senses to recognize mates.

Males in a few species locate a female and then uncere- 
moniously run to her and mate. In most species, however, 
elaborate courtship patterns have evolved, probably to 
protect the male from being mistaken for prey. The male 
web spider courts by rhythmically plucking the threads of 
a web; after the female approaches, he pats and strokes 
her before mating. When male wolf spiders or jumping 
spiders see a female, they wave the pedipalps, conveying a 
visual message characteristic of the species; an appropriate 
response from a female encourages the approach of the 
male. Some male wolf spiders tap dry leaves, perhaps to 
attract a female; an aggregation of tapping males produces 
sound that can be heard some distance away. A crab 
spider male quickly and expertly wraps his intended mate 
with silk. Although the female is able to escape, she does 
not do so until mating is completed. After the male of the 
European nursery web spider locates a suitable mate, he 
captures a fly, wraps it in silk, and presents it to the fe­
male; while the female is occupied with eating the fly, the 
male mates with her. If no fly is available, the male may 
wrap a pebble. Some male spiders use specialized jaws or 
legs to immobilize the jaws of the female during mating.
Mating. After a male has successfully approached a fe­

male and mounted her, in most groups he inserts his left 
pedipalp into the left opening of her genital structure and 
the right pedipalp into her right opening.

The female genital structure, or epigynum (epigyne), is a 
hardened plate on the underside of the abdomen anterior 
to the gonopore. After the sperm are transferred into the 
epigynum, they move into receptacles (spermathecae) that 
connect to the oviducts; eggs are fertilized as they pass 
through the oviducts and out through the gonopore. In 
some primitive spiders (e.g., haplogynes, mygalomorphs) 
and some Tetragnathidae lacking an epigynum, the male

inserts both pedipalps simultaneously into the female’s 
genital slit, the left pedipalp on her right side and the right 
pedipalp on her left side.

The force that causes the injection of sperm from the 
pedipalp of the male into the receptacle of the female 
has not been established with certainty but may involve 
blood pressure. Increases in blood pressure expand a soft 
vascular tissue (hematodocha) between the hard plates of 
pedipalps, causing a bulbous structure containing a duct 
to twist and to hook into the epigynum of the female.

Mating may require seconds in some species, hours in 
others. Some males recharge their pedipalps and mate 
again with the same female. After mating, the males of 
some species smear secretion over the epigynum; called 
an epigynal plug, the secretion prevents the female from 
mating a second time. Male spiders usually die soon after, 
or even during, the mating process. The female of one 
European orb weaver species bites into the abdomen of 
the male and holds on during mating. Although some 
females eat the male after mating, the practice is not com­
mon. The male of the black widow, Latrodectus mactans, 
for example, usually dies days after mating; occasionally 
he is so weak after mating that he is captured and eaten 
by the female.

Females of some species mate only once; others accept 
several males, one after another. The long-lived females of 
mygalomorph spiders must mate repeatedly because they 
shed their skins once or twice a year, including the lining 
of the sperm receptacles.
Eggs and egg sacs. Female spiders produce either one 

egg sac containing several to a thousand eggs or several 
egg sacs with successively fewer eggs. Females of some 
species die after producing the last egg sac or after the 
young have been taken care of; these females live one or, 
at most, two years. On the other hand, the females of the 
mygalomorph spiders may live up to 25 years, and those 
of the primitive haplogyne spiders, 10.

National Audubon Society Collection/Photo Researchers, 
(top) Robert C. Hermes, (bottom) Cesco Clapanna

Figure 9: Eggs of spiders are enclosed in silk sacs.
(Top) Female wolf spider with her portable egg sac attached 
to spinnerets; (bottom) cave orb weaver (Meta menardii) with 
egg sac suspended from ceiling.

Epigynal
plug
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The protective egg sac surrounding the eggs of most Spi­
ders is made of silk. Although a few spiders tie their eggs 
together with several Strands of silk, most construct elabo- 
rate sacs of numerous layers of thick silk; the colour of the 
silk may vary. Eggs, which often have the appearance of a 
drop of fluid, first are deposited on silk and then wrapped 
in silk and covered, so that the finished egg sac is spherical 
or disk-shaped. The females of many species place the egg 
sac on a stalk, attach it to a stone, or cover it with smooth 
silk before abandoning it. Other females guard the egg sac 
or carry it either in their jaws or attached to the spinnerets. 
If a female loses an egg sac, she makes searching move- 
ments and may pick up a pebble or a piece of paper and 
attach it to the spinnerets. The European cobweb spider, 
Achaearanea saxatile, lowers its egg sac from a protective 
thimble-shaped structure or pulls it inside, depending on 
the temperature. Female wolf spiders carry their egg sacs 
attached to the spinnerets and instinctively bite the egg 
sac to permit the young to emerge after a certain length 
of time has elapsed.
Maturation. After hatching, young wolf spiderlings, 

usually numbering from 20 to 100, climb onto the back 
of their mother and remain there about 10 days before 
dispersing. If they fall off, they climb back up again, seek- 
ing contact with bristlelike structures (setae) or something 
similar in texture. Some female spiders feed their young; 
the female of one European species dies at the time the 
young are ready to feed, and they eat her carcass. When 
food has been sufflciently liquefied by females of other 
species (in spiders, digestion occurs outside the mouth), 
the young also feed on their mother’s prey. The mother 
of one web spider species plucks threads of the web to 
call her young, both to food sources and to warn them of 
danger. The young of many species are independent when 
they emerge from the egg sac.

Young spiderlings, except for size and undeveloped re­
productive organs, resemble adults. They shed their skins 
(molt) as they increase in size. The number of molts 
varies among species, within a species, and also among 
related young of the same sex. Males have fewer molts 
than females and mature earlier; females may molt six 
to 12 times, males two to eight. Males of some species 
may emerge mature from the egg sac, one or two molts 
having occurred before emergence. Some spiders mature 
a few weeks after hatching, but many overwinter in an 
immature stage. Mygalomorph spiders require three to 
four years (some authorities claim nine years) to become 
sexually mature in warm climates.

Before molting, many spiderlings hang by the claws 
in some inconspicuous place; mygalomorph spiders turn 
on their side or back. The carapace surrounding the 
cephalothorax breaks below the eyes or the opposite end, 
and the spider laboriously extracts its legs from their cas- 
ings as the old abdominal cuticle (skin) shrinks. The cast- 
off cuticle, or exuviae, remains hanging, and the newly 
emerged spider dangles on a thread, helplessly soft. Molt­

ing is hazardous for spiderlings: they may dry out before 
emerging from the old cuticle or fall victim to a predator 
while defenseless. Even a small injury during a molting 
period usually is fatal. Emergence from the exuviae is 
accompanied by wide fluctuations of blood pressure; these 
raise and lower the setae and gradually force the legs free. 
The first break around the carapace edge also is caused by 
increased blood pressure. Growth and molting are believed 
to be under the control of hormones; some spiderlings fail 
to molt, others undergo delayed molts, perhaps because of 
faulty hormone balance, and may die. Many spiderlings 
eventually disperse by ballooning, usually in the fall.

Feeding behaviour. Stalking prey. Most hunting spi­
ders locate prey by searching randomly or by responding 
to vibrations; wolf spiders and jumping spiders have keen 
eyesight. The latter stalk their prey within five to 10 cen­
timetres (two to four inches), then pounce when it moves. 
Many crab spiders wait for prey on flowers similar in 
colour to their own; they use their legs to grasp an unsus- 
pecting insect and then give it a lethal bite.

Unique among the hunters are the spitting spiders (fam­
ily Scytodidae). When these spiders encounter an insect, 
they touch it, back off, and shoot a zigzag stream of sticky 
material over it. The sticky material, produced by mod­
ified venom glands in the cephalothorax, emerges from 
pores near the tips of the fangs, which are located on the 
chelicerae; as the victim struggles, the spider approaches 
cautiously and bites the entangled insect.

Trapping prey. Spiders that use silk to capture prey uti- 
lize various techniques. Ground-dwelling trap-door spiders 
construct silk-lined tubes, sometimes with silk trapdoors, 
from which they dart out to capture passing insects. Other 
tube-dwelling spiders place silk trip threads around the 
mouth of the tube and trip insects; vibrations of the threads 
inform the spider of a victim’s presence. Funnel-weaving 
spiders live in silk tubes with a narrow end that extends 
into Vegetation or into a crevice and an expanded sheetlike 
end that vibrates when an insect walks across it. Many 
web spiders construct silk sheets in Vegetation, sometimes 
one above the other, and often add anchor threads, which 
trip unsuspecting insects. The irregulär three-dimensional 
web of cobweb spiders (Theridiidae) has anchoring threads 
of sticky silk. An insect caught in the web or touching an 
anchor line becomes entangled, increasingly so if it strug­
gles; if a thread breaks, the force of elasticity in it pulls the 
insect toward the centre of the web.

The most elaborate webs (orb webs), which are conspic- 
uous on momings with dew, are constructed by several 
spider families, suggesting that they are efficiënt traps, 
covering the largest area with the least possible silk. The 
web acts as an air filter, trapping weak-flying insects that 
cannot see the fine silk. The orb web is usually rebuilt 
every day. The web may be up only during the day or 
only at night. A web is damaged during capture of prey, 
and most spiders construct new web-parts frequently. The 
ways by which spiders keep from becoming entangled in

Figure 10: Web building involves (left) drawing out silk from spinnerets, as is shown for the 
golden argiope, with silk coming from the posterior part of the spider (the animal is on its 
back) and (right) weaving Strands into geometrie traps like the orb of the silver argiope spider.
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their own webs are not completely understood nor is their 
mechanism for cutting the extremely elastic silk threads 
used in web construction.

To begin orb web construction the spider releases a silk 
thread that is carried by wind. If the free end does not 
become attached to an object, the spider may pull it back 
and feed on it; if it becomes firmly attached—for exam­
ple, to a twig—the spider secures the thread and crosses 
the newly formed bridge, reinforcing it with additional 
threads. The spider then descends from the centre of the 
bridge, securing a thread on the ground or on a twig. The 
centre, or hub, of the web is established when the spider 
returns to the bridge with a thread, carrying it part way 
across the bridge before securing it; this thread is the first 
radius, or spoke. After all of the spokes are in place, the 
spider returns to the hub and constructs a few temporary 
spirals of dry silk toward the outside of the web. The 
spider then reverses direction, deposits ensnaring silk, and 
removes the spiral. The ensnaring threads form a dense 
spiral. Some species attach a signal thread from the hub 
to a retreat in a leaf so that they are informed (by vi­
brations) of trapped insects; others remain head down in 
the centre of the web, locating prey by sensing tensions 
or vibrations in individual spokes. To build radii and orb 
takes only about an hour. Webs of the family Ulobori- 
dae have a woolly (cribellate) ensnaring silk; those of the 
families Araneidae and Tetragnathidae have spirals con- 
structed of a sticky material that dries after several days 
and must be rebuilt.

/fapping Spiders usually cover a captured insect in silk and turn 
ie prey it efficiently, as on a spit, before biting it and carrying it 

either to a retreat or to the hub of the web for feeding or 
storage. Although the scales on butterfly and moth wings 
facilitate their escape from the web, spiders have evolved 
a counterstrategy: they bite the moths before wrapping 
them, rather than afterward.

The webs of uloborid spiders of the genus Hyptiotes 
consist of only three sections of the orb web. The spider, 
attached by a thread to Vegetation, holds one thread from 
the tip of the hub until an insect brushes the web; then 
the spider alternately relaxes and tightens the thread, and 
the struggling victim becomes completely entangled. Tiny 
theridiosomatid spiders also control web tension. Ogre- 
faced spiders of the family Deinopidae build small flat 
webs during the evening hours and then cut the attach- 
ments and spread the web among their four long anterior 
legs. During the night the web is thrown over a passing in­
sect. The spider abandons or eats the web in the moming 
and passes the day resting on a branch before constructing 
a new web. The bolas spider, Mastophora, releases a single 
thread with a sticky droplet at the end (bolas) and holds 
it with one leg; some species swing the bolas, and oth­
ers throw it when a moth approaches. Only male moths 
are attracted to the spider by emanations of odours that 
mimic those of female moths. Many other examples of 
web specializations have been described. 

kommunal Some tropical species of spiders are social and live in 
Diders large communal webs containing hundreds of individuals, 

most of them female. They cooperate to build and repair 
the web. A pack of spiders overpowers and kills insects 
that have been caught in the communal web. Feeding 
is communal.

FORM AND FUNCTION
Extemal features. The bodies of spiders, like those of 

other arachnids, are divided into two parts, the cephalotho­
rax (prosoma) and the abdomen (opisthosoma). The legs 
are attached to the cephalothorax, which contains the 
stomach and brain. The top of the cephalothorax is cov­
ered by a protective structure, the carapace; the underside 
is covered by a structure called the Sternum, which has an 
anterior projection, the labium. The abdomen contains the 
gut, the heart, the reproductive organs, and the silk glands. 
Spiders (except the primitive suborder Mesothelae) differ 
from other arachnids in lacking external Segmentation of 
the abdomen and in having the abdomen attached to the 
cephalothorax by a narrow stalk, the pedicel. The gut, the 
nerve cord, the blood vessels, and sometimes the respira­
tory tubules (tracheae) pass through the narrow pedicel,

cephalothorax 

head thoracic

Figure 11: (Top) External and (bottom) internal Organization of 
a spider.
(Top) After P.A. Meglitsch, I n v e r te b ra te  Z o o lo g y ,  copyright © 1967 by Oxford 
University Press, Inc., reprinted by permission; (bottom) from G e n e r a l Z o o lo g y  by T.l. Störer 
and R.L. Usinger, copyright © 1957 by the McGraw-Hill Book Company, Inc., 
used with the permission of McGraw-Hill Book Company

which allows the body movements necessary for efficiënt 
use of the spinnerets during web construction. Among 
arachnids other than spiders, the tailless whip scorpions 
(order Amblypygi) have a pedicel but lack spinnerets. Spi­
ders, like other arthropods, have an outer skeleton; inside 
the cephalothorax is the endosternite, to which some jaw 
and leg muscles are attached.

Spiders have six pairs of appendages. The first pair, the 
jaws, or chelicerae, have a fang containing the opening of 
a poison gland near the tip. The chelicerae move forward 
and down in the orthognathans (mygalomorph spiders), 
sideways and together in the labidognathans (araneomorph 
spiders). The venom ducts pass through the chelicerae, 
which sometimes also contain the venom glands. The 
second pair of appendages, the pedipalps, are modified in 
the males of all adult spiders to carry sperm (see above 
Reproduction and life cycle). In females and immature 
males, however, the leglike pedipalps are used to handle 
food and also function as sense organs. The pedipalpal 
proximal segment (coxa) attached to the cephalothorax 
usually is modified to form a structure (endite) that is 
used in feeding.
The pedipalps are followed by four pairs of walking legs. 

Each leg consists of eight segments—the coxa, attached 
to the cephalothorax; a small trochanter; a long, strong 
femur; a short patella; a long tibia; a metatarsus; a tarsus, 
which may be subdivided in some species; and a small 
pretarsus, which bears two claws in running spiders and an 
additional median claw in web-building ones. The young 
of two-clawed running spiders often have three claws. The 
legs, covered by setae, contain several types of sense organs 
and may have accessory claws. A few species use the first 
pair of legs as feelers. Spiders can amputate their own legs 
(autotomy); new but shorter legs appear at the next molt.

Internal features. Nervous system and sense organs. 
The nervous system, unlike that of other arachnids, is 
completely concentrated in the cephalothorax. The masses 
of nervous tissue (ganglia) are fused with a ganglion 
found under the esophagus and below and behind the 
brain (subesophageal ganglion). The shape of the brain, 
or epipharyngeal ganglion, somewhat reflects the habits of 
the spider; i.e., in the web weavers, which are sensitive
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to touch, the posterior part of the brain is larger than in 
spiders that hunt with vision.

Eyes The simple eyes of spiders, which number eight or less,
consist of two groups, the main or direct eyes (called the 
anterior medians) and the secondary eyes, which include 
anterior laterals, posterior laterals, and posterior medians. 
The rhabdoms, which receive light rays, face the lenses 
in the main eyes; in the other eyes the rhabdoms turn 
inward. Both the structure of the secondary eyes and eye 
arrangement are characteristic for each family.

Other sense organs are long fine hairs (trichobothria) on 
the legs, which are sensitive to air currents and vibrations. 
Slit sense organs are minute slits, or several parallel slits, 
located either near the leg articulations (or hinges) or scat- 
tered over the body. The slit is closed toward the outside 
by a thin membrane and on the other side by a delicate 
membrane that may be penetrated by a nerve. Slit sense 
organs are sensitive to stresses on the cuticle; others act as 
Vibration receptors or hearing organs. Intemal receptors 
(proprioceptors) provide information about body move­
ment and position. Olfactory organs of spiders are special­
ized hollow hairs found at the tips of pedipalps and legs.
Digestion and excretion. The mouth leads into a nar­

row passage, the pharynx, which leads to a stomach. The 
midgut has a variable number (usually four pairs) of blind

Ceca extensions, or ceca, that extend into the coxae. Additional
ceca and a branched digestive gland are located at the 
front of the abdomen. At the end of the gut a cecum (ster- 
coral pocket, or cloaca) connects with the hindgut before 
opening through the anus.
Food is digested outside the mouth (preorally). Some 

spiders chew their prey as they cover it with enzymes 
secreted by the digestive tract; others bite the prey and 
pump digestive enzymes into it before sucking up the 
nutriënt liquid.

The excretory system includes large cells in the prosoma 
that concentrate nitrogen-containing wastes (nephrocytes); 
a pigment-storing layer (hypodermis); the ends of the 
abdominal gut ceca, which are filled with a white excre­
tory pigment (guanine); coxal glands; and tubular glands 
(Malpighian tubules) in the abdomen. The excretory Com­
pounds include various nitrogen-containing compounds— 
e.g., guanine, adenine, hypoxanthine, and uric acid. Silk 
may have evolved from an excretory product.
Respiration. The respiratory system, located in the ab­

domen, consists of book lungs and tracheae. Book lungs 
are paired respiratory organs composed of 10 to 80 hol­
low leaves that hang into a blood sinus, are separated by 
small hardened columns, and open into chambers (atria), 
which open to the outside through one or several slits 
(spiracles). Book lungs frequently transform into tracheae, 
which are tubes that conduct air to various tissues. The 
two respiratory organs at the very front end of the ab­
domen usually are book lungs; the posterior two are tra­
cheae; in some groups, however, both pairs are book lungs 
(orthognathans—mygalomorph spiders) or tracheae (some 
minute araneomorph spiders). Because book lung covers, 
which are hardened plates, may be present in species in 
which the book lungs have transformed into tracheae, it is 
impossible to determine from surface structure whether a 
spider has lungs, tracheae, or both.

Circulation. The circulatory system is best developed in 
spiders with book lungs and is least developed in spiders 
with bundles of tracheae going to various parts of the

Heart body. The abdomen of all spiders contains a tube-shaped
heart, which usually has a variable number of openings 
(ostia) along its sides and one artery to carry blood forward 
and one to carry it backward when the heart contracts. 
The ostia close during contraction. The forward-flowing 
artery, which goes into the cephalothorax, is branched in 
spiders with book lungs; the blood eventually empties into 
spaces, flows into the lung sinus, and travels into a cavity 
(pericardial cavity) from which it enters the heart through 
ostia. The blood, or hemolymph, contains various kinds 
of blood cells and a respiratory pigment, hemocyanin. 
Changes in blood pressure function to extend the legs and 
break the skin at molting time.
Reproductive system. The sex organs (gonads) of male 

and female spiders are in the abdomen. The eggs are

fertilized as they pass through the oviduct to the outside 
from sperm stored in the seminal receptacles after mating.
The fertilized egg (zygote) develops in the manner typical 
of arthropod eggs rich in yolk.

Specialized features. Venom. Venom glands, present in 
most spiders but absent in the family Uloboridae, are 
located either in the chelicerae or under the carapace; 
venom ducts cross the chelicerae and open near the tips 
of their fangs. A muscle layer covers the venom glands 
in Latrodectus. Venom glands probably originated as ac- 
cessory digestive glands whose secretions aided in the ex­
temal digestion of prey. Although the secretions of some 
spiders may consist entirely of digestive enzymes, those 
of many species effectively subdue prey, and venoms of a 
few species are effective against predators, including verte­
brates. The spitting spiders (Scytodes, Scytodidae) secrete 
a sticky substance that glues potential prey to a surface.
The high and domed carapace of the spitting spiders is 
modified as a result of the large glands it contains.

Characteristics of the venom of widow spiders, especially 
the black widow, have been determined. The various pro­
tein components of the venom affect specific organisms; 
i.e., different components affect mammals and insects.
Widows exhibit a warning coloration in the red hourglass- 
shaped mark on the underside of the abdomen and often 
have a red stripe; because the spider hangs upside down 
in its web, the hourglass mark is tumed conspicuously 
upward. The venom, a nerve toxin, causes severe pain in 
humans, especially in the abdominal region, but is usually Spider 
not fatal. There are widow spiders in most parts of the bites 
world, except central Europe and northem Eurasia. Some 
areas have several species. Although all appear superfi- 
cially similar, each species has its own habits.

In southeastem Australia the funnel weaver, Atrax (fam­
ily Hexathelidae), a mygalomorph spider, is considered 
dangerous to humans. There are also venomous thera- 
phosid spiders (tarantulas) in Africa and South America.

The bite of the brown recluse (Loxosceles reclusa) results 
in a localized region of dead tissue (necrotic lesion) that 
heals slowly; the larger Loxosceles laeta of South Amer­
ica causes a more severe lesion in humans. The bites of 
several other species belonging to different families may 
occasionally cause necrotic lesions; e.g., Lycosa rapto- 
ria, Mastophora, Phidippus formosus, P. sicarius, Cheira- 
canthium mildei, and other species of Cheiracanthium.
Knowledge of the effects of spider bites on humans is 
limited because the bite is not noticed at the time it occurs 
or because the spider is never identified.
Silk. Although silk is produced by some insects, cen- 

tipedes, and millipedes, and a similar substance is pro­
duced by mites, pseudoscorpions, and some cmstaceans 
(ostracods and amphipods), only the spiders are true silk 
specialists. Spider silks that have been studied are proteins 
called fibroin, which has Chemical characteristics similar 
to those of insect silk. The silk is produced by more than 
seven different types of glands in the abdomen. Ducts 
from the glands traverse structures called spinnerets, which 
open to the outside through spigots. Abdominal pressure 
forces the silk to flow outward; the rate of flow is con­
trolled by muscular valves in the ducts. The primitive 
Mesothelae have only two types of silk glands, but orb Silk glands 
weavers have at least seven, each of which produces a 
different kind of silk; e.g., aciniform glands produce silk 
for wrapping prey, ampullate glands produce the draglines 
and frame threads, and cylindrical glands produce parts of 
the egg sac. Epigastric silk glands of male spiders produce 
silk that emerges through spigots in the abdomen between 
the book lung covers; silk from these glands provides a 
surface for the sperm drop in sperm induction.

Threads of Nephila silk have a high tensile strength and 
great elasticity. Silk probably changes to a solid in the 
spigot, or as a result of tension forces. Strands usually are 
flat or cylindrical as they emerge and are of surprisingly 
uniform diameter. The glob of silk that binds or anchors 
strands emerges from the spigot as a liquid.
The movable spinnerets, which consist of telescoping ar­

ticles, are modified appendages; two pairs are from the 
lOth body segment, two pairs from the llth . Liphistius, 
of the suborder Mesothelae, is the only spider with a füll
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complement of four pairs of spinnerets in the adult. Most 
spiders have three pairs; usually the anterior median pair 
is lost or reduced either to a nonfunctional cone, called 
the colulus, or to a flat plate, the cribellum, through which 
open thousands of minute spigots. Spiders with a cribellum 
also have a comb, the calamistrum, on the metatarsus of 
the fourth leg. The calamistrum combs the silk that flows 
from the cribellum, producing a characteristically woolly 
(cribellate) silk.

CLASSIFICATION
Distinguishing taxonomie features. The Araneida are 

separated into three suborders—Mesothelae, Orthognatha 
(mygalomorph spiders), and Labidognatha (araneomorph 
spiders)—on the basis of the type of movement of the 
two jaws; i.e., movement forward and down is orthognath 
(paraxial), movement sideways and together is labidognath 
(diaxial). Other features that distinguish suborders include 
the structure of the male pedipalps, presence or absence 
of an epigynum in the female, presence and number of 
book lungs, number of small openings (ostia) in the heart, 
and extent of fusion of nerve ganglia in the prosoma. 
Families are distinguished on the basis of such charac­
teristics as number and spacing of simple eyes, number 
of tarsal claws, number of spinnerets, habits, structure of 
chelicerae, and specialized (apomorph) characters such as 
glands, setae, and teeth and peculiarities of the extemal 
genitalia. Species and also genera of areneomorph spiders 
are usually separated by specializations in their extemal 
genitalic morphology, that of the female epigynum and 
male pedipalp.

A n n o ta ted  C lassification . Of the numerous Classification 
schemes published in the 1930s, most of them in response 
to one of Alexander Petrunkevitch, none is acceptable 
and up-to-date. All classifications have relied heavily on 
the work of Eugène Simon, who published in France 
in the late 19th Century. Although newer tools, such as 
scanning electron microscopy, molecular methods, and 
cladistics, remain little tried for spiders, they have changed 
traditional Classification schemes. In addition, many new 
spiders have been found in the Southem Hemisphere that 
do not readily fit into established families, prompting the 
proposal of new ones, but without the overall view for a 
new system. Less than 30 percent of the large neotropical 
spiders are known (and probably less of the small neotrop­
ical spiders), while in north and central Europe, northem 
North America, Korea, and Japan 80 percent or more of 
the species are known. The known species are placed into 
about 90 families, only the most important of which are 
discussed below.

ORDER ARANEIDA (or ARANEAE; Spiders)
Members of the dass Arachnida; unsegmented abdomen 

(opisthosoma) attached to cephalothorax (prosoma) by pedicel; 
prosoma with poison glands whose ducts open through large 
chelicerae with a movable fang, no pincers; leglike pedipalps 
usually with modifications (endites) on coxae to aid in feeding, 
modified as copulatory organs in males; abdomen usually with 
2 pairs of respiratory organs, anterior book lungs and posterior 
tracheae; spinnerets at posterior end of abdomen; 4 pairs of 
walking legs; 1 or 2 pairs of coxal glands; about 34,000 species 
described; worldwide distribution.
Suborder Mesothelae
Abdomen clearly segmented dorsally from 7th segment (pedi­

cel) to 18th; 8 spinnerets at middle of abdomen; chelicerae 
orthognath (paraxial), attached in front of carapace; pedipalpal 
coxae without endites; male pedipalps relatively complicated; 
epigynum absent in females; 18 ganglia in prosoma more dis­
tinctly separated than those in other suborders; heart with 5 
pairs of ostia in segments 8 to 13; 2 pairs of book lungs; a few 
species from Japan to Southeast Asia; inhabit trapdoor tubes 
in ground; family Liphistiidae.
Suborder Orthognatha (mygalomorph spiders)
Chelicerae orthognath (paraxial), attached in front of cara­

pace; pedipalpal coxae without endites (except in Atypidae); 2 
pairs of book lungs; heart with 4, rarely 3, ostia; bulb of male 
pedipalps simple; female without epigynum; 13th through 18th 
ganglia lost, others fused; most species large and long-lived in 
warm climates; about 2,000 to 3,000 species.

Family Ctenizidae (ctenizid trap-door spiders). Chelicerae 
with structure (rake or rastellum) used to dig; 3 tarsal claws; 
labium and stemum separate; eyes closely grouped; most

species at least 3 cm or more in length; inhabit silk-lined tubes 
in ground, with entrances covered by hinged silk lids.

Family Dipluridae (diplurid funnel-web mygalomorphs). 
No cheliceral rastellum; 3 tarsal claws; 4 to 6 spinnerets, poste­
rior (lateral) pair very long; body hairy; web similar to funnel 
webs of Agelenidae.

Family Hexathelidae. Arched, glabrous carapace differenti- 
ates it from Dipluridae. Atrax found in southeastern Australia 
is venomous.

Family Atypidae (purseweb spiders). No cheliceral rake; 3 
tarsal claws; pedipalpal coxae with endites; 6 spinnerets; less 
than 3 cm long; live in closed silk tubes partly below ground; 
bite prey through tube and pull it in; found in Europe, North 
America, Japan, Burma, and Java.

Family Theraphosidae (hairy mygalomorphs, “tarantulas” of 
North America; monkey spiders of South Africa; bird-eating 
spiders of Australia). No cheliceral rake; 2 tarsal claws; labium 
not fused to sternum; large, hairy, nonsocial, nocturnal; some 
burrow, others inhabit trees; mostly tropical; Aphonopelma 
hentzi in south-central United States; Theraphosa of Amazon 
River Basin up to 9 cm long with 28 cm leg spread; about 800 
species.
Suborder Labidognatha (araneomorph spiders)
Chelicerae labidognath (diaxial), attached below carapace; 

pedipalpal coxae with endites; usually 1 pair of book lungs, 
sometimes replaced by tracheae; heart with 3, sometimes 2, 
ostia; 13th through 18th ganglia lost, others fused; 31,000 to
32,000 species.

Family Dysderidae. Respiratory tracheae with 4 spiracles 
(openings) in 2 pairs, one behind the other.

Family Scytodidae (spitting spiders). Six eyes arranged in 3 
groups; high, domed carapace, slopes anteriorly; catch prey with 
well-aimed squirt of saliva; mostly in tropical and subtropical 
regions; about 200 species.

Family Loxoscelidae (brown spiders). Six eyes arranged in 
3 groups; carapace low; overpower web-entangled prey; Lox­
osceles reclusa (brown recluse) and Loxosceles laeta venomous 
to humans; about 20 other species found in North and South 
America and Mediterranean region.

Family Sicariidae (6-eyed crab spiders). Large, six eyes, 
low carapace; legs extended toward sides; burrow in sand in 
deserts of Southem Hemisphere; about 40 species.

Family Pholcidae (harvestmen). Tarsi of legs with many 
false articulations; no tracheae; web loose and tangled; Pholcus 
of Europe and America; about 500 species.

Family Uloboridae (uloborids). Cribellum; lack poison 
glands; 3 tarsal claws; eyes in 3 rows; anal tubercle large; 
make orb webs; Hyptiotes, triangle spiders; about 300 species; 
worldwide.

Family Deinopidae (ogre-faced spiders). Cribellum; three 
tarsal claws; eyes in 3 rows; anal tubercle large; Dinopis, huge 
anterior eyes, holds web, throws it over prey; about 60 species, 
found throughout tropics.

Family Tetragnathidae (long-jawed orb weavers). Males 
with long chelicerae; epigynum often secondarily lost; world­
wide; about 500 to 700 species.

Family Araneidae (orb weavers). Legs with strong setae; 
chelicerae strong, truncated proximally, with 6 to 8 teeth; colu­
lus always present; paracymbium fused to cymbium of male 
pedipalp; usually construct orb webs; Araneus widespread; 
Mastophora, the bolas spider, probably venomous to humans; 
many species make no webs; wait for prey to stumble into 
them; more than 3,000 species; worldwide.

Family Theridiosomatidae (ray spiders). Globular ab­
domen; high clypeus (area below eyes); chelicerae lack boss; 
orb webs; about 50 species.

Family Theridiidae (cobweb weavers or comb-footed spi­
ders). Has comb on each 4th leg, used to throw silk over 
prey (attack wrap); chelicerae pointed on proximal end under 
carapace, few teeth; male pedipalp with accessory arm (para­
cymbium) absent or present as a small hook on side of cup- 
like modification of tarsus (cymbium); no stridulating (sound- 
producing) structures on side of chelicerae; web irregulär; 
sometimes hunt on ground; Latrodectus (widows) poisonous to 
mammals; more than 2,500 species; worldwide.

Family Linyphiidae (sheet-web weavers and dwarf spiders). 
Chelicerae with many teeth, blunt on proximal end, often with 
stridulating file on side; legs with many strong setae; colulus 
always present; paracymbium a separate sclerite in male pedi­
palp; about 3,500 species; worldwide.

Family Dictynidae (dictynids). Cribellum; three tarsal 
claws; tarsi lack trichobothria and brush of setae; small in 
size; make irregulär webs under leaves or in branches of herbs; 
common in temperate areas; about 500 species.

Family Amaurobiidae (amaurobiids). Cribellum, three 
tarsal claws without brush of setae; tarsi with dorsal row of 
trichobothria; resemble Agelenidae; make an irregulär funnel 
web between stones; common; about 350 species; worldwide.
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Family Agelenidae (funnel weavers). Eyes in 2 rows; ante­
rior (lateral) spinnerets long; most make funnel web (flat web in 
Vegetation with a tube-shaped retreat at the side); Argyroneta, 
the Eurasian water spider, constructs an air bell beneath sur­
face of slow-moving waters; in its own family but related to 
agelenids; about 1,000 species; worldwide.

Family Lycosidae (wolf spiders). Eyes in 3 rows; anterior 
row with 4 eyes; hunting spiders; females carry egg sac attached 
to spinnerets and carry young on abdomen; may dig tubes in 
soil; numerous species in the Arctic and on high mountains; true 
tarantula, Lycosa tarentula of southem Europe, probably not 
poisonous to humans; about 2,500 species throughout world.

Family Ctenidae (wandering spiders). Eyes in 3 rows; me­
dian eyes face same direction, form a trapezoid wider behind 
than in front; eyes of posterior row largest, anterior laterals 
smallest; Ist 2 legs armed with strong ventral setae; some adults 
with only 2 tarsal claws; aggressive Phoneutria fera of South 
America venomous to humans; mainly large tropical spiders; 
about 400 species.

Family Gnaphosidae (gnaphosids). Anterior (lateral) spin­
nerets cylindrical and separated; posterior median eyes often 
oval and diagonal; noctumal hunters; common and widespread; 
about 2,000 species.

Family Clubionidae (sac spiders). Anterior pair of spin­
nerets conical and touching; Cheiracanthium species may be 
venomous to humans; common and widespread hunting Spi­
ders; about 2,000 species.

Family Oxyopidae (lynx spiders). Eyes arranged in  a 
hexagon; hunt on Vegetation, pounce on prey; worldwide; about 
500 species.

Family Sparassidae (Heteropodidae) (huntsman spiders, 
tarantulas in Australia). Eyes in 2 rows; legs extended side- 
ways; large, slightly flattened body; found in most tropical 
regions; about 1,000 species.

Family Thomisidae (crab spiders). May sit on flowers 
awaiting insects; some change colour; some live on or under 
bark; many species; common; worldwide; about 3,000 species.

Family Salticidae (jumping spiders). Hunt during daylight 
hours by stalking and jumping on prey; best vision of all Spi­
ders; more than 4,000 species; mostly tropical, but many species 
also found in northern and Arctic regions; the largest family.

(H.W.L./L.R.L.)
BIBLIOGRAPHY. The arachnids as a whole are discussed in 
v iCK i p e a r s e  et ai, Living Vertebrates (1987), ch. 22, “Che- 
licerates,” pp. 529-564, an introduction; r o b e r t  d . b a r n e s , 
Invertebrate Zoology, 5th ed. (1987), with a particularly good 
discussion of arachnids in ch. 13, “The Chelicerates,” pp. 492- 
553; A l f r e d  KAESTNER, Invertebrate Zoology, vol. 2, trans, 
and adapted by He r b e r t  w . and l o r n a  r . l e v i (1968; orig- 
inally published in German, 1965), an expanded textbook of 
arachnology and myriapodology; j .l . c l o u d s l e y -t h o m pso n , 
Spiders, Scorpions, Centipedes, and Mites, new ed. (1968), a 
general account of natural history and ecology; and p . w e y -

g o l d t  and H.F. p a u l u s , “Untersuchungen zur Morphologie, 
Taxonomie und Phylogenie der Chelicerata,” Zeitschrift für 
zoologische Systematik und Evolutionsforschung, 17 (2):85-116 
(June 1979), a discussion, in German, of the phylogeny of the 
arachnids. Detailed higher classifications, with brief summaries 
of each group, are provided in s y b il  p . Pa r k e r  (ed.), Synopsis 
and Classification of Living Organisms, vol. 2 (1982).

(M.L.Go.)
The scorpions are treated in the zoology works above and in 

Er ik  N. KJELLESviG-wAERiNG, A Restudy of the Fossil Scorpi- 
onida of the World (1986), the best work on fossil scorpions, 
with comments on the modern fauna. (G.A.Po.)

The acarids (mites and ticks) are examined in t y l e r  a . w o o l- 
l e y , Acarology: Mites and Human Welfare (1988), a compre- 
hensive treatment of the entire field; g .w . k r a n t z , A Manual 
of Acarology, 2nd ed. (1978), a systematic arrangement; bu r r u s  
m c d a n ie l , H o w  to Know the Mites and Ticks (1979), a com- 
prehensively illustrated work of U.S. mites and ticks; w. h e l l e  
and M .w. sab el is  (eds.), Spider Mites: Their Biology, Natural 
Enemies, and Control, 2 vol. (1986); a s h e r  e . t r e a t , Mites 
of Moths and Butterflies (1975), presenting almost 100 species 
classified as scavengers, hitchhikers, or parasites and discussed 
on a global basis; f r e d e r ic k  d . o b e n c h a in  and r a c h e l  g a l u n  
(eds.), Physiology of Ticks (1982), a collection of review articles; 
and jo h n  R. s a u e r  and j . A l e x a n d e r  h a ir  (eds.), Morphology, 
Physiology, and Behavioral Biology of Ticks (1986). A w )

Works focusing on the spiders include Fr ie d r ic h  g . b a r t h  
(ed.), Neurobiology of Arachnids (1985); p ie r r e  b o n n e t , Bibli­
ographie! Araneorum, 3 vol. in 7 (1945-61), an indispensable 
work, listing all references to spiders and spider species up to 
1938; Pa o l o  M. b r ig n o l i , A Catalogue of the Araneae Described 
Between 1940 and 1981 (1983); Ra in e r  f . f o e l ix , Biology of 
Spiders (1982; originally published in German, 1979), the best 
introduction to morphology and physiology; r .r . fo r ster  and
L.M. f o r s t e r , New Zealand Spiders: An Introduction (1973), 
beautifully illustrated; w ill is  j . g e r t s c h , American Spiders, 
2nd ed. (1979), a natural history of American spiders; b .j . 
k a s t o n , How to Know the Spiders, 3rd ed. (1978), with keys 
to identifying North American spiders; He r b e r t  w . l e v i  and 
l o r n a  R. l e v i , A Guide to Spiders and Their Kin (1968, 
reprinted with title Spiders and Their Kin, 1987), coloured 
illustrations of spider families; w o l f g a n g  n e n t w ig  (ed.), Eco- 
physiology of Spiders (1987), summaries of research by more 
than 30 specialists; v in c e n t  d . r o t h , Spider Genera c f North 
America: With Keys to Families and Genera and a Guide to 
Literature (1985); Wi l l ia m  a . s h e a r  (ed.), Spiders—Webs, Be- 
havior, and Evolution (1986), in which specialists report on the 
results of recent research; e u g è n e  s im o n , Histoire Naturelle des 
Araignées, 2nd ed., 2 vol. (1892-97), one basis for the Classifi­
cation system used in this article; and p e t e r  n . w itt , Ch a r le s  
f . r e e d , and d a v id  B. p e a k a l l , A Spider ’s Web: Problems in 
Regulatory Biology (1968), an excellent introduction to orb- 
web-building spiders. (H.W.L./L.R.L.)
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Archimedes, the most famous ancient Greek math- 
ematician and inventor, was born c. 290-280 b c  
in Syracuse, the principal city-state in Sicily. He 

probably spent some time in Egypt early in his career, but 
he resided for most of his life in Syracuse, where he was 
on intimate terms with its king, Hieron II. Archimedes 
published his works in the form of correspondence with 
the principal mathematicians of his time, including the 
Alexandrian scholars Conon of Samos and Eratosthenes 
of Cyrene. He played an important role in the defense of 
Syracuse against the siege laid by the Romans in 213 b c  
by constructing war machines so effective that they long 
delayed the capture of the city. But Syracuse was even­
tually captured by the Roman general Marcus Claudius 
Marcellus in the autumn of 212 or spring of 211 b c , and 
Archimedes was killed in the sack of the city.

Far more details survive about the life of Archimedes 
than about any other ancient scientist, but they are largely 
anecdotal, reflecting the impression that his mechanical 
genius made on the populär imagination. Thus, he is 
credited with inventing the Archimedes screw, a device 
for raising water, and he is supposed to have made two 
“spheres” that Marcellus took back to Rome—one a star 
globe and the other a device (the details of which are 
uncertain) for mechanically representing the motions of 
the Sun, Moon, and planets. The story that he determined 
the proportion of gold and silver in a wreath made for 
Hieron by weighing it in water is probably true, but the 
version that has him leaping from the bath in which he 
supposedly got the idea and running naked through the 
streets shouting “Heurëka!” (“I have found it!”) is populär 
embellishment. Equally apocryphal are the stories that he 
used a huge array of mirrors to burn the Roman ships 
besieging Syracuse; that he said, “Give me a place to stand 
and I will move the Earth”; and that a Roman soldier 
killed him because he refused to leave his mathematical 
diagrams—although all are populär reflections of his real 
interest in catoptrics (the branch of opties dealing with 
the reflection of light from mirrors, plane or curved), me- 
chanics, and pure mathematics.

According to Plutarch, Archimedes had so low an opin- 
ion of the kind of practical invention at which he excelled 
and to which he owed his contemporary fame that he left 
no written work on such subjects. While it is true that— 
apart from a dubious reference to a treatise, “On Sphere- 
Making”—all of his known works were of a theoretical 
character, nevertheless his interest in mechanics deeply in­
fluenced his mathematical thinking. Not only did he write 
works on theoretical mechanics and hydrostatics, but his 
treatise Method Concerning Mechanical Theorems shows 
that he used mechanical reasoning as a heuristic device 
for the discovery of new mathematical theorems.
His works. There are nine extant treatises by 

Archimedes in Greek. The principal results in On the 
Sphere and Cylinder (in two books) are that the surface 
area of any sphere is four times that of its greatest circle 
(in modem notation, S =  4 n r2) and that the volume 
of a sphere is two-thirds that of the cylinder in which it 
is inscribed (leading immediately to the formula for the 
volume, V = 4h  n r3). Archimedes was proud enough of 
the latter discovery to leave instmetions for his tomb to 
be marked with a sphere inscribed in a cylinder. Cicero 
found the tomb, overgrown with Vegetation, a Century and 
a half after Archimedes’ death.
Measurement o f the Circle is a short work in which k (pi), 

the ratio of the circumference to the diameter of a circle, 
is shown to lie between the limits of V h  and V°h\. The 
approach to this problem devised by Archimedes, which 
consists of inscribing and circumscribing regulär polygons 
with large numbers of sides, was the one followed by all 
those who subsequently dealt with the problem of deter-

mining % until the development of series expansions in 
the late 17th Century. This work also contains accurate 
approximations (expressed as ratios of integers) to the 
square roots of 3 and several large numbers.

On Conoids and Spheroids deals with determining the 
volumes of the segments of solids formed by the revolution 
of a conic section (circle, ellipse, parabola, or hyperbola) 
about its axis. In modem terms, these are problems of 
integration. On Spirals develops many properties of tan- 
gents to the spiral of Archimedes— i.e., the locus of a point 
moving with uniform speed along a straight line that itself 
is rotating with uniform speed about a fixed point.

On the Equilibrium o f Planes (or Centres o f Gravity o f 
Planes; in two books) is mainly concerned with estab- 
lishing the centres of gravity of various rectilinear plane 
figures and segments of conics. The first book purports 
to establish the “law of the lever” (magnitudes balance 
at distances from the fuiemm in inverse ratio to their 
weights), and it is mainly on the basis of this treatise 
that Archimedes has been called the founder of theoretical 
mechanics. Much of this book, however, is undoubtedly 
not authentic, consisting as it does of inept later additions 
or reworking, and it seems likely that the basic principle 
of the law of the lever and—possibly—the concept of 
centre of gravity were established on a mathematical basis 
by scholars earlier than Archimedes. His contribution was 
rather to extend these concepts to conic sections.

Quadratur e o f the Parabola demonstrates, first by “me­
chanical” means (as in Method, below) and then by 
conventional geometrical methods, that the area of any 
segment of a parabola is 4A of the area of the triangle 
having the same base and height as that segment. This is, 
again, a problem in integration.

The Sand-Reckoner is a small treatise that is a jeu d ’esprit 
written for the layman—it is addressed to Gelon, son of 
Hieron—that nevertheless contains some profoundly orig­
inal mathematics. lts object is to remedy the inadequacies 
of the Greek numerical notation system by showing how 
to express a huge number—the number of grains of sand 
that it would take to fill the whole of the universe. What 
Archimedes does, in effect, is to create a place-value sys­
tem of notation, with a base of 100,000,000. (This was 
apparently a completely original idea, since he had no 
knowledge of the contemporary Babylonian place-value 
system with base 60.) The work is also of interest because 
it gives the most detailed surviving description of the 
heliocentric system of Aristarchus of Samos and because 
it contains an account of an ingenious procedure that 
Archimedes used to determine the Sun’s apparent diame­
ter by Observation with an instrument.
Method Concerning Mechanical Theorems describes the 

process of discovery in mathematics. It is the sole sur­
viving work from antiquity and one of the few from any 
period that deals with this topic. In it Archimedes recounts 
how he used a “mechanical” method to arrivé at some 
of his key discoveries, including the area of a parabolic 
segment and the surface area and volume of a sphere. The 
technique consists of dividing each of two figures, one 
bounded by straight lines and the other by a curve, into 
an infinite but equal number of infinitesimally thin strips, 
then “weighing” each corresponding pair of these strips 
against each other on a notional balance, and summing 
them to find the ratio of the two whole figures. Archimedes 
emphasizes that, though useful as a heuristic method, this 
procedure does not constitute a rigorous proof.

On Floating Bodies (in two books) survives only partly 
in Greek, the rest in medieval Latin translation from the 
Greek. It is the first known work in hydrostatics, of which 
Archimedes is recognized as the founder. Its purpose is 
to determine the positions that various solids will assume 
when floating in a fluid, according to their form and the
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Variation in their specific gravities. In the first book various 
general principles are established, notably (in Proposition 
7) what has come to be known as Archimedes’ principle, 
which is that a solid denser than a fluid will, when im- 
mersed in that fluid, be lighter by the weight of the fluid 
it displaces. The second book is a mathematical tour de 
force unmatched in antiquity and rarely equalléd since. 
In it Archimedes determines the different positions of sta- 
bility that a right paraboloid of revolution assumes when 
floating in a fluid of greater specific gravity, according to 
geometrie and hydrostatic variations.

Archimedes is known, from references of later authors, 
to have written a number of other works that have not 
come down to us. Of particular interest are treatises on 
catoptrics, in which he discussed, among other things, 
the phenomenon of refraction; on the 13 semiregular 
(Archimedean) polyhedra (those bodies bounded by reg­
ulär polygons, not all of the same type, that can be 
inscribed in a sphere); and the “Cattle Problem” (pre- 
served in a Greek epigram), which poses a problem in 
indeterminate analysis, with eight unknowns. In addition 
to these, there survive several works in Arabic translation 
ascribed to Archimedes but that cannot have been com­
posed by him in their present form, although they may 
contain “Archimedean” elements. These include a work 
on inscribing the regulär heptagon in a circle; a collection 
of lemmas (propositions assumed to be true that are used 
to prove a theorem) and a book, “On Touching Circles,” 
both having to do with elementary plane geometry; and 
the “Stomachion” (parts of which also survive in Greek), 
dealing with a square divided into 14 pieces for a game or 
puzzle.

Archimedes’ mathematical proofs and presentation ex­
hibit great boldness and originality of thought on the one 
hand and extreme rigour on the other, meeting the high- 
est Standards of contemporary geometry. While Method 
shows that he arrived at the formulas for the surface area 
and volume of a sphere by “mechanical” reasoning in- 
volving infinitesimals, in his actual proofs of the results in 
Sphere and Cylinder he uses only the rigorous methods of 
passage to the limit that had been invented by Eudoxus 
of Cnidus in the 4th Century bc. These methods, of which 
Archimedes was a master, are the Standard procedure in 
all his works on higher geometry that deal with problems 
of integration. Their mathematical rigour stands in strong 
contrast to the “proofs” of the first practitioners of inte­
gral calculus in the 17th Century, when infinitesimals were 
reintroduced into mathematics. Yet Archimedes’ results 
are no less impressive than theirs. The same freedom from 
conventional ways of thinking is apparent in the arithmeti- 
cal field in Sand-Reekoner, which shows an understanding 
of the nature of the numerical system unparalleled before 
the modern era.

In antiquity Archimedes was also known as an outstand- 
ing astronomen his observations of solstices were used by 
Hipparchus, the foremost ancient astronomer. Very little 
is known of this side of Archimedes’ activity, although 
Sand-Reckoner reveals his keen astronomical interest and 
practical observational ability. But there has been handed 
down a set of numbers attributed to him giving the dis- 
tances of the various heavenly bodies from Earth, which 
has been shown to be based not on observed astronomical 
data but on a “Pythagorean” theory associating the spatial 
intervals between the planets with musical intervals. Sur- 
prising though it is to find these metaphysical speculations 
in the work of a practicing astronomer, there is good 
reason to believe that their attribution to Archimedes is 
correct.

His influence. Given the magnitude and originality of 
Archimedes’ achievement, the influence of his mathemat­
ics in antiquity was rather small. Those of his results that 
could be simply expressed—such as the formulas for the 
surface area and volume of a sphere—became mathemat­
ical commonplaces, and one of the bounds he established 
for n, 22h, was adopted as the usual approximation to it 
in antiquity and the Middle Ages. But his mathematical 
work was not continued or developed, as far as is known, 
in any important way in ancient times, despite his hope 
expressed in Method that its publication would enable 
others to make new discoveries. It was not until some of 
his mathematical treatises were translated into Arabic in 
the late 8th or 9th Century that attempts were made to 
extend his results, particularly in the determination of the 
volumes of solids of revolution. Several meritorious works 
by Arabic mathematicians of the early medieval period 
were inspired by their study of Archimedes.

But the greatest effect of his work on that of later math­
ematicians came in the 16th and 17th centuries with the 
printing of texts derived from the Greek, and eventu­
ally of the Greek text itself, the editio princeps, in Basel 
in 1544. The Latin translation of many of Archimedes’ 
works by Federico Commandino in 1558 contributed 
greatly to the spread of knowledge of them, which was 
reflected in the work of the foremost mathematicians 
and physicists of the time, including Johannes Kepler 
and Galileo. David Rivault’s edition and Latin transla­
tion (1615) of the complete works, including the ancient 
commentaries, was enormously influential in the work of 
some of the best mathematicians of the 17th Century, no­
tably René Descartes and Pierre de Fermat. Without the 
background of the rediscovered ancient mathematicians, 
amongst whom Archimedes was paramount, the develop­
ment of mathematics in Europe in the Century between 
1550 and 1650 is inconceivable. It is unfortunate that 
Method remained unknown to both Arabic and Renais­
sance mathematicians (it was only rediscovered in the late 
19th Century), for they might have fulfilled Archimedes’ 
hope that it would prove of use to his successors in dis­
covering theorems. (G.J.T.)
BIBLIOGRAPHY. The Standard edition, in Greek and Latin, 
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original, a much better translation is the French one by p a u l  
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ography and discussion of the influence of Archimedes. On the 
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The Art of Architecture

A rchitecture is the art and the technique of building, 
employed to fulfill the practical and expressive re- 
quirements of civilized people. Almost every settled 

society that possesses the techniques for building produces 
architecture. It is necessary in all but the simplest cultures; 
without it, man is confined to a primitive struggle with 
the elements; with it, he has not only a defense against 
the natural environment but also the benefits of a human 
environment, a prerequisite for and a symbol of the de­
velopment of civilized institutions.

The characteristics that distinguish a work of architec­
ture from other man-made structures are (1) the suitability 
of the work to use by human beings in general and the 
adaptability of it to particular human activities; (2) the 
stability and permanence of the work’s construction; and 
(3) the communication of experience and ideas through 
its form.

All these conditions must be met in architecture. The 
second is a constant, while the first and third vary in 
relative importance according to the social function of 
buildings. If the function is chiefly utilitarian, as in a fac­
tory, communication is of less importance. If the function 
is chiefly expressive, as in a monumental tomb, Utility 
is a minor concern. In some buildings, such as churches 
and city halls, Utility and communication may be of equal 
importance.

The present article treats primarily the forms, elements, 
methods, and theory of architecture. For treatment of the 
architecture of particular cultures and regions, see, for ex­
ample, AFRICAN ARTS; ARCHITECTURE, THE HISTORY OF 
WESTERN; EAST ASIAN ARTS; and SOUTHEAST ASIAN ARTS.

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, section 626, and the Index.
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U se

The types of architecture are established not by architects 
but by society, according to the needs of its different insti­
tutions. Society sets the goals and assigns to the architect 
the job of finding the means of achieving them. This 
section of the article is concerned with architectural typol- 
ogy, with the role of society in determining the kinds of 
architecture, and with planning—the role of the architect 
in adapting designs to particular uses and to the general 
physical needs of human beings.

ARCHITECTURAL TYPES
Architecture is created only to fulfill the specifications of 
an individual or group. Economie law prevents architects 
from emulating their fellow artists in producing works for 
which the demand is nonexistent or only potential. So the 
types of architecture depend upon social formations and 
may be classified according to the role of the patron in 
the community. The types that will be discussed here— 
domestic, religious, governmental, recreational, welfare 
and educational, and commercial and industrial—repre- 
sent the simplest Classification; a scientific typology of 
architecture would require a more detailed analysis.

Domestic architecture. Domestic architecture is pro­
duced for the social unit: the individual, family, or clan 
and their dependents, human and animal. It provides 
shelter and security for the basic physical functions of life 
and at times also for commercial, industrial, or agricul­
tural activities that involve the family unit rather than the 
community. The basic requirements of domestic architec- The 
ture are simple: a place to sleep, prepare food, eat, and essential 
perhaps work; a place that has some light and is protected compo- 
from the weather. A single room with sturdy walls and nents of a 
roof, a door, a window, and a hearth are the necessities; domestic 
all else is luxury. building

“Vemacular” architecture. In much of the world today, 
even where institutions have been in a continuous process 
of change, dwelling types of ancient or prehistorie origin 
are in use. In the industrialized United States, for instance, 
bams are being built according to a design employed in 
Europe in the Ist millennium bc. The forces that produce 
a dynamic evolution of architectural style in communal 
building are usually inactive in the home and farm. The 
life of the average person may be unaltered by the most 
fundamental changes in his institutions. He can be suc- 
cessively a slave, the subject of a monarchy, and a voting 
Citizen, without having the means or the desire to change
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Palace of Versailles, France, built chiefly by Louis Le Vau and Jules Hardouin-Mansart during 
the last half of the 17th Century.
Aerofilms, Ltd., London

his customs, techniques, or surroundings. Economic pres­
sure is the major factor that causes the average individual 
to restrict his demands to a level far below that which 
the technology of his time is capable of maintaining. 
Frequently he builds new structures with old techniques 
because experiment and innovation are more costly than 
repetition. But in wealthy cultures economy permits and 
customs encourage architecture to provide conveniences 
such as sanitation, lighting, and heating, as well as separate 
areas for distinct functions, and these may come to be 
regarded as necessities. The same causes tend to replace 
the conservatism of the home with the aspirations of in- 
stitutional architecture and to emphasize the expressive as 
well as the utilitarian function.

“Power” architecture. As wealth and expressive func­
tions increase, a special type of domestic building can be 
distinguished that may be called power architecture. In 
almost every civilization the pattern of society gives to a 
few of its members the power to utilize the resources of the 
community in the construction of their homes, palaces, 
villas, gardens, and places of recreation. These few, whose 
advantages usually arise from economic, religious, or dass 
distinctions, are able to enjoy an infinite variety of domes­
tic activities connected with the mores of their position. 
These can include even communal functions: the palace 
of the Flavian emperors in ancient Rome incorporated the 
activities of the state and the judicial system; the palace of 
Versailles, a whole city in itself, provided the necessities 
and luxuries of life for several thousand persons of all 
classes and was the centre of government for the empire 
of Louis XIV. Power architecture may have a complex ex­
pressive function, too, since the symbolizing of power by 
elegance or display is a responsibility or a necessity (and 
often a fault) of the powerful. Since this function usually 
is sought not so much to delight the patron as to demon- 
strate his social position to others, power architecture 
becomes communal as well as domestic. In democracies 
such as ancient Greece and in the 20th-century Western

world, this show of power may be more reserved, but it is 
still distinguishable.

Group housing. A third type of domestic architecture 
accommodates the group rather than the unit and is there- 
fore public as well as private. It is familiär through the 
widespread development of mass housing in the modern 
world, in which individuals or families find living space 
either in multiple dwellings or in single units produced in 
quantity. Group housing is produced by many kinds of 
cultures: by communal States to equalize living Standards, 
by tyrants to assure a docile labour force, and by feudal 
or caste Systems to bring together members of a dass. The 
apartment house was developed independently by the im­
perial Romans of antiquity to suit urban conditions and 
by the American Indians to suit agricultural conditions. 
Group architecture may be power architecture as well, 
particularly when land values are too high to permit even 
the wealthy to build privately, as in the 17th-century Place 
des Vosges in Paris, where aristocratie mansions were de- 
signed uniformly around a square, or in the 18th-century 
flats in English towns and spas. Although most domestic 
architecture of the 20th Century employs the style and 
techniques of the past, the exceptions are more numerous 
and more important for the development of architecture 
than ever before. This is because the distribution of wealth 
and power is widespread in parts of the world where archi­
tecture is vital and because the modern state has assumed 
responsibility for much high-quality housing.

Religious architecture. The history of architecture is 
concerned more with religious buildings than with any 
other type, because in most past cultures the universal 
and exalted appeal of religion made the church or temple 
the most expressive, the most permanent, and the most 
influential building in any community.

The typology of religious architecture is complex, be­
cause no basic requirements such as those that character- 
ize domestic architecture are common to all religions and 
because the functions of any one religion involve many

Cultures 
in which 
group 
housing 
has been 
produced



876 Architecture, The Art of

Mayan ruins at Tikal, with Temple of the Giant Jaguar (right); central Petén department, 
Guatemala, c. AD 300-900.
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different kinds of activity, all of which change with the 
evolution of cultural patterns.

The temple or church. Temples or churches serve as 
places of worship and as shelters for the images, relics, and 
holy areas of the cult. In the older religions, the temple was 
not always designed for communal use. In ancient Egypt 
and India it was considered the residence of the deity, and 
entrance into the sanctum was prohibited or reserved for 
priests; in ancient Greece it contained an accessible cult 
image, but services were held outside the main facade; 
and in the ancient Near East and in the Mayan and 
Aztec architecture of ancient Mexico, where the temple 
was erected at the summit of pyramidal mounds, only 
privileged members of the community were allowed to ap- 
proach. Few existing religions are so exclusive. Beliefs as 
dissimilar as Christianity, Buddhism, Judaism, and Isläm 
are based on communal participation in rites held inside 
the temple or church. The buildings have even evolved 
into similar plans, because of a common requirement that 
the maximum number of worshippers be able to face the 
focal point of the service (the mosque’s “point” is the wall 
facing the direction of Mecca, the city of Muhammad’s 
birth and therefore the most sacred of all Islämic religious 
sites). Consequently, the Muslims were able to adopt the 
Byzantine church tradition, modern synagogues are often 
scarcely distinguishable from churches, and early Protes- 
tantism absorbed Catholic architecture with only minor 
revision (elimination of subsidiary chapels and altars, 
repositories of relics, and some symbolic decoration).
Shelter is not always required for worship. Primitive rites 

are often practiced outdoors with some monument as a 
focus, while the altar of Pergamum and the Ara Pacis Au- 
gustae (Augustan Altar of Peace) in Rome are evidences 
of the open-air religious observances of the classical world. 
The atrium of early Christian architecture and the cloister 
were isolated areas for prayer.

The complex programs of later religions made the place 
of worship the focus for varied activities demanding archi­
tectural Solutions; for example, the baptistery, bell towers, 
and chapter houses of Christian architecture, the minarets 
of the Muslims, and the holy gates of Buddhism. Most 
modern sects demand space for religious education ad-

joining the community church or temple. Catholicism 
and the religions of Asia have produced monasteries, con- 
vents, and abbeys—connected to places of worship—that
accommodate the organized practice of religion, adding 
domestic and often industrial, agricultural, and scholarly 
functions to the religious.
Shrines and memoria. Shrines consecrate a holy place 

for its miraculous character or for its association with 
the life of the founder, gods, or saints of a cult. Since 
the importance of such structures is usually proportionate 
to the antiquity of their tradition and associations with 
cult origins, they have had little importance in later ar­
chitectural history. The major commemorative buildings 
of Christianity are those connected with the life of Jesus 
Christ (Church of the Nativity in Bethlehem) and the 
apostles or early Church Fathers (St. Peter’s in Rome) or 
with the medieval cult of relics (Santiago de Compostela 
in Spain). No single formal design characterizes this type, 
but the theme of the domed or central-plan structure 
(round, square, polygon, Greek cross, etc.) connects the 
memoria of Asia (the Indian stupa, Chinese pagoda), pa- 
gan antiquity (the Pantheon in Rome), and Christianity 
(the Church of the Holy Sepulchre in Jerusalem). The 
significance of the form is discussed below under Content.
Funerary art. Expressing man’s relationship to the af- 

terlife, funerary art is not always architectural, since it 
may be purely symbolic and therefore suitable to sculp- 
tural treatment, as in the classic Greek, medieval, and 
modern tomb. Funerary architecture is produced by so­
cieties whose belief in the afterlife is materialistic and by 
individuals who want to perpetuate and symbolize their 
temporal importance. Monumental tombs have been pro­
duced in ancient Egypt (pyramids), Hellenistic Greece 
(tomb of Mausolus at Halicarnassus, which is the source of 
the word mausoleum), ancient Rome (tomb of Hadrian), 
Renaissance Europe (Michelangelo’s Medici Chapel, Flor­
ence), and Asia (Täj Mahal, Agra, Uttar Pradesh, India). 
Modern tomb design has lost vitality, though it remains 
as elaborate (Monument to Victor Emmanuel II, Rome) 
or as meaningful in terms of power (Lenin Mausoleum, 
Moscow) as before. The exceptional examples are partly 
sculptural in character (e.g., Louis Sullivan’s Wainwright
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Säynätsalo  town hall group, Finland, designed by Alvar Aalto, 
1950-52: governm ental architecture in which indigenous building 
traditions and materials are com bined with modern design and 
building technology.

Place des Vosges, Paris, built by the French king, Flenry IV, 1605-12: 
group housing with a residential square and an arcaded walking area.

Auditorium of the Auditorium  Building, Ch icago, by Dankmar Adler and Louis 
Sullivan, 1889, renovated 1967-68: horseshoe-planned theatre with boxes and 
sloping galleries engineered for acoustical perfection and advantageous sight 
lines.

Variety of architectural types

Th e Täj Mahal at Ägra, India, built by S häh Jahän for his 
wife, M um täz Maljal, c. 1632-c. 1649: m arble m ausoleum, 
with form al gardens.

AIcézar at Segovia, Spain , built by Henry IV of Castile, 15th 
Century: com bination of military and residential architecture  
that uses siting functionally, as well as for psychologica l and  
aesthetic effect

Plate 1: (Top left) GEKS, (top right) C A. Peterson—Publix, (centre left) « Interphototheque Doc Francaise SODEL. Mr Brigaud, (bottom left) Erwitt—Magnum, (bottom right) Gerald 
Clyde—FPG/EB Inc.



piate 2 Architecture, The Art of

Borgund Stave church, Norway, c. 1163: rieh visual 
texture and colour created by wood.

Diverse kinds of building materials and architectural surface effects

Interior of the TW A  terminal, John F. Kennedy International Airport, New York, by Eero  
Saarinen, 1956-62: imaginative sculptural use of reinforced concrete.

The Seagram  Building, New Y ork City, by Ludwig M ies van 
der R ohe and Philip John son , 1956-58: e legance  of design  
expressed in steel frame and curtain wall construction

Contem porary vernacular architecture in Zaria, Nigeria: clay houses 
decorated with low relief ornam ent and vibrantly coloured designs.

' Fallingwater,'' Mill Run, Pennsylvania, residence by Frank Lloyd Wright, 
1936-38: sensitivity to the environment expressed by site Orientation and use 
of natural as well as man-made materials.

Plate 2: By courtesy of (bottom right) the Western Pennsylvania Conservancy, Pittsburgh; photographs, (top left) Marvin B Winter—Photo Researchers, Inc , (top right) C.A. Peterson— 
Publix, (centre right) Frank Willett, (bottom left) Photo Media, Ltd
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Base of the Marble Pagoda with the Jade Pagoda in the 
background, Jade Fountain Hill, west of Peking, 18th Century 
(Ch’ing dynasty).
Fritz Henle— Publix

Tomb, St. Louis, Missouri; Walter Gropius’ war memo- 
rial, Weimar, Germany).

Since the 18th Century much of religious architecture 
has lost individuality and importance through the weak- 
ening of liturgical traditions. But today, as in the past, 
outstanding architects have met new demands of use and 
expression with superior Solutions.
Governmental architecture. The basic functions of gov­

ernment, to an even greater extent than those of religion, 
are similar in all societies: administration, legislation, and 
the dispensing of justice. But the architectural needs differ 
according to the nature of the relationship between the 
governing and the governed. Where governmental func­
tions are centralized in the hands of a single individual, 
they are simple and may be exercised in the ruler’s resi- 
dence; where the functions are shared by many and estab­
lished as specialized activities, they become complex and 
demand distinct structures. There are, however, no basic 
formal Solutions for governmental architecture, since the 
practical needs of government may be met in any shel- 
tered area that has convenient space for deliberation and 

Relation administration. A distinct type is created rather by expres­
of political sive functions arising from the ideology of the different 
ideology to Systems of political organization (monarchy, theocracy, 
expressive democracy, etc.) and from the traditions of the various
function offices of government (law courts, assembly houses, city

halls, etc.). Govemments that exercise power by force 
rather than by consent tend to employ the expressive 
functions of architecture to emphasize their power; they 
tend to produce buildings of a monumentality dispropor- 
tionate to their service to the community. Those in which 
the mier is given divine attributes bring religious symbol- 
ism into architecture. Democratie govemments have the 
responsibility of expressing in their architecture the aims 
of the community itself, a difficult task in the modern 
world, when the community may be neither small enough 
to express itself easily nor homogeneous enough to agree 
on how to do so.
The simple democratie processes of the Greek city-states 

and the medieval free towns produced governmental ar­
chitecture on a domestic scale, while the Roman Empire 
and later monarchies seldom made important distinctions 
between the palace and the seat of state functions. The

widespread growth of representative government and the 
increase in the size and functions of the state in the 19th 
Century created a great variety of buildings, some for en­
tirely new uses. Some examples are: first, capitols, court- 
houses, parliament buildings, printing offices, and mints 
and, later, post offices, embassies, archives, secretariats, 
and even laboratories, when the work, the increased per­
sonnel, and the complexity of mechanical aids demanded 
specialized architectural Solutions. Bureaucracy, for better 
or for worse, has made governmental architecture more 
important than at any time in history.

In the first rapid expansion from about 1780 to 1840,
Neoclassical architects found impressive Solutions to the 
new problems, but afterward governmental architecture 
lapsed into a Century of conservatism, following at a safe 
distance behind private building. After World War II, gov­
ernmental architecture showed new vitality. Outstanding 
are Le Corbusier’s work at Chandïgarh, Punjab, India, the 
United Nations Educational, Scientific and Cultural Orga­
nization headquarters in Paris, and the program of the U.S.
Department of State for building American embassies.

Military architecture is closer to the governmental type 
than to others, but its expressive function is so much 
subordinated to the practical that it is usually regarded 
as a dass of engineering (see w a r , Te c h n o l o g y  o f : 
Fortifications).

Recreational architecture. Few recreations require ar­
chitecture until they become institutionalized and must 
provide for both active and passive participation (athletic 
events, dramatic, musical performances, etc.) or for com­
munal participation in essentially private luxuries (baths, 
museums, libraries). Throughout history, recreational ar- Historical 
chitecture has been the most consistent in form of any consistency 
type. Diversions may change, but, as in domestic architec- of building 
ture, the physical makeup of the human being provides types 
consistency. If his participation is passive he must be able 
to hear and to see in comfort. If his participation is active, 
he must be given spaces suited to the chosen activity.
In most cultures, recreational institutions have their ori- 
gins in religious rites, but they easily gain independence, 
and religious expression is reduced or eliminated in their 
architecture.

Theatres. Theatres originated in ancient Greece with 
the rites of the god Dionysus, first as temporary installa- 
tions and later as outdoor architecture using the natural 
slope and curves of hillsides to bring the spectator close 
to the stage and to avoid the need for substructures. The 
Greek theatre was monumentalized and modified by the 
Romans, whose arches and vaults allowed construction of 
sloping seats from level foundations. In the Middle Ages 
churches and temporary structures were used for dramatic 
purposes, and in the Renaissance the form of the Roman 
theatre was occasionally revived (Andrea Palladio’s Teatro 
Olimpico in Vicenza, Italy). The 17th-century develop­
ment of opera, drama, and ballet in Europe brought about 
a revival of theatre building but in a new form conceived 
to satisfy dass and economie distinctions (e.g., the Teatro 
Farnese in Parma, Italy; Residenztheater, in Munich).
A flat or inclined pit accommodated standing patrons, 
tiers of boxes rose vertically above in a horseshoe plan, 
and permanent covering (for both acoustics and comfort) 
made artificial lighting an important feature in theatrical 
performances. While the modern theatre has been greatly 
improved in efficiency by new acoustical methods and 
materials, it also has kept much of the Baroque form.
However, it provides seating throughout and usually Sub­
stitutes sloping galleries (into which the unprivileged have 
been moved) for boxes. The motion picture has had little 
effect on theatre design (see t h e a t r ic a l  p r o d u c t io n ).
Auditoriums. The auditorium is distinguished by the 

absence of stage machinery and by its greater size. The 
development of large symphony orchestras and choirs and 
of the institution of lectures and mass meetings combined 
with growing urban populations to produce this modifica- 
tion of the theatre.
Athletic facilities. Sport arenas, racetracks, and public 

swimming pools of the present day owe their origin to the 
ancient Romans (though certain precedents can be found 
in Crete and Greece). Although the classical tradition of
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Sports was broken from the early Middle Ages to the 19th 
Century, even the design of arenas and tracks has been 
scarcely altered from the Colosseum and Circus Maximus, 
though the construction of large grandstands has inspired 
magnificent designs in reinforced concrete (stadiums at 
Florence, Helsinki, and the Universidad Nacional Au- 
tónoma de México). Sports that have no precedents in 
antiquity, such as baseball, have required modifications in 
design but have not been important for architecture.
Museums and libraries. Museum and library architec­

ture was also an innovation of classical antiquity (library 
architecture appears independently in ancient China and 
Japan). Early examples are found on the acropolis of 
Hellenistic Pergamum and in Roman Ephesus. Museums 
were not cultivated in the Middle Ages, and libraries 
were incorporated into monasteries. In the Renaissance 
and Baroque periods, library construction like Johann 
Bernhard Fischer von Erlach’s Hofbibliothek in the Hof­
burg, Vienna, was rare, but important civic buildings 
were designed within religious institutions (Michelangelo’s 
Biblioteca Laurenziana in Florence) and universities (Sir 
Christopher Wren’s Trinity College Library, Cambridge; 
James Gibbs’ Radcliffe Camera, Oxford). This type of 
architecture became truly communal for the first time 
in the 19th Century, when the size of library collections 
and the number of visttors inspired some of the finest 
architecture of the modern period (Michael Gottlieb Bin- 
desboll’s Thorvaldsen Museum, Copenhagen; Sir Robert 
Smirke’s British Museum in London; Henri Labrouste’s 
Bibliothèque Sainte-Geneviève in Paris; Alvar Aalto’s li­
brary in Viipuri, Finland; Frank Lloyd Wright’s Solomon 
R. Guggenheim Museum in New York City). (See muse­
ums; LIBRARIES AND LIBRARY SCIENCE.)
Architecture of welfare and education. The principal in­

stitutions of public welfare are those that provide facilities 
for education, health, public security, and Utilities. Some

By courtesy of the Solomon R. Guggenheim Museum, New York

Interior of the Solomon R. Guggenheim Museum, New York, 
by Frank Lloyd Wright; opened 1959.

of these functions are performed by the church and the 
state, but, since their character is not essentially religious 
or political, they may require independent architectural 
Solutions, particularly in urban environments. A consis­
tent typology of this architecture, however, cannot be 
established throughout history, because the acceptance of 
responsibility for the welfare of the community differs in 
degree in every social System.

Buildings for the specific purposes of public welfare 
were seldom considered necessary in antiquity, in most of 
Eastern architecture, or in the early Middle Ages. But in 
ancient Greece health facilities were included in precincts 
of Asclepius, the god of healing, and in the East within 
Buddhist precincts. The Romans produced a highly devel­
oped system of water supply and sewerage, of which their 
monumental aqueducts are an impressive survival.

In the later Middle Ages consistent forms began to 
emerge. With the Separation of the university from a 
purely religious context, a concept of planning developed 
(particularly at Oxford, Cambridge, and Paris) that still 
influences educational architecture. Hospitals designed as 
large halls were established as adjuncts to churches, con- 
vents, and monasteries (Hotel-Dieu, Beaune, France) and 
gained architectural independence in the Renaissance (Os- 
pedale degli Innocenti, Florence). Ancient and medieval 
pnsons and guard houses were occasionälly isolated from 
military architecture (e.g., Tower of London; Bargello in 
Florence), but the prison did not become an important 
architectural type until the late 18th and 19th centuries 
(e.g., George Dance’s Newgate Prison, London; Henry 
Hobson Richardson’s Allegheny County Jail, Pittsburgh).

The expansion o f education and health facilities begin­
ning in the 19th Century created a widespread and consis- 
tently growing need for specialized architectural Solutions. 
Schools, from the nursery to the university, now demand 
not only particular Solutions at all levels but structures 
for a variety of purposes within each level; advanced ed­
ucation demands buildings for scientific research, training 
for trades and professions, recreation, health, housing, 
religious institutions, and other purposes. Most of the 
countries of the Western world have produced educational 
architecture of the highest quality; this architectural type 
is more important than in any past age.
Commercial and industrial architecture. Buildings for 

exchange, transportation, communication, manufacturing, 
and power production meet the principal needs of com­
merce and industry. In the past these needs were mostly 
unspecialized. They were met either within domestic archi­
tecture or in buildings distinguished from domestic types 
chiefly by their size. Stores, banks, hostelries, guildhalls, 
and factories required only space for more persons and 
things than houses could accommodate. Bridges, ware- 
houses, and other structures not used for sheltering people 
were, of course, specialized from the beginning and sur- 
vived the Industrial Revolution without basic changes. The 
Industrial Revolution profoundly affected the typology as 
well as the techniques of architecture. Through the intro­
duction of the machine and mass production, economic 
life moved out of the domestic environment into an area 
dominated by devices and processes rather than by indi- 
viduals, creating the need for buildings more specialized 
and more numerous than the total accumulation of types 
throughout history. All the types cannot be discussed here, 
but a categorical listing into which they can be fitted will il- 
lustrate their importance for architecture: exchange (office 
buildings, stores, markets, banks, exchanges, warehouses, 
exhibition halls); transportation (roads, bridges, tunnels; 
stations for rail, sea, and air transport and the dispensing 
of fuel; garages, hangars, and other storage facilities; ho­
tels); communication (structures for the transmission and 
reception of telephone, telegraph, radio, television, and 
radar communication; for the printing and distribution of 
newspapers, magazines, books, and other reading matter; 
for motion-picture production; and for advertising func­
tions); production (mines, factories, laboratories, food- 
processing plants); power (dams, generating plants; fuel 
storage, processing, and distribution installations). (See 
PUBLIC WORKS.)
Each of these functions demands its own architectural

Specialized
Solutions
demanded
since the
19th
Century

Effect 
of the 
Industrial 
Revolution
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solution, but in general they may be divided into two 
classes according to whether the plan must give greater 
attention to the size and movement of machinery or of 
persons. Wherever human activity is the chief concern, 
there has been less departure from traditional expression; 
banks in the form of Roman temples are an obvious 
example. The demands of machines have no tradition 
and have encouraged a search for greater, simpler, and 
more flexible spaces; but frequently the practical function 
has entirely eliminated the expressive, so that with some 
distinguished exceptions (e.g., Frank Lloyd Wright’s S.C. 
Johnson & Sons, Inc., building, Racine, Wisconsin; Eero 
Saarinen’s General Motors Technical Center, Warren, 
Michigan), most modern factories are not architecture. 
Where both men and machines must be given equal atten­
tion, as in railroad stations, architecture of the 19th and 
20th centuries has vacillated between creating new forms 
and grasping for irrelevant traditions.

ARCHITECTURAL PLANNING
The architect usually begins to work when the site and the 
type and cost of a building have been determined.

The site involves the varying behaviour of the natural 
environment that must be adjusted to the unvarying phys­
ical needs of human beings; the type is the generalized 
form established by society that must be adjusted to the 
special use for which the building is required; the cost 
implies the economies of land, labour, and materials that 
must be adjusted to suit a particular sum.
Thus, planning is the process of particularizing and, ulti­

mately, of harmonizing the demands of environment, use, 
and economy. This process has a cultural as well as a util- 
itarian value, for in creating a plan for any social activity 
the architect inevitably influences the way in which that 
activity is performed.

Planning the environment. The natural environment is 
at once a hindrance and a help, and the architect seeks 
both to invite its aid and to repel its attacks. To make 
buildings habitable and comfortable, he must control the 
effects of heat, cold, light, air, moisture, and dryness and 
foresee destructive potentialities such as fire, earthquake, 
flood, and disease.
The methods of controlling the environment considered 

here are only the practical aspects of planning. They are 
treated by the architect within the context of the ex­
pressive aspects. The placement and form of buildings in 
relation to their sites, the distribution of spaces within 
buildings, and other planning devices .discussed below are 
fundamental elements in the aesthetics of architecture.

Orientation. The arrangement of the axes of buildings 
and their parts is a device for controlling the effects of 
sun, wind, and rainfall. The sun is regulär in its course; it 
favours the Southern and neglects the northern exposures 
of buildings in the Northern Hemisphere, so that it may 
be captured for heat or evaded for coolness by turning 
the axis of a plan toward or away from it. Within build­
ings, the axis and placement of each space determines 
the amount of sun it receives. Orientation may control 
air for circulation and reduce the disadvantages of wind, 
rain, and snow, since in most climates the prevailing 
currents can be foreseen. The characteristics of the imme- 
diate environment also influence orientation: trees, land 
formations, and other buildings create shade and reduce 
or intensify wind, while bodies of water produce moisture 
and reflect the sun.
Architectural forms. Planning may control the envi­

ronment by the design of architectural forms that may 
modify the effects of natural forces. For example, over- 
hanging eaves, moldings, projections, courts, and porches 
give shade and protection from rain. Roofs are designed 
to shed snow and to drain or preserve water. Walls control 
the amount of heat lost to the exterior or retained in 
the interior by their thickness and by the structural and 
insulating materials used in making them. Walls, when 
properly sealed and protected, are the chief defense against 
wind and moisture. Windows are the principal means of 
controlling natural light; its amount, distribution, inten- 
sity, direction, and quality are conditioned by their num­
ber, size, shape, and placement and by the characteristics

of translucent materials (e.g., thickness, transparency, tex- 
ture, colour). But the planning of fenestration is influ­
enced by other factors, such as Ventilation and heating.
Since most translucent materials conduct heat more read- 
ily than the average wall, Windows are used sparingly in 
extreme climates. Finally, since transparent Windows are 
the medium of visual contact between the interior and 
exterior, their design is conditioned by aesthetic and prac­
tical demands.

Colour. Colour has a practical planning function as 
well as an expressive quality because of the range of its 
reflection and its absorption of solar rays. Since light 
colours reflect heat and dark colours absorb it, the choice 
of materials and pigments is an effective tooi of environ­
mental control.
Materials and techniques. The choice of materials is 

conditioned by their own ability to withstand the environ­
ment as well as by properties that make them useful to 
human beings. One of the architect’s jobs is to find a suc- 
cessful solution to both conditions; to balance the physical 
and economie advantages of wood against the possibility 
of fire, termites, and mold, the weather resistance of glass 
and light metals against their high thermal conductivity, 
and many similar conflicts. The more violent natural man- 
ifestations, such as heavy snow loads, earthquakes, high 
winds, and tornadoes, are controlled by special technical 
devices in regions where they are prevalent.

Any number o f these Controls may be out of reach of 
the planner for various reasons. The urban environment, 
for example, restricts freedom of orientation and design of 
architectural forms and creates new control problems of 
its own: smoke, dirt, noise, and odours.

Interior control. The control of the environment through 
the design of the plan and the outer shell of a building 
cannot be complete, since extremes of heat and cold, light, 
and sounds penetrate into the interior, where they can be 
further modified by the planning of spaces and by special 
conditioning devices.

Temperature, light and sound are all subject to control 
by the size and shape of interior spaces, the way in which 
the spaces are connected, and the materials employed for 
floors, walls, ceilings, and furnishings. Hot air may be 
retained or released by the adjustment of ceiling heights 
and sources of Ventilation. Light reflects in relation to the 
colour and texture of surfaces and may be reduced by 
dark, rough walls and increased by light, smooth ones.
Sounds are transmitted by some materials and absorbed 
by others and may be controlled by the form of interiors 
and by the use of structural or applied materials that by 
their density, thickness, and texture amplify or restrict 
sound waves.

Conditioning devices played only a small part in architec­
ture before the introduction of mechanical and electrical 
Systems in the 19th Century. The fireplace was almost the Early 
only method of temperature control (though the ancient temp- 
Romans anticipated the modern water system for radiant erature 
heating); fuel lamps and candles had to be movable and condition- 
were rather in the sphere of furnishings than of architec- ing devices 
ture; the same is true of the tapestries and hangings used 
for acoustical purposes and to block drafts.
Today, heating, insulation, air conditioning, lighting, and 

acoustical methods have become basic parts of the archi­
tectural program. These defenses and comforts of indus­
trialization control the environment so efficiently that the 
contemporary architect is free to use or to discard many 
of the traditional approaches to site and interior planning.

Planning for use. While environmental planning pro- 
duces comfort for the senses (sight, feeling, hearing) and 
reflexes (respiration), planning for use or function is con­
cerned with convenience of movement and rest. All ac­
tivities that demand architectural attention require unique 
planning Solutions to facilitate them. These Solutions are 
found by differentiating spaces for distinct functions, by 
providing circulation among these spaces, and by design- 
ing them to facilitate the actions of the human body.

Differentiation. The number of functions requiring dis­
tinct kinds of space within a building depends not only 
upon the type of building but also upon the requirements 
of the culture and the habits and activities of the indi-
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vidual patrons. A primitive house has a single room with 
a hearth area, and a modern one has separate areas for 
cooking, eating, sleeping, washing, storage, and recreation. 
A meetinghouse with a single hall is sufficiënt for Quaker 
religious services, while a Roman Catholic cathedral may 
require a nave, aisles, choir, apse, chapels, crypt, sacristy, 
and ambulatory.

The planning of differentiated spaces involves as a guide 
to their design (placement, size, shape, environmental 
conditions, sequence, etc.) the analysis of use (number 
of uses and character, duration, time of day, frequency, 
variability, etc., of each), users (number, behaviour, age, 
sex, physical condition, etc.), and furniture or equipment 
required.

Circulation. Communication among differentiated 
spaces and between the exterior and the interior may be 
achieved by openings alone in the simplest plans, but most 
buildings require distinct spaces allotted to horizontal and 
vertical circulation (corridors, lobbies, stairs, ramps, eleva­
tors, etc.). These are designed by the procedure of analysis 
employed for differentiating uses. Since their function is 
usually limited to simplifying the movement of persons 
and things toward a particular goal, their efficiency de- 
pends on making the goal evident and the movement 
direct and easy to execute.

Faciliiation. The conveiïience of movement, like tue 
comfort of environment, can be increased both by plan­
ning and by devices. Planning methods are based on 
analysis of the body measurements, movements, and 
muscular power of human beings of different ages and 
sexes, which results in the establishment of Standards for 
the measurements of ceilings, doorways, Windows, stor­
age shelves, working surfaces, steps, and the like and for 
the weight of architectural elements that must be moved, 
such as doors, gates, and Windows. These Standards also 
include allowances for the movement of whatever furnish­
ings, equipment, or machinery are required for the use 
of any building. Devices for facilitating movement within 
buildings replace or simplify the labours of daily life: the

Thomas Airviews

Rockefeiler Center, New York, by Reinhard & Hofmeister, 
Corbett, Harrison & MacMurray, and Hood & Fouilhoux, 1929- 
40; an example of urban planning using skyscrapers.

traditional pumps, plumbing, and sewerage Systems and 
the innumerable modern machines for circulation, food 
preparation and preservation, industrial processing, and 
other purposes.

Economic planning. Major expenses in building are for 
land, materials, and labour. In each case they are high 
when the commodity is scarce and low when it is abun­
dant, and they influence planning more directly when they 
become restrictive.

The effect of high land values is to limit the amount of 
space occupied by any building as well as the amount of 
expenditure that can be reserved for construction. When 
land coverage is limited, it is usually necessary to design 
in height the space that otherwise would be planned in 
breadth and depth, as in the ancient Roman insula (apart- 
ment houses) or the modern skyscraper. When the choice 
of materials is influenced by cost, all phases of architec­
tural design are affected, since the planning procedure, 
the technique, and the form of buildings are dependent 
on materials. High labour costs influence the choice of 
techniques and, consequently, of materials. They encour- 
age simplification in construction and the replacement of 
craftsmanship by Standardization. The development in the 
19th and 20th centuries of light wood-frame construction 
and methods of prefabrication were largely the result of 
the rising cost of labour.
Planning involves not only the control of cost in each 

area but also the proportioning of expenditures among 
land, materials, and labour in order to produce the most 
effective solution to an architectural problem.

Techniques

The techniques of architecture in the sense that they will 
be considered here are simply the methods by which 
structures are formed from particular materials. These 
methods are influenced not only by the availability and 
character of materials but also by the total technological 
development of society, for architecture depends on an 
organized labour force and upon the existence of the tools 
and skills necessary to secure, manufacture, transport, and 
work durable materials.
The evolution of techniques is conditioned by two forces. 

One is economic—the search for a maximum of stability 
and durability in building with a minimum of materials 
and labour. The other is expressive—the desire to produce 
meaningful form. Techniques evolve rapidly when eco­
nomic requirements suggest new expressive forms or when 
the conception of new forms demands new procedures. 
But they remain static when architects avoid the risk of 
pioneering with untried and possibly unsuccessful meth­
ods and depend instead on proved procedures or when the 
need for the observance of tradition, for the communica­
tion of ideas, or for elegance and display is best fulfilled 
by familiär forms.
The ultimate purpose of building techniques is to cre- 

ate a stable structure. In mechanical terms, structures are 
stable when all their parts are in a state of equilibrium, 
or rest. Walls and roofs can buckle, crack, or collapse 
if they are not properly designed. These movements are 
caused by forces that tend to push or pull bodies in a 
given direction. Forces acting on any member (part) of a 
building are, first, its own weight and, second, the loads 
it carries, principally from other members but also from 
persons, furnishings, wind, etc. Their action encounters a 
reaction in opposing forces that hold the member in place 
by resisting at its joints. These forces may be active in all 
directions, and they must be balanced for stability. They 
tend to crush, pull apart, and bend the member—in other 
words, to change its size and shape.

Within the member itself there are forces, too, that tend 
to resist any deformation. They are called stresses, and they 
vary according to the strength of materials and the form 
of the member. The kinds of stress under consideration 
are compression, which resists crushing; tension, which 
resists pulling apart; and bending, which occurs when one 
part of a member is in compression and the other is in 
tension. A column is put into compression by the loads 
it carries; in a trussed roof the piece that forms the base
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of the triangle is put into tension by the outward-pushing 
forces in the sides; and a lintei or beam (the member that 
spans a space) is put into bending by loads and forces that 
push down on its top and encounter a reacting force at its 
ends. Some materials are strong only in compression (e.g., 
stone, brick, cast iron, concrete) and others in tension as 
well (e.g., wood, steel, reinforced concrete), so the latter 
are more efficiënt in resisting bending forces.

Finally, the stability of the total structure whose single 
members are all in equilibrium is achieved by diverting 
the loads from all of them downward so that they may be 
resisted by the upward-supporting forces of the ground.
Techniques will be discussed in terms of the characteris­

tics of building materials and the methods by which they 
are used in architecture (see building construction).

MATERIALS
Stone. In most areas where stone is available, it has 

been favoured over other materials for the construction 
of monumental architecture. lts advantages are durabil- 
ity, adaptability to sculptural treatment, and the fact that 
it can be used in modest structures in its natural state. 
But it is difficult to quarry, transport, and cut, and its 
weakness in tension limits its use for beams, linteis, and 
floor supports.
The simplest and cheapest stonework is rubble; i.e., 

roughly broken stones of any shape bounded in mortar. 
The strongest and most suitable stonework for monu­
mental architecture is ashlar masonry, which consists of 
regularly cut blocks (usually rectangular). Because of its 
weight and the precision with which it can be shaped, 
stone masonry (in contrast with brick) does not depend on 
strong bonding for stability where it supports only direct 
downward loads. The entablatures (the upper sections of a 
classical order that rest on the Capital of a column) of an 
ancient Greek temple, for example, were bonded by small 
bronze dowels. But the weight creates problems of stability 
when loads push at an angle; stone vaults and arches re­
quire more support and buttressing than equivalent forms 
in other materials.
The best stone (and brick) bonding is that in which blocks 

are placed so that the vertical joints in one course are not 
above the joints in the courses above and below, since the 

Durability stone resists deformation better than any bonding mate- 
of stone rial. Many stones are strong enough to provide monolithic 

supports (columns and piers) and beams (linteis); and in 
some styles stone slabs are employed even for roofing (an­
cient Egyptian temples, early Christian basilicas in Syria). 
But this roofing requires so many columns that unvaulted 
masonry buildings are almost always combined with floors 
and covering in wood. Stone has been consistently used 
for building since the Stone Age, as exemplified by Stone­
henge, in England. Although it has generally been replaced 
as a structural material by cheaper and more efficiënt 
manufactured products, it is still widely used as a surface 
veneer for its practical and expressive qualities.

Brick. Brick compares favourably with stone as a struc­
tural material for its fire- and weather-resisting qualities 
and for the ease of production, transportation, and laying. 
The size of bricks is limited by the need for efficiënt 
drying, firing, and handling, but shapes, along with the 
techniques of bricklaying, have varied widely throughout 
history. Special shapes can be produced by molding to 
meet particular structural or expressive requirements (for 
example, wedge-shaped bricks are sometimes employed 
in arch construction and bricks with rounded faces in 
columns). Bricks may be used in construction only in con- 
junction with mortar, since the unit is too small, too light, 
and too irregulär to be stabilized by weight. Each course 
must be laid on an ample mortar bed with mortar filling 
the vertical joints. The commonest ancient Roman bricks 
were cut into triangles and laid with the base out and the 
apex set into a concrete filling that provided additional 
strength. Rectangular bricks are bonded either as headers 
(short side out) or stretchers (long side out). Standard 
modern types provide a ratio of width to length of slightly 
less than 1:2 to permit a wide variety of bonding patterns 
within a consistent module, or Standard of measurement. 
Brick, which has been used since the 4th millennium bc,

was the chief building material in the ancient Near East. 
The versatility of the medium was expanded in ancient 
Rome by improvements in the manufacture of both bricks 
and mortar and by new techniques of laying and bond­
ing. Employed throughout the Middle Ages, brick gained 
greater popularity from the 16th Century on, particularly 
in northern Europe. It is widely used in the 20th Century, 
often for nonbearing walls in steel frame construction.

Wood. Wood is easier to acquire, transport, and work 
than other natural materials. All parts of a building can 
be efficiently constructed of wood except foundations; its 
disadvantage is susceptibility to fire, mold, and termites. 
The strength of wood in both tension and compression 
arises from its organic nature, which gives it an internal 
structure of longitudinal and radial fibres that is not im- 
paired by cutting or long exposure. But like all organisms 
it contains moisture and is not uniformly strong, so it 
must be carefully selected and seasoned to prevent warp- 
ing, Splitting, and failure under loads. Wood is used in 
building both solid and skeletal structures. The principal 
solid system, called log construction, is employed when 
only primitive cutting tools are available. Four walls must 
be built up together in horizontal layers of single hewn 
or uncut logs and jointed at the corners. The stability of 
the log building depends entirely on the mutual support 
of the walls, and the method is suitable only for simple 
structures of limited size. The skeletal system requires 
precise cutting and shaping of lumber. It provides a rigid 
framework of jointed or nailed members independent of 
the walls, which are attached to the exterior and interior 
surfaces after completion.
Almost all masonry buildings of the past had wood floors 

and coverings, since wood is the lightest, the most practi­
cal, and the most inexpensive material for spanning spaces.

The monumental architecture of the West has typically 
employed materials rarer than wood for expressive pur­
poses, but the history of wood construction can be traced 
consistently in China, Korea, and Japan and in the domes­
tic architecture of northern Europe and North America. 
Wood continues to be used in a growing number of tech­
niques and products: heavy framing Systems with com­
pound beams and girders, interior and exterior facing with 
plywood and other composite panels, and arch and truss 
Systems with laminated members that can be designed to 
meet particular structural demands (see forestry and 
wood production).

Iron and steel. The development of construction meth­
ods in iron and steel was the most important innovation 
in architecture since ancient times. These methods pro­
vide far stronger and taller structures with less expenditure 
of material than stone, brick, or wood and can produce 
greater unsupported spans over openings and interior or 
exterior spaces. The evolution of steel frame construction 
in the 20th Century entirely changed the concept of the 
wall and the support.

In architecture before 1800, metals played an auxil- 
iary role. They were used for bonding masonry (dowels 
and clamps), for tension members (chains strengthening 
domes, tie rods across arches to reinforce the vaults), and 
for roofing, doors, Windows, and decoration. Cast iron, 
the first metal that could be substituted for traditional 
structural materials, was used in bridge building as early 
as 1779. lts ability to bear loads and to be produced in 
an endless variety of forms, in addition to its resistance 
to fire and corrosion, quickly encouraged architectural 
adaptations, first as columns and arches and afterward in 
skeletal structures. Because cast iron has much more com- 
pressive than tensile strength (for example, it works better 
as a small column than as a beam), it was largely replaced 
in the late 19th Century by steel, which is more uniformly 
strong, elastic, and workable, and its high resistance in all 
stresses can be closely calculated.
Steel structural members are rolled in a variety of shapes, 

the commonest of which are plates, angles, I beams, and 
U-shaped channels. These members may be joined by 
steel bolts or rivets, and the development of welding in the 
20th Century made it possible to produce fused joints with 
less labour and materials. The result is a rigid, continuous 
structure in which the joint is as lirm as the member and
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which distributes stresses between beams and columns. 
This is a fundamental change in architectural technique, 
the effect of which cannot yet be estimated.

Normally, steel must be protected against corrosion by 
surface coverings, but alloys such as stainless steel have 
been developed for exposed surfaces. Aluminum and other 
light metal alloys have come to be favoured for exterior 
construction because of their weather resistance.

Concrete. Concrete is a manufactured mixture of ce­
ment and water, with aggregates of sand and stones, which 
hardens rapidly by Chemical combination to a stonelike, 
water- and fire-resisting solid of great compressive (but 
low tensile) strength. Because it can be poured into forms 
while liquid to produce a great variety of structural ele­
ments, it provides an economical substitute for traditional 
materials, and it has the advantages of continuity (absence 
of joints) and of fusing with other materials.

Concrete was employed in ancient Egypt and was highly 
developed by the ancient Romans, whose concrete made 
with volcanic-ash cement (pozzolana) permitted a great 
expansion of architectural methods, particularly the devel­
opment of domes and vaults (often reinforced by brick rib- 
bing) to cover large areas, of foundations, and of structures 
such as bridges and sewerage Systems where waterproofing 
was essential. The technique of manufacture declined in 
the Middle Ages and was regained in the 18th Century, but 
concrete had only a limited importance for architecture 
until the invention of reinforced concrete in the 1860s.

Reinforced concrete was developed to add the tensile 
strength of steel to the compressive strength of mass con­
crete. The metal is embedded by being set as a mesh into 
the forms before pouring, and in the hardened material 
the two act uniformly. The combination is much more 
versatile than either product; it serves not only for con- 
structing rigid frames but also for foundations, columns, 
walls, floors, and a limitless variety of coverings, and it 
does not require the addition of other structural materi­
als. Although the making of forms is a slow and costly 
process, the technique competes economically with steel 
frame construction because the mesh, composed of thin, 
bendable metal rods or metal fabric, employs far less steel, 
and concrete is itself inexpensive.
The steel reinforcement is employed to take füll advan­

tage of the plastic, or sculptural, character of concrete. 
It can be jointed or bent to unify supporting members 
with the floors and the coverings they carry. Furthermore, 
stresses produced in floors, domes, and vaults may be dis- 
tributed within the slabs themselves to reduce load, and 
the diminished load may be concentrated at desired points 
so that the number and size of supports is greatly reduced.

Three 20th-century developments in production are des- 
tined to have a radical effect on architecture. The first, 
concrete-shell construction, permits the erection of vast 
vaults and domes with a concrete and steel content so 
reduced that the thickness is comparatively less than that 
of an eggshell. The second development, precast-concrete 
construction, employs bricks, slabs, and supports made 
under optimal factory conditions to increase waterproof­
ing and solidity, to decrease time and cost in erection, and 
to reduce expansion and contraction. Finally, prestressed 
concrete provides bearing members into which reinforce­
ment is set under tension to produce a live force to resist 
a particular load. Since the member acts like a spring, it 
can carry a greater load than an unstressed member of 
the same size.

METHODS
Wall. The two types of wall are load bearing, which 

supports the weight of floors and roofs, and nonbearing, 
which at most supports its own weight.

Load-bearing wall The load-bearing wall of masonry 
is thickened in proportion to the forces it has to resist: its 
own load, the load of floors, roofs, persons, etc., and the 
lateral forces of arches, vaults, wind, etc., that may cause 
it to crack or buckle. lts thickness often can be reduced 
at the top, because loads accumulate toward the base; in 
high buildings this is done by interior or exterior setbacks 
at the floor level of upper stories. Walls that must resist 
lateral forces are thickened either along the whole length

or at particular points where the force is concentrated.
The latter method is called buttressing. Doors and Win­
dows weaken the resistance of the wall and divert the 
forces above them to the parts on either side, which must 
be' thickened in proportion to the width of the opening.
In multistory buildings, Windows—unless they are very 
small—must be placed one above the other so as to 
leave uninterrupted vertical masses of wall between them 
to transfer loads directly to the ground. The number of 
openings that can be used depends on the strength of the 
masonry and the stresses in the wall. Walls in light, wood- 
framed structures and in reinforced-concrete construction 
may have a bearing function also. But the nature of the 
material admits other means of resisting forces than the 
increase of mass.
The placement of walls is determined by the type of 

support for floors and roofs. The commonest support is 
the beam, which must be jointed to walls at both ends; 
consequently, its maximum permissible length establishes 
the distance between bearing walls. All floors and cover­
ings are most easily supported on straight, parallel walls 
except the dome (see below Dome).
Nonbearing wall. Excluding the independent garden va­

riety, the nonbearing wall appears only where loads are 
carried by other members, as in heavy timber and other 
skeletal structures. Modern steel and reinforced-concrete 
frames require exterior walls only for shelter and some­
times dispense with them on the ground floor to permit 
easier access. Since the wall rests or hangs upon members Curtain 
of the frame, it becomes a curtain or screen and admits walls 
treatment in any durable, weather-resisting material. Tra­
ditional materials are often used, but light walls of glass, 
plastic, metal alloys, wood products, etc., can be equally 
efficiënt. This freedom of choice extends also to the form 
of walls and offers greatly expanded opportunities for Cre­
ative expression.

Post-and-lintel. The simplest illustration of load and 
support in construction is the post-and-lintel system, in 
which two upright members (posts, columns, piers) hold

Post-and-lintel system of support, temple of Poseidon, Cape
Soünion, southeast of Athens, c. 430 BC.
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up a third member (lintei, beam, girder, rafter) laid hor- 
izontally across their top surfaces. This is the basis for 
the evolution of all openings. But, in its pure form, the 
post-and-lintel is seen only in colonnades and in framed 
structures, since the posts of doors, Windows, ceilings, and 
roofs are part of the wall.

The job of the lintei is to bear the loads that rest on it 
(and its own load) without deforming or breaking. Failure 
occurs only when the material is too weak or the lintei 
is too long. Linteis composed of materials that are weak 
in bending, such as stone, must be short, while linteis 
in materials that are strong in bending, such as steel, 
may span far greater openings. Masonry linteis are inef­
ficiënt because they must depend on the cohesiveness of 
mortar, which is weaker than the blocks it bonds; so, in 
masonry construction, linteis of monolithic (single-slab) 
stone, wood, and stronger materials are employed.
The job of the post is to support the lintei and its loads 

without crushing or buckling. Failure occurs, as in linteis, 
from excessive weakness or length, but the difference is 
that the material must be especially strong in compression. 
Stone, which has this property, is more versatile as a post 
than as a lintei; under heavy loads it is superior to wood 
but not to iron, steel, or reinforced concrete. Masonry 
posts, including those of brick, may be highly efficiënt, 
since the loads compress the joints and add to their co­
hesiveness. Although monolithic stone columns are used, 
they are extravagant to produce for large structures, and 
columns are usually built up of a series of cylindrical 
blocks called drums.

From prehistorie times to the Roman Empire, the post- 
and-lintel system was the root of architectural design. The 
interiors of Egyptian temples and the exteriors of Greek 
temples are delineated by columns covered by stone linteis. 
The Greeks opened their interior spaces by substituting 
wooden beams for stone, since the wood required fewer 
supports. The development of the arch and vault chal- 
lenged the system but could not diminish its importance 
either in masonry construction or in wood framing, by its 
nature dependent on posts and beams.
Ancient uses of the post-and-lintel were refined but not 

fundamentally altered until the production of cast-iron 
columns, which, offering greater strength and smaller cir- 
cumference, greatly reduced the mass and weight of build­
ings. Much construction in modern materials is based on 
the post-and-lintel system of the past. Steel and concrete 
skeletons restore to modern architecture the formal sim- 
plicity of the oldest structures known. But, because they 
are rigid frames, they abandon the fundamental concept 
of the duality of post-and-lintel by fusing them into a unit 
throughout which stresses are distributed. The “mush- 
room” column is a further departure, since the unit can 
be extended into a covering slab and becomes a ceiling as 
well as a support.

“Mushroom” column with fountain, supporting a cantilever,
Museo Nacional de Antropologia, Mexico City, by Pedro 
Ramfrez Vazquez and Rafael Mijares, 1964.
Victor Englebert— De Wys, Inc.

A rch. The arch can be called a curved lintei. Early ma­
sonry builders could span only narrow openings because 
of the necessary shortness and weight of monolithic stone 
linteis. With the invention of the arch, two problems were 
solved: (1) wide openings could be spanned with small, 
light blocks, in brick as well as stone, which were easy 
to transport and to handle; and (2) the arch was bent 
upward to resist and to conduct into its supports the loads 
that tended to bend the lintei downward. Because the 
arch is curved, the upper edge has a greater circumference 
than the lower, so that each of its blocks must be cut in 
wedge shapes that press firmly against the whole surface 
of neighbouring blocks and conduct loads uniformly. This 
form creates problems of equilibrium that do not exist in

George Holton— Photo Researchers, Inc.

Pont du Gard, Roman aqueduct, Nlmes, France, by Marcus Vipsanius Agrippa, during 
the Augustan period.
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Two types o f veultinQ used  m the m sd ie v s l penod .
(Left) Barrel-vaulted nave of Saint-Savin-sur-Gartempe, France, early 12th Century. (Right) 
Rib-vaulted nave of the Bourges cathedral, France, begun c. 1195.
(Left) Jean Roubier; (right) Archives Photographiques

linteis. The stresses in the arch tend to squeeze the blocks 
outward radially, and loads divert these outward forces 
downward to exert a resultant diagonal force, called thrust, 
which will cause the arch to collapse if it is not properly 
buttressed. So an arch cannot replace a lintei on two free­
standing posts unless the posts are massive enough to 
buttress the thrust and to conduct it into the foundations 
(as in ancient Roman triumphal arches). Arches may rest 
on light supports, however, where they occur in a row, 
because the thrust of one arch counteracts the thrust of its 
neighbours, and the system will remain stable as long as 
the arches at either end of the row are buttressed by walls, 
piers, or earth.

The size of arches is limited only by economy; large 
arches exert large thrusts, and they are hard to buttress 
and to build. The form may be varied to meet specific 
problems; the most efficiënt forms in masonry are semi- 
circular, segmental (segment of a circle), and pointed (two 
intersecting arcs of a circle), but noncircular curves can be 
used successfully.
Arches were known in Egypt and Greece but were consid- 

ered unsuitable for monumental architecture. In Roman 
times the arch was fully exploited in bridges, aqueducts, 
and large-scale architecture. New forms and uses were 
found in medieval and particularly Gothic architecture 
(flying buttress, pointed arch), and Baroque architects de­
veloped a vocabulary of noncircular forms for expressive 
reasons. Steel, concrete, and laminated-wood arches of the 
20th Century have changed the concept and the mechanics 
of arches. Their components are completely different from 
wedge-shaped blocks; they may be made entirely rigid so 
as to require only vertical support; they may be of hinged 
intersections that work independently, or they may be thin 
slabs or members (in reinforced concrete) in which stresses 
are so distributed that they add the advantages of linteis

to those of arches, requiring only light supports. These in- 
novations provide a great freedom of design and a means 
of covering great spans without a massive substructure.

Vault. The evolution of the vault begins with the dis­
covery of the arch, because the basic “barrel” form, which 
appeared first in ancient Egypt and the Near East, is sim- 
ply a deep, or three-dimensional, arch. Since the barrel 
vault exerts thrust as the arch does, it must be buttressed 
along its entire length by heavy walls in which openings 
must be limited in size and number. This is a disadvan- 
tage, since it inhibits light and circulation.
But Roman builders discovered that openings could be 

made by building two barrel vaults that intersected at right 
angles to form the groin vault, which is square in plan 
and may be repeated in series to span rectangular areas of 
unlimited length. This vault has the additional advantage 
that its thrusts are concentrated at the four corners, so 
that the supporting walls need not be uniformly massive 
but may be buttressed where they support the vault.

Two disadvantages of the groin vault encouraged Gothic 
builders to develop a modification known as the rib vault. 
First, to build a groin vault, a form must be made to 
pour or lay the entire vault, and this requires complex 
scaffolding from the ground up; second, the groin vault 
must be more or less square, and a single vault cannot 
span extended rectangular areas. The rib vault provided 
a skeleton of arches or ribs along the sides of the area 
and Crossing it diagonally; on these the masonry of the 
vault could be laid; a simple centring sufficed for the ribs. 
To cover the rectangular areas, the medieval mason used 
pointed arches, which, unlike round arches, can be raised 
as high over a short span as over a long one. Thus, the 
vault could be composed of the intersection of two vaults 
of different widths but the same height.

To reduce further the thickness of the wall (to the point
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of substituting large areas of glass for masonry), Gothic 
builders developed the flying buttress, which counteracts 
vault thrust not by continuous wall mass and weight but 
by counterthrust created by exterior half-arches placed at 
the height of the vaults at the points of greatest stress. 
These buttresses conduct stresses to heavier wall buttresses 
below the window level.

The next important development in vaults, as in arches, 
came with 19th-century materials. Great iron skeleton 
vaults were constructed as a framework for light materials 
such as glass (Crystal Palace, London). The elimination 
of weight and excessive thrust, the freedom in the use of 
materials, and the absence of centring problems favoured 
the simple barrel vault and made more complex types 
obsolete. But in many of the modern frame Systems the 
vault itself loses its structural function and becomes a thin 
skin laid over a series of arches.
While the arch is supplanting the vault in one area of 

technique, the vault has abandoned the arch principle in 
another. The reinforced-concrete shell vault, based on the 
principle of the bent or molded slab, is one of the most 
important innovations in the history of architecture. It 
has all the advantages of load distribution of the concrete 
floor slab, plus the resistance to bending provided by its 
curved form. The shell is reinforced in such a way that it 
exerts no lateral thrust and may be supported as if it were 
a beam or truss; hence, the form no longer necessitates 
the conducting of loads into the wall, and the vault may 
be designed with great freedom.

D om e. Domes appeared first on round huts and tombs 
in the ancient Near East, India, and the Mediterranean re­
gion but only as solid mounds or in techniques adaptable 
only to the smallest buildings. They became technically 
significant with the introduction of the large-scale masonry 
hemispheres by the Romans. Domes, like vaults, evolved 
from the arch, for in their simplest form they may be 
thought of as a continuous series of arches, with the same 
centre. Therefore, the dome exerts thrusts all around its 
perimeter, and the earliest monumental examples required 
heavy walls. Since the walls permitted few openings and 
had to be round or polygonal to give continuous support, 
early domes were difficult to incorporate into complex 
structures, especially when adjacent spaces were vaulted.

Byzantine architects perfected a way of raising domes 
on piers instead of walls (like groin vaults), which per­
mitted lighting and communication from four directions. 
The transition from a cubic plan to the hemisphere was 
achieved by four inverted spherical triangles called penden- 
tives—masses of masonry curved both horizontally and

Interior showing dome on pendentives, Hagia Sophia, Istanbul, 
by Anthemius of Tralies and Isidore of Miletus, completed 537.
Hirmer Fotoarchiv, Munich

vertically. Their apexes rested on the four piers, to which 
they conducted the forces of the dome; their sides joined 
to form arches over openings in four faces of the cube; 
and their bases met in a complete circle to form the dome 
foundation. The pendentive dome could rest directly on 
this foundation or upon a cylindrical wall, called a drum, 
inserted between the two to increase height.
The dome was unsuited to the lightness and verticality 

of late-medieval styles but was widely used in the Renais­
sance and Baroque periods. Renaissance builders adapted 
the Gothic rib system to dome construction and found

Buckminster Füller

Climatron, geodesie dome, Missouri Botanical Garden, St. Louis, by R. Buckminster 
Füller, opened 1960.
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new means to reduce loads and thrust (concentric chains, 
etc.) that permitted high drums and variations in the 
curvature of the dome. The awkward, tunnellike effect 
produced on the interior by high domes was often hidden 
by an internal shell built on the same foundations (as at 
Florence Cathedral and St. Paul’s Cathedral, London).
The effort and ingenuity devoted to doming rectangular 

buildings can be explained principally by the symbolic 
character of the form, since vaulting is a simpler alter­
native. So it was chiefly the desire to observe tradition 
that preserved the dome in the early era of iron and 
steel construction, and, with rare exceptions (Halle aux 
Blés, Paris; the Coal Exchange, London), 19th-century 
examples retained masonry forms without exploiting the 
advantages of metal.

Modern Newer techniques, however, have added practically to the 
echniques expressive advantages of domes. The reinforced-concrete 
>f vault slab used in vaulting can be curved in length as well as 
onstruc- width (like an inflated handkerchief or a parachute). And 
ion in this development the distinction between vaults and

domes loses significance, being based on nothing but the 
type of curvature in the slab. Geodesie domes, developed 
in the 20th Century by R. Buckminster Füller, are spherical 
forms in which triangulär or polygonal facets composed of 
light skeletal struts or flat planes replace the arch principle 
and distribute stresses within the structure itseif, as in a 
truss. Geodesie domes can be supported by light walls and 
are the only large domes that can be set directly on the 
ground as complete structures.

Truss. By far the commonest covering throughout his­
tory is the trussed roof, constructed upon a frame com­
posed of triangulär sections spaced crosswise at intervals 
and made rigid in length by beams. Trusses formerly were 
principally of wood and were used to cover masonry as 
well as framed structures, even when these were vaulted. 
The variety of trusses is so great that only the general 
principle of the form can be given here.

The truss is based on the geometrie law that a triangle 
is the only figure that cannot be changed in shape with­
out a change in the length of its sides; thus, a triangulär 
frame of strong pieces firmiy fastened at the aegles cannot 
be deformed by its own load or by external forces such

Alinari— Art Resource/EB Inc.

Nave with view toward the apse and crypt, showing roof 
trusses, S. Miniato al Monte, Florence, 11 th Century.

as wind pressure. These forces, which in a vault thrust 
outward against the walls, are contained within the truss 
itself, because the piece (chord) at the base of the triangle 
resists by tension the tendency of the two sides to behave 
like a vault. With its forces in equilibrium, the truss exerts 
only a direct downward pressure on the walls, so that they 
need not be thickened or buttressed. This explains why 
most roofs are triangulär in cross section.

In trusses that are too large to be constructed of three 
members of moderate size, a complex system of small 
triangles within the frame replaces the simple triangle.

Not all peaked roofs are trusses, for in primitive building, 
in ancient Greece, and in much Chinese and Japanese 
wood architecture the chord is omitted and the sides exert 
thrust. Nor are all trusses triangulär, since the principle 
may be modified (as in modern steel and heavy timber 
construction) to apply to arches and vaults if chords of 
sufficiënt strength can be found.

Framed structures. A framed structure in any material 
is one that is made stable by a skeleton that is able to 
stand by itself as a rigid structure without depending on 
floors or walls to resist deformation. Materials such as 
wood, steel, and reinforced concrete, which are strong in 
both tension and compression, make the best members 
for framing. Masonry skeletons, which cannot be made 
rigid without walls, are not frames. The heavy timber 
frame, in which large posts, spaced relatively far apart,
Support thick floor and roof beams, was the commonest 
type of construction in eastem Asia and northern Europe 
from prehistorie times to the mid-19th Century. It was 
supplanted by the American light wood frame (balloon The 
frame), composed of many small and closely spaced mem- American 
bers that could be handled easily and assembled quickly by balloon 
nailing instead of by the slow joinery and dowelling of the frame 
past. Construction is similar in the two Systems, since they 
are both based on the post-and-lintel principle. Posts must 
rest on a level, waterproof foundation, usually composed 
of masonry or concrete, on which the sill (base member) 
is attached. Each upper story is laid on crossbeams that 
are supported on the exterior wall by horizontal members.
Interior walls give additional beam support.
In the heavy-timber system, the beams are strong enough 

to allow the upper story and roof to project beyond the 
plane of the ground-floor posts, increasing the space and 
weather protection. The members are usually exposed on 
the exterior. In China, Korea, and Japan, spaces between 
are enclosed by light screen walls and in northem Europe 
partly by thinner bracing members and partly by boards, 
panels, or (in half-timbered construction) bricks or earth.

The light frame, however, is sheathed with vertical or 
horizontal boarding or shingling, which is jointed or over- 
lapped for weather protection. Sheathing helps to brace as 
well as to protect the frame, so the frame is not structurally 
independent as in steel frame construction. The light- 
frame system has not been significantly improved since its 
introduction, and it lags behind other modern techniques.
Prefabricated panels designed to reduce the growing cost 
of construction have not been widely adopted. Modem 
heavy-timber and laminated-wood techniques, however, 
provide means of building up compound members for 
tmsses and arches that challenge steel construction for cer­
tain large-scale projects in areas where wood is plentiful.

Steel framing is based on the same principles but is much Steel frame 
simplified by the far greater strength of the material, which structures 
provides more rigidity with fewer members. The load- 
bearing capacity of steel is adequate for buildings many 
times higher than those made of other materials. Because 
the column and beam are fused by riveting or welding, 
stresses are distributed between them, and both can be 
longer and lighter than in structures in which they work 
independently as post-and-lintel. Thus, large cubic spaces 
can be spanned by four columns and four beams, and 
buildings of almost any size can be produced by joining 
cubes in height and width. Since structural steel must be 
protected from corrosion, the skeleton is either covered 
by curtain walls or surfaced in concrete or, more rarely, 
painted. The steel frame is used also in single-story build­
ings where large spans are required. The simple cube then 
can be abandoned for covering Systems employing arches,
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Miniature showing heavy timber frame construction, from the 
“Bedford Book of Hours,” British Museum, Add. 18850, Folio 
15 v., French, 15th Century.
By courtesy of the trustees of the British Museum

trusses, and other elements in a limitless variety of forms 
in order to suit the functions of the building.
Differences between reinforced-concrete and steel fram­

ing are discussed in the section on materials. The greater 
rigidity and continuity of concrete frames give them more 
versatility, but steel is favoured for very tail structures for 
reasons of economy in construction and space. An exam­
ple is the system called box frame construction, in which 
each unit is composed of two walls bearing a slab (the

other two walls enclosing the unit are nonbearing curtain 
walls); this type of construction extends the post-and-lintel 
principle into three dimensions. Here, again, concrete 
crosses the barriers that separated traditional methods of 
construction.

Expression

Expression in architecture is the communication of quality 
and meaning. The functions and the techniques of build­
ing are interpreted and transformed by expression into art, 
as sounds are made into music and words into literature.

The nature of expression varies with the character of 
culture in different places and in different times, forming 
distinct modes or languages of expression that are called 
styles. Style communicates the outlook of a culture and the 
concepts of its architects. The boundaries of a style may 
be national and geographical (e.g., Japanese, Mayan) or 
religious (e.g., Islämic) and intellectual (e.g., Renaissance), 
embracing distinct linguistic, racial, and national units, 
and different expressions within each of these boundaries 
are produced by the particular style of regions, towns, 
groups, architects, or craftsmen. The lifespan of styles may 
be long (ancient Egyptian, over 3,000 years) or short (Ba- 
roque, less than 200 years) according to the changeability 
of cultural patterns. The principal forces in the creation of 
a style are tradition, the experience of earlier architecture; 
influence, the contribution of contemporary expressions 
outside the immediate cultural environment; and inno- 
vation, the Creative contribution of the culture and the 
architect. These forces operate to produce an evolution 
within every style and ultimately to generate new styles 
that tend to supplant their predecessors.

The components of expression, which communicate the 
particular values of style, are content and form. Since 
content can be communicated only through form, the 
two are organically united, but here they will be discussed 
separately in order to distinguish the specific and concrete 
meaning (content) from the abstract expression of qual­
ities (form).

CONTENT
Content is the subject matter of architecture, the element 
in architectural expression that communicates specific 
meanings that interpret to society the functions and tech­
niques of buildings.

Symbols of function. Society requires that architecture 
not only communicate the aspirations of its institutions 
but also fulfill their practical needs. Differences in expres-

Wayne Andrews

West facade with dome of cast-iron construction, U.S. Capitol building, Washington, D.C., 
dome begun by Thomas Ustick Walter, 1851.
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sion, apart from differences in planning, distinguish the 
forms of architectural types (the house from the church, 
etc.), the kinds of use (the Catholic from the Protestant 
church), and the traditions and customs of users (the 
English from the Swiss Protestant church). When archi­
tectural forms become the vehicles of content—in plan, 
elevation, and decoration—they are symbolic. Their sym- 
bolism can be understood consciously or unconsciously, 
by association (e.g., spire =  church) to a building one has 
seen before and by the fact that it suggests certain univer­
sal experiences (e.g., vertical forms “rise”; low roofs “en­
velop”). One comprehends the meaning of Symbols that 
are new, as well as those that are known, by association, 
because the laws of statics restrain builders from putting 
them into forms so completely unfamiliar that they do not 
suggest some tradition, just as the structure of language 
permits endless new meanings but retains a fairly constant 
vocabulary. The meaning of architectural Symbols—or of 
words—may even change, but the process must be both 
logical and gradual, for, if the change is irrational, the 
purpose—communication—is lost.
The architectural plan, when used symbolically, commu­

nicates through its shape. From prehistorie times and in 
many cultures, the circle, with its Suggestion of the planets 
and other manifestations of nature, gained a symbolic, 
mysticai significance and was used in the plans of houses, 
tombs, and religious structures. By slow processes it came 
to be employed for memoria and shrines and for hero 
cults in both the East and the West. When building tech­
niques permitted, its symbolism often merged with that 
of the dome. In Hindu temples, the square (and the cross 
plans developed from it) expressed celestial harmony. The 
central-plan Christian church (circle, polygon, Greek cross, 
ellipse) fascinated the architects of the Renaissance by its 
symbolic and traditional values, and it is found in their 
drawings and treatises to the virtual exclusion of the more 
practical longitudinal basilicas that the architects were of­
ten commissioned to build.

Plan symbolism remained almost exclusively in the 
sphere of religion after antiquity, and its traditions grad- 
uaiiy disappeared in the course of the 19th Century. The 
modern plan is determined by problems of form (space- 
mass relationships, etc.) and by the practical demands of 
use rather than by symbolic communication.

In elevation the most consistent symbolic forms have 
been the dome, the tower, the stairway, the portal, and the 
colonnade. Domes imply the meanings of the circle and 
more, since a dome is a covering. Long before masonry 
domes could be built, the hemisphere was associated with 
the heavens as a “cosmic canopy,” and throughout history 
domes have been decorated with stars and astrological 
symbols.
In ancient Rome and among Christians and Indian Bud- 

dhists the dome came to mean universal power. During the 
Renaissance it spread from religious structures to palaces 
and government buildings, retaining some of its implica­
tions of power. In the United States the national capitol 
is domed and there are few state capitols without domes; 
the Symbol has survived the loss of its original meanings.

The tower, with origins in primitive nature rites, has 
consistently symbolized power. The Chinese pagoda ex- 
tends central-plan symbolism into towers; many towers 
and spires rose from the northern European Gothic cathe­
dral and the medieval Italian city was a forest of towers 
erected by nobles in constant competition to express their 
supremacy. This meaning survives in modern skyscrapers; 
their height is more frequently boasted of than their effi­
ciency or beauty.

Architectural elements conceived to facilitate the use of 
buildings may also take on symbolic significance. The 
stairway, employed in the past to give “monumentality” to 
important buildings, frequently became more expressive 
than convenient, especially in Baroque palaces. Portals, 
from the time of ancient Egyptian temple pylons and 
Babylonian city gates, became monuments in themselves, 
used to communicate a heightened significance to what 
lay behind them. In the Gothic cathedral they became 
the liehest element of the facade—a translation of biblical 
doctrine into stone. Since the classic development of the

Baroque staircase, Residenz (1719-44), Würzburg, West 
Germany, by Balthasar Neumann.
Erich Muller

ancient Greek temple, the colonnade on the exterior of 
buildings has borne similar implications.

Such symbols have become archaic in modern culture 
and appear as a sign of resistance to new forms. This re­
sistance is especially evident in the populär symbolism of 
domestic architecture, where the atmosphere of the home 
is often expressed by cottage-like roofs, shutters, trellises, 
mullioned Windows, grilles, and other associations with a 
more peaceful past.

Decoration, the most easily recognized medium of con­
tent, communicates meaning either through architectural 
elements or through the figural arts (sculpture, painting, 
mosaic, stained glass, etc.). The architectural elements used 
decoratively, such as the classical orders, usually originate 
in technique and in time lose their structural significance 
to become symbols. In Rome and from the Renaissance to 
the 20th Century, the formal Grecian orders were applied 
to buildings of many different techniques as expressions of 
the continuing influence of Greek institutions. Similarly, 
the new vocabulary of Gothic architecture, developed with 
new building techniques (the pointed arch, the flying but­
tress, etc.), became in later periods a source for religious 
and romantic symbolism. The Art Nouveau of the turn 
of the 20th Century, a system of ornament based on floral 
and other organic forms, survived for only two decades, 
perhaps because its symbols were neither drawn from a 
tradition nor derived from a structural system. (The role 
of architectural ornament will be further treated below).
The function of the figural arts in conveying content is a 

subject outside the scope of this article, but its importance 
for architecture must be mentioned. The figural arts not The role of 
only offer the means of expressing more specific ideas the figural 
than any architectural symbols, but in many architectural arts 
styles they define the character of mass and space. The 
sculptures of the Hindu temple, the mosaics of the Byzan-
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The Studio Elvira, 1897-98, Munich, by August Endell; an example of Art Nouveau ornament.
Foto Marburg

tine church, and the stuccoes of Moorish palaces are not 
ornamental applications; they determine the form of the 
building itself.

The virtual absence of traditional symbols in modern 
architecture is evidence of the failure of these symbols to 
express the cultural patterns of the 20th Century. In these 
times, architecture, like painting, sculpture, and other arts, 
has tended to be abstract, to emphasize qualities of form 
rather than the communication of familiär ideas through 
symbols.

Expression of technique. The second aspect of content 
is the communication of the structural significance of 
materials and methods. Its purpose is to interpret the 
way in which architecture is put together. The character­
istics of materials that are important in expressing design 
techniques are the properties of their composition (e.g., 
structure, weight, durability) and the way they are used 
in structure. Their properties may be expressed and inter- 
preted by the treatment of the surface, and their use may 
be expressed by emphasis on the dimensions and joining 
of the building units into which they are formed.
The hardness, weight, and crystalline composition of 

stone masonry traditionally have been emphasized by de­
vices not necessarily connected with structural methods: 
rustication (finishing in rough, uneven surfaces), drafting 
(more refined, linear cutting), and polishing. Niches and 
other indentations, projecting courses, or frames around 
openings suggest massiveness. In nonbearing walls, a 
smooth, unbroken surface implies thinness. The use of 
stone or brick masonry in construction is emphasized by 
clarifying the limits of each block and by the amount of 
mortar used and by distinguishing linteis, arches, and other 
specific members from the construction of the wall. The 
properties of wood are suggested by revealing and empha- 
sizing its texture in load-bearing members and by treating 
the sheathing of light wood frames in patterns (of shingling 
or boarding) that communicate thinness. The plasticity of 
concrete is shown by freedom in modelling and its use 
in construction by emphasizing the impressions of the 
wooden forms in which it is cast. The sections of light 
metal curtain walls are frequently stamped into geometrie 
patterns to illustrate their nonbearing character. Materials 
that must be covered for protection, such as unfired brick 
and the steel used in framing, are not adaptable to this 
type of communication.

At times building methods are demonstrated simply by 
exposing the structure, as in the heavy timber frame, but 
in many styles the functions of structural Systems have 
been interpreted by designing their members in forms that 
often are more explanatory than efficiënt. The Greek col­
umn, which is narrower at its summit than at its base, is

diminished by a curve beginning slightly below the mid- 
point, giving it an effect of an almost muscular power to 
resist loads. The expression is more explicit in the cary- 
atid, a human figure that replaces the column, and in the 
burdened animals and dwarfs that support the columns 
of Romanesque portals. Many elements in the Gothic 
cathedral serve as diagrams of structure: the supporting 
piers are clusters of shafts, each of which extends upward 
without interruption to become the rib of the vault, and 
the ribs themselves are an elucidation of technique; the 
flying buttress and the window tracery are elegant inter- 
pretations of their functions. In the modern steel-frame 
building, the hidden forms of the skeleton are often re- 
peated on the facade to enable one to “see through” to the 
technique, but the system also permits the alternative of 
expressing the lightness and independence of the curtain 
wall by sheer surfaces of glass and other materials. The 
work of the concrete slab is made explicit by projecting 
indications of the placement of reinforcement or of the 
distribution of stresses.
The expression of technique is characteristic not of all 

architectural styles but only of those such as the Gothic 
and modern, in which new techniques excite a search for 
the interpretive design of their materials and methods. 
More often than not, both materials and methods have 
been disguised by decorative forms or surfacing such as 
veneers, stucco, or paint, because of emphasis on the 
expression of content or of form. Most early stone archi­
tecture in Egypt, Greece, and India retained as decoration 
the forms developed in wooden forerunners. The precious 
marble of Greek temples was disguised under painted 
stucco; Roman brickwork was hidden by slabs of coloured 
marble; and 19th-century cast-iron columns were molded 
into classic or Gothic forms. The history of domes is filled 
with examples of the successful disguising of method, of 
giving the ponderous mass the effect of rising from the 
exterior and of floating from within.
Technical content has been one of the foundation stones 

of 20th-century architectural theory, particularly in its 
early phases, and has represented a reaction against 19th- 
century symbolic content. It is essential for the under- 
standing of modern architecture that the expression of 
technique be seen as an art—a Creative interpretation that 
heightens awareness of the nature of architecture.

FORM

In the sphere of function and technique, the architect is 
responsible to the patterns of his culture on one hand 
and to the patterns of technology on the other; but, in 
the expression of form, he is free to communicate his 
own personality and concepts. Not every architect has the
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methods
and
materials
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Nave toward the apse, S. Giorgio Maggiore, Venice, designed 
by Andrea Palladio, 1566; an example of Renaissance space.

gift to exercise this prerogative to the füllest. As in other 
arts and Sciences, a few individuals generate new styles, 
and others follow, interpreting these styles in original and 
personal ways. But the majority accepts styles as given 
and perpetuates them without leaving its mark. The archi- 
tect’s principal responsibility in the formation of style is

to create meaningful form. When form is spoken of in the 
arts, not only the physical shape, size, and mass of a work 
are meant but also all the elements that contribute to the 
work’s aesthetic structure and composition. Many of these 
may be without a fixed form of their own—a rest in mu- 
sic, a line in painting, a space in architecture—and gain 
significance only as they are organized into the finished 
product. The basic formal elements of architecture in this 
sense are space and mass. The process of organizing these 
elements into an ordered form is called composition, and 
the principal means by which they are given expressive 
quality are scale, light, texture, and colour.

Space and mass. Space, that immaterial essence that 
the painter suggests and the sculptor fills, the architect en- 
velops, creating a wholly human and finite environment 
within the infinite environment of nature. The concept 
that space can have a quality other than emptiness is diffi­
cult to grasp. When a building is entered, floor, supports, 
walls, and a ceiling are seen, all of which can be studied 
and perhaps enjoyed, while the space, in the sense that 
one is accustomed to think of it, is void: the absence of 
mass, filled by air.
But spatial experiences that express something are com­

mon to everyone, though they are not always consciously 
grasped. One feels insecure in a low cave or a narrow 
defile, exhilarated and powerful on a hilltop; these are psy- 
chological and motor reactions that result from measuring 
one’s potential for movement against the surrounding 
spaces, and the same reactions take root even in language 
(“confining” circumstances and “elevating” experiences 
are spoken of)- An infinite variety of such reactions may 
be summoned by the architect, because he Controls the 
limits above, below, and on all sides of the observer. As 
a person enters the architect’s space he measures it in 
terms of the degree and the quality of his potential for 
movement. The concept of potentiality is important, first, 
because the observer can anticipate where he may move 
merely looking about him and, second, because he can 
conceive movements that he cannot execute. Thus, in the 
nave of a Gothic cathedral the high walls closely confining 
the observer on two sides restrict his possible movements, 
suggesting advance along the free space of the nave toward 
the altar; or their compression forces him to look upward 
to the vaults and the light far overhead, there to feel a 
sense of physical release, though he is earthbound. The 
experience of Gothic space is called uplifting because it 
urges one to rise.

Alinari— Art Resource
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St. Peter’s, Vatican City, colonnade and piazza designed by Gian Lorenzo Bernini, begun 
1656.



Architecture, The Art o f 891

Renaissance space, on the other hand, attempts to bal­
ance its Suggestion of movement, to draw the observer 
to a focal point at which he can sense an equilibrium of 
movement in all directions, a resolution of the conflict of 
compression and release. At this point one feels physically 
at rest, at the opposite extreme from the elevating Sensa­
tion of the cathedral.

Of course, one does not use his eyes alone to feel spatial 
quality, because only the simplest spaces—a cubic room, 
for example—can be wholly experienced from one stand- 
point. In a complex of spaces, such as that of the cathedral, 
the observer walks about, gaining new sensations, seeing 
new potentials for movement at every step. Most modern 
architecture, in its free Organization of space sequences, 
demands mobility; its techniques have made it possible to 
remove the heavy walls and supports of the past, reducing 
the sense of compression. Walls become membranes to 
be arranged at will for spatial experience, and some are 
transparent and so extend one’s potential for movement 
into the limitless out-of-doors.

Spatial experience is not restricted to the interiors of 
buildings. The sensations one has in nature’s open spaces 
may be re-created by art. City squares and streets, even 
gardens, achieve a variety of expression comparable with 
that of interiors. The Baroque piazza of St. Peter’s in 
Rome, which directs the observer along its great embrac- 
ing arcs toward the entrance, is at least as moving as the 
church interior.

The exterior of a single building, particularly one that is 
isolated from other architecture, does not create a space. It 
occupies the space of nature. Thus, it may be experienced 
as sculpture, in terms of the play of masses in a void. 
The aesthetics of masses, like that of spaces, is rooted in 
one’s psychology. When a tail tree or a mountain is called 
majestic and a rocky cliff menacing, human attributes are 
being projected. Man inevitably humanizes inert matter 
and so gives the architect the opportunity to arouse pre- 
dictable patterns of experience.

Appreciat- The appreciation of mass, like that of space, depends
ing mass on movement, but this movement must be physical. It 

cannot be experienced in anticipation, because, no matter 
where one stands to observe even the simplest building, 
part of it is out of sight. The mass of a complex build­
ing is differently composed from every point of view. 
The 20th-century art critic Sigfried Giedion, emphasizing 
the need for movement in experiencing modern architec­
ture, suggested that architecture may be four-dimensional,

since time (for movement) is as meaningful as the spatial 
dimensions.

Some architecture depends much more on mass expres­
sion than on space expression. The Egyptian pyramid, 
the Indian stupa, and the dagoba of Sri Lanka have no 
meaningful interior spaces; they are architectural in func­
tion and technique, sculptural in expression. The interior 
of a Greek temple is of little interest compared with the 
wonderful play of forms on its colonnaded exterior, while 
early Christian and Byzantine architecture reverse the em- 
phasis, making the simple exterior a shell for a splendid 
and mystical space. Gothic architecture balances the two, 
partly in order to express a dual content: earthly power 
over the world outside, spiritual power inside. Modern 
techniques permit a reduction of the contrast between 
space and mass expressions by reducing the mass of walls 
and the size and number of supports and by allowing the 
interpenetration of interior and exterior space.
Composition. Space and mass are the raw materials of 

architectural form; from them the architect creates an 
ordered expression through the process of composition. 
Composition is the organization of the whole out of its 
parts—the conception of single elements, the interrelating 
of these elements, and the relating of them to the total 
form.

The simplest architectural element is a plane, the flat, 
two-dimensional surface that limits masses and spaces. 
The simplest plane is a rectangular one without openings 
or decoration—the wall of a room, for example. This wall 
is given quality solely by the proportion of its width to its 
height. Now a door is put into the wall; the door itself 
has a certain proportion, and a third element is injected, 
the relation of two proportions. A window is added, and 
the composition becomes more complex; then a row of 
Windows, and sequence becomes a factor in addition to 
the elements of proportion and relation. Sequence again 
involves the concept of motion; the row of Windows is said 
“to run along” the facade or is “rhythmically” designed.

Finally, this wall may gain rich subtleties of composition 
within its proportions and rhythms. It can be modelled— 
into a complex of planes or irregulär or curved surfaces— 
to provide the dimension of depth to its proportions; or 
symbols of use or of technique can become part of its 
expressive form.

No architectural planes stand alone, of course; they al­
ways intersect other planes. The room wall meets two 
other walls, the floor, and the ceiling, and a facade wall

Paul Popper Lid — Publix

The Ruanveli dagoba at Anurädhapura, Sri Lanka, 2nd Century.
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meets the ground, the roof, and two other walls. So the 
total composition of a wall must be harmonized with the 
composition of other planes in a three-dimensional whole.

The means of achieving this harmony differ in every 
ystems style. Greek architects developed a system of proportions 
f propor- based on the lower diameter of the temple column, from 
ons which spatial intervals and the measurement of masses

were derived by multiplication and division. Medieval 
architects first used arithmetical modules based on the 
measurements of areas in the cathedral plan and, in 
the Gothic period, changed to a geometrie system that 
employed chiefly the equilateral triangle and the square, 
figures that had symbolic and mystical values. In Renais­
sance theory, proportions and harmonies were developed 
from Systems of musical composition, since architects 
believed that relationships in all the arts depended on 
an all-pervading celestial harmony. Several modular and 
proportional Systems have been evolved by modern archi­
tects (e.g., Le Corbusier’s “Modulor”), but none has been 
widely adopted.

Behind these changing theoretical methods, however, 
there seems to be a constant human reaction to spatial 
relationships that distinguishes harmony from cacophony, 
that makes one bored with a perfectly cubic room or pre- 
fer certain rectangular forms to others. This psychological 
response to form probably is connected to one’s mecha- 
nisms of balance, movements, and stature—in short, to 
one’s own composition—but the scientific analysis of the 
process is still at an early stage of development.

By courtesy of the National Gallery of Art, Washington, D.C., Samuel H. Kress Collection

“The Interior of the Pantheon,” oil painting by Gian Paolo 
Pannini (1691/92-1765). In the National Gallery of Art, 
Washington, D.C.

Some buildings have only a single, simple interior space 
(the Pantheon in Rome) or exterior mass (the pyramids 
of Egypt) and are not less expressive on this account. But 
composition carries on into a richer dimension as soon 
as two or more spaces or masses are organized into the 
whole. Such a complex composition must give a coordi- 
nated form to connecting spaces and masses, each of them

in itself a unique harmony. The observer must be made to 
feel, in moving through the spaces and around the masses, 
not only that each is related to the one that precedes and 
follows it but that each one is contributing to a concept of 
the whole: a form that is greater than the sum of its parts. 
In the Gothic cathedral, the nave, the aisles alongside it, 
the transept that crosses it toward one end, the choir, and 
apse beyond may each be experienced separately for its 
own quality. But the experience gains its füll meaning only 
when the form of the total expression is realized: the low 
aisles giving grandeur to the high nave, the three together 
leading to the confluence of the two transept arms at the 
Crossing in a vast climax that prepares for the resolution 
or finale at the altar. In the same way, the significance of 
a total mass composition unfolds as one moves about its 
separate parts. At St. Peter’s in Rome, the three projecting 
apses are gathered into a unity by the undulating walls; 
they prepare for the cylindrical drum, the drum for the 
dome, the form of which leads to the culminating lantern, 
which is harmonized with the drum. Toward the facade, 
two little domes frame and prophesy the great one, as the 
cathedral aisles do the nave. While these particular ex- 
amples from the past illustrate symmetrical compositions 
with a climax, other buildings that are of equal quality 
might be chosen to show irregulär unity that is no less 
expressive (e.g., the Erechtneum in Athens; the abbey of 
Mont Saint-Michel in France).
In modern architecture, as in modern painting, Renais­

sance laws of composition, which emphasized the sym- 
metry and balance of semi-independent units, have been 
supplanted by principles that imply the continuity of the 
whole and remove distinctions between parts. The bio­
logical term organic is sometimes used to describe a pro­
cess of composition that seeks to develop interdependent 
spaces and masses that function expressively as members 
of an organism.

If composition were merely a matter of organizing a 
certain number of relationships, the process would be 
mechanical, not Creative, and all architecture would be 
equally good or, more likely, bad. The purpose of com­
position is to express particular concepts and experiences, 
and it is successful only when these are fully communi- 
cated to the observer.

Scale. When the proportions of architectural composi­
tion are applied to a particular building, the two-termed 
relationship of the parts to the whole must be harmonized 
with a third term—the observer. He not only sees the 
proportions of a door and their relationship to those of a 
wall (as he would in a drawing of the building), but he 
measures them against his own dimensions. This three- 
termed relationship is called scale.

A well-scaled building such as a Greek temple will serve 
for Illustration. If it were to be magnified to the size of 
St. Peter’s in Rome, with its proportions remaining un- 
changed in their own relationships, the temple would be 
out of scale, and the result would appear monstrous. If 
the columns were to be doubled in width while the temple 
remained the same size, they would be out of scale and 
out of proportion with the whole. The proportions of the 
temple are satisfactory as they are because they are based 
on certain aesthetic principles established by the Greeks, 
principles that are partly rooted in human psychological 
makeup and partly accepted by custom (e.g., as are musical 
consonances). It is difficult to understand, however, why 
the scale of these temples is so successful within a certain 
range of size, for neither the ancient Greeks nor anyone 
else established laws to relate scale to size. They found 
their solution by experiment and subjective judgment.

It may be that the success of scale depends upon man’s 
ability to comprehend proportions in relation to some 
unit or module that is roughly human sized and close 
enough to a person in a building to permit him to mea- 
sure it against himself. The Greeks, in employing the base 
of the column as a module for all the proportions of a 
temple, found a unit of a size that can be grasped easily 
and one that is close to eye level as a person approaches 
the temple. This module is a key to relationships among 
elements too far away to measure. This can be done in 
much larger buildings, too, where the elements close to the
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observer are too massive to be measured easily. Roman 
and Renaissance architecture retained the ancient Greek 
orders as decoration partly for this reason, using them to 
break up huge masses into more comprehensible parts. In 
entirely different styles of architecture, such as the Gothic, 
where the expressive function requires immeasurable pro­
portions, there is still a measurable module given in the 
base of the pier. But piers and columns are not always a 
source of the module. In masonry construction, the single 
block can serve the same purpose. In frame construction, 
the bay (distance between floors or columns) or doors 
and Windows may make a better key. The most successful 
modern skyscrapers retain a comprehensible scale, in spite 
of their size, by the repetition of some such module, and 
this is one reason why the skeleton is so often expressed 
on the exterior even when it is hidden behind walls.

Light. Light is a necessity for sight and, in architecture, 
a utility. But light is also a powerful, though ephemeral, 
vehicle of expression. Because it moves, changes character, 
and comes and goes with its source, light has the power to 
give to the inert mass of architecture the living quality of 

Attempts nature. The architect, though he does not quite control it,
to control can predict its behaviour well enough to catch its move-
light for ments meaningfully. He channels it through openings into
expressive his spaces and molds it on the surfaces of his masses by
effect changes of plane, making it enliven his forms by contrast

with shadow (see lig h tin g  a n d  lig h tin g  devices).
The sunlight that falls on the exteriors of buildings cannot 

be directed or changed in quality, but it can be reflected or 
absorbed in a wide range of modulation by the relief and 
texture of surfaces. The planes and decoration of a facade, 
therefore, are not just the lines the architect makes on his 
working drawings but receptacles of light and shadow that 
change in character, even in form, as the Earth moves 
about the Sun.

Because of this link between nature and art, an important 
part in the formation of local architectural styles is played 
by the Variation in the quality and intensity of light in 
different climatic regions.

The architect Controls interior light better than exterior 
light, since he can select the position, size, and shape of 
its source. With glass and other transparent materials he 
transforms even its colour and intensity and so gives light 
a meaning independent of that which it im parts to the 
structure. One realizes this most powerfully in the Gothic 
cathedral, where the stained-glass Windows transform the 
rays of the sun into a mystical diffusion that descends 
from above like a supernatural vision.

Furthermore, light may be illusory, dissolving rather than 
clarifying form. When it comes out of darkness in great 
intensity it seems to spread outward from its architec­
tural channel. This illusion may be employed to express 
meanings, as at Hagia Sophia in Istanbul, where the light 
from the base of the dome hides the supports, giving the 
impression that the canopy floats on air.

Texture. Texture plays a dual role in architecture: it 
expresses something of the quality of materials, and it 
gives a particular quality to light. Although one absorbs 
both qualities simultaneously by eye, the first has tactile, 
the second visual associations.

Specific tactile textures are peculiar to every material 
by virtue of its manufacture or natural composition, but 
they may be altered to produce a variety of expressive 
qualities. Any stone may be used in its natural, irregulär 
state, or it may be chiselled in a rough or smooth texture 
or highly polished to convey a range of meanings from 
vigour to refinement.

Visual textures are produced by the patterns given to the 
lighting of the surface both through the way the materials 
are worked (e.g., vertical or horizontal chiselling of stone) 
and through the way they are employed in building (e.g., 
vertical or horizontal boarding, projection and recession of 
courses of brick). Like all patterns, visual textures create 
associations of movement, giving rhythm to the surface.

A single texture is rarely employed in building. The vari­
ety of materials and treatments typically produces a com­
plex of textures that must be composed and harmonized 
like the forms and spaces of architecture into a consistent 
expressive whole.

Colour. Since colour is a characteristic of all building 
materials, it is a constant feature of architecture. But 
building materials are selected primarily for their struc­
tural value, and their colours are not always suited to 
expressive requirements; thus, other materials chosen for 
their colour are frequently added to the surface. These 
include pigments, which usually preserve the texture of 
the original surface, and veneers of stone, wood, and a 
variety of manufactured products that entirely alter the 
surface character.

But colour, regardless of how it is produced, is the most 
impermanent element in architecture. It changes with the 
weathering and staining of materials (the white Gothic 
cathedrals are now deep gray), or, if it is superficial, it 
can easily be altered or removed (as the coloured stucco 
veneers of ancient Greek temples or the bright marble 
facing on Roman brickwork).

The values that are associated with colour (yellow and 
red, for instance, are called “gay,” black and deep blue 
“sombre”) are independent of materials and forms, and 
they give the architect a range of expression not provided 
by other means at his disposal. A different expressive de­
vice is provided by the great range of light reflection in the 
colour scale. Colours that reflect light brilliantly appear 
to advance toward the viewer, and those that absorb light 
appear to recede; the degree of projection and recession of 
architectural forms may be altered, emphasized, or sub- 
dued by the colours of their surfaces.

Environment. Architecture, unlike most of the other 
arts, is not often conceived independently of particular 
surroundings. The problems of design extend beyond the 
organizing of space and mass complexes to include the 
relating of the total form to its natural and architectural 
environment.

In site planning, a primary function of architectural 
design, the architect aims to create harmonies with preex- 
isting elements in the landscape and “townscape.”

But the province of the architect is not limited to 
the conception of single structures in harmony with a 
given setting. Throughout history, architects have been 
employed in giving a new form to the environment it­
self: planning the natural surroundings by the design of 
parks, roadways, waterways, etc.; designing complexes of 
related buildings; and organizing the urban environment 
into areas of residence, recreation, assembly, commerce, 
etc., both to increase their utility and to give them unique 
expressive qualities through the interrelationship of groups 
of buildings to the open areas about them. (J.S.Ac.)

ORNAMENT
Although it would be difficult to cover in any single defini- 
tion all conceptions, past and present, of what constitutes 
ornament in architecture, three basic and fairly distinct 
categories may be recognized: mimetic, or imitative, orna­
ment, the forms of which have certain definite meanings 
or symbolic significance; applied ornament, intended to 
add beauty to a structure but extrinsic to it; and organic 
ornament, inherent in the building’s function or materials.

Mimetic ornament. Although it is still found in the 20th 
Century, mimetic ornament is by far the commonest type 
of architectural ornament in primitive cultures, in Asian 
civilizations, and generally throughout antiquity. It grows 
out of what seems to be a universal human reaction to 
technological change: the tendency to reproduce in new 
materials and techniques shapes and qualities familiar 
from past usage, regardless of appropriateness. This ten­
dency may be called the principle of mimesis. Most com­
mon building types in antiquity, both East and West (e.g., 
tombs, pyramids, temples, towers), began as imitations of 
primeval house and shrine forms. An obvious example is 
the dome, which developed as a permanent wooden or 
stone reproduction of a revered form originally built of 
pliable materials. In the mature stages of early civiliza­
tions, building types tended to evolve beyond primitive 
prototypes; their ornament, however, usually remained Traditional 
based on such models. Decorative motifs derived from nature of 
earlier structural and symbolic forms are innumerable and mimetic 
universal. In developed ïndian and Chinese architecture, ornament 
domical and other originally structural forms occur often
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and lavishly as ornament. In ancient Egypt, architectural 
details continued to preserve faithfully the appearance of 
bundled papyrus shafts and similar early building forms. In 
ancient Mesopotamia, brick walls long imitated the effect 
of primitive mud-and-reed construction. In the carved- 
stone details of the Greco-Roman orders (e.g., capitals, 
entablatures, moldings), the precedent of archaic construc­
tion in wood was always clearly discernible.
The prevalence of mimetic ornament in architecture may 

be explained in two ways. Some (perhaps most in primitive 
cultures) is religious in origin. Certain forms and shapes, 
through long association with religious rites, became sa­
cred and were preserved and reproduced for their sym­
bolic value. These forms continued to be understood even 
though they were often stylized into abstract or geometrie 
patterns, unrecognizably removed from their naturalistic 
models. Much mimetic ornament, however, even in early 
times, can be ascribed simply to inertia or conservatism. 
People have generally tended to resist change; they find 
it reassuring to be surrounded by known and familiär 
forms. Reproducing them as ornament on newly intro- 
duced forms is a common reaction to the vague feeling of 
uneasiness that rapid social and technological change in- 
duces; it provides a satisfying sense of continuity between 
the past and the present. This resistance was a factor 
in the 19th- and early-20th-century practice of disguising 
new techniques of construction in metal and glass by an 
overload of ornament imitating earlier styles.
Applied ornament. Architectural ornament in the 19th 

Century exemplified the common tendency for mimetic 
ornament, in all times and places, to turn into mere 
applied decoration, lacking either symbolic meaning or 
reference to the structure on which it is placed. By the 5th 
Century bc in Greece, the details of the orders had largely 
lost whatever conscious symbolic or structural significance 
they may have had; they became simply decorative ele­
ments extrinsic to the structure. The Doric frieze is a good 
case: its origin (i.e., an imitation of the effect of alternating 
beam ends and shuttered openings in archaic wood con­
struction) remained evident, but it came to be treated as 
a decorative sheath without reference to the actual struc­
tural forms behind. In losing their mimetic character, the 
details of the Greek orders acquired a new function; they 
served to articulate or unify the building visually, organiz­
ing it into a series of coordinated visual units that could 
be comprehended as an integrated whole, rather than as a 
collection of isolated units. This concept of applied dec­
oration was passed on through the Greco-Roman period. 
The triumphal arch of Rome, with its system of decorative 
columns and entablature articulating what is essentially 
one massive shape, is a particularly good illustration; the 
Colosseum is another. Most of the great architecture of the 
Renaissance and Baroque periods depends on it; to a large 
extent, the difference between these styles is the difference 
in decoration. The characteristic serenity and balance of 
Filippo Brunelleschi’s architecture in the 15th Century, 
for example, is very largely effected by his treatment of 
pilasters (rectangular ornamental columns with bases and 
capitals) and entablatures applied to them, whereas, in 
16th-century wall-surface designs such as Michelangelo’s 
Medici chapel or the dome of St. Peter’s, the same ele­
ments are used in different combinations to create a quite 
opposite effect of tension and release.
Judicious and intelligent use of applied ornament re­

mained characteristic of most Western architecture until 
the 19th Century, when the rationale of applied ornament 
frequently broke down, and an often indiscriminate and 
inappropriate use of decoration became characteristic. The 
reasons for this development are complex. In part it was 
a reaction to an overly rapid pace of social change during 
the period; partly, also, it was a logical outgrowth of the 
increasingly lavish decoration of late Baroque and Ro­
coco architecture in the 18th Century. Also, there was an 
overemphasis on the purely literary and associative values 
attached to the ornament characteristic of historical ar­
chitectural styles. But compounding all these factors was 
the development of machinery, such as multiple lathes 
and jigs, which provided builders with cheap prefabricated 
ornament to give their often shoddy and ill-proportioned

structures an illusion of elegance. Architectural ornament 
and architectural forms proper tended to part Company 
and to be designed quite independently of each other.

Organic ornament. By the early 20th Century a preoccu- 
pation with the proper function of architectural ornament 
was characteristic of all advanced architectural thinkers; 
by the mid-20th Century a concept of architectural orna­
ment had been formulated that has been called organic 
ornament. This concept, however, is by no means peculiar 
to the 20th Century. Its essential principle is that orna­
ment in architecture should derive directly from and be a 
function of the nature of the building and the materials 
used. This principle is characteristic of both Christian and 
Islämic religious architecture of the medieval period. In 
the architectural ornament of Muslim India or Persia, as 
in early Christian and Byzantine work, there is a strong 
mimetic element. The proscription of representational 
forms in the Qur'än and the tendency of both Muslim 
and early Christian artists to borrow and adapt their for­
mal vocabulary from preceding cultures led inevitably to 
their transforming what had been meaningful forms into 
Systems of abstract ornament. But basically this ornament 
was neither mimetic nor applied. Throughout the Middle 
Ages, church buildings were conceived primarily as tangi- 
ble symbols of heaven. Their architectural ornament, no 
matter how various or lavish, was consistently designed 
to promote this symbolism; whether by gilt, intricacy, or 
multiplicity, it all contributed to an overall effect of glory 
and so was integral to the architectural form.
Twentieth-century concepts of the function of architec­

tural ornament, generally speaking, began with an under- 
standing of this medieval usage that grew out of the 19th- 
century writings of the English art critic John Ruskin 
and the French Gothic Revival architect Viollet-le-Duc, as 
well as through the interpretations and applications of the 
British designer William Morris. The immediate influence 
of these men proved rather unfortunate. The first result 
of Viollet-le-Duc’s disciplined and scholarly investigations 
into the principles of medieval architecture was a school 
of slick archaeological architects, capable of decorating all 
manner of collegiate, civic, and domestic buildings with 
frigidly correct reproductions of the details of medieval 
cathedrals and chäteaus. Out of Ruskin’s demonstration 
of the origins of medieval decoration in natural forms 
there grew the so-called Art Nouveau movement toward 
exaggerated floral and curvilinear ornament; and out of 
Morris’ insistence on handicrafts, inspired by infatuation 
with the medieval guild system, developed the Arts and 
Crafts movement.

As early as the 1870s the U.S. architect H.H. Richard- 
son adopted the Romanesque style, less for its historical 
associations than for the opportunities it afforded him to 
express the nature and texture of stone. In mature ex- 
amples of his architecture from the mid-1880s, ornament 
in the older, applied sense had virtually disappeared, and 
his buildings depend for their aesthetic effect mainly on 
the inherent qualities of their materials. The generation 
following Richardson saw a further international develop­
ment of this principle.

In Great Britain Sir Edwin Lutyens and Charles Rennie 
Mackintosh, in The Netherlands Hendrick Petrus Berlage, 
and in the United States Louis Sullivan were among many 
architects who contributed to the new ornamental expres­
sion. It was largely based on intrinsic texture and pattern 
but with interspersed bands and patches of naturalistic or­
nament, applied with studied discipline. With the general 
reaction against 19th-century eclectic principles of orna- 
mentation after World War I, however, leading designers 
rejected even this kind of applied ornament and relied 
for ornamental effect on building materials alone. The so- 
called International Style, in which the German architect 
Walter Gropius and the Swiss-French architect Le Cor­
busier were the chief figures, dominated advanced design 
during the late 1920s and 1930s. The barrenness that 
resulted from their reliance on such materials as concrete 
and glass, however, along with other factors, resulted in a 
reaction in the 1940s in favour of the neglected precedent 
set by the U.S. architect Frank Lloyd Wright in his early- 
20th-century work, which emphasized more visually in-
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teresting materials, intricate textural patterns, and natural 
settings as the proper basis of architectural ornament. This 
trend continued in later decades; the style known as the 
New Brutalism was related to it. (Al.Go.)

Theory o f architecture

The term theory of architecture was originally simply 
the accepted translation of the Latin term ratiocinatio 
as used by Vitruvius, a Roman architect-engineer of the 
Ist Century ad , to differentiate intellectual from practical 
knowledge in architectural education; but it has come to 
signify the total basis for judging the merits of buildings or 
building projects. Such reasoned judgments are an essen­
tial part of the architectural Creative process. A building 
can be designed only by a continuous Creative, intellectual 
dialectic between imagination and reason in the mind of 
each creator.

A variety of interpretations has been given to the term 
architectural theory by those who have written or spoken 
on the topic in the past. Before 1750 every comprehensive 
treatise or published lecture course on architecture could 
appropriately be described as a textbook on architectural 
theory. But, after the changes associated with the Indus­
trial Revolution, the amount of architectural knowledge 
that could be acquired only by academie study increased 
to the point where a complete synthesis became virtually 
impossible in a single volume.
The historical evolution of architectural theory is as- 

sessable mainly from manuscripts and published treatises, 
from critical essays and commentaries, and from the sur- 
viving buildings of every epoch. It is thus in no way a type 
of historical study that can reflect accurately the spirit of 
each age and in this respect is similar to the history of phi- 
losophy itself. Some architectural treatises were intended 
to publicize novel concepts rather than to state widely ac­
cepted ideals. The most idiosyncratic theories could (and 
often did) exert a wide and sometimes beneficial influence; 
but the value of these influences is not necessarily related 
to the extent of this acceptance.

The analysis of surviving buildings provides guidance 
that requires great caution, since, apart from the impossi- 
bility of determining whether or not any particular group 
of buildings (intact or in ruins) constitutes a reliable sam­
ple of the era, any such analyses will usually depend on 
preliminary evaluations of merit and will be useless unless 
the extent to which the function, the structure, and the 
detailing envisaged by the original builders can be cor- 
rectly re-established. Many erudite studies of antique the­
ories are misleading because they rest on the assumption 
that the original character and appearance of fragmentary 
ancient Greek and Hellenistic architectural environments 
can be adequately deduced from verbal or graphic “recon- 
structions.” Even when buildings constructed before 1500 
remain intact, the many textbooks dealing with antique 
and medieval theories of architecture seldom make qual­
itative distinctions and generally imply that all surviving 
antique and medieval buildings were good, if not abso- 
lutely perfect.
Nevertheless, the study of the history of architectural 

philosophy, like that of the history of general philosophy, 
not only teaches what past generations thought but can 
help the individual decide how he himself should act and 
judge. For those desirous of establishing a viable theory of 
architecture for their own era, it is generally agreed that 
great stimulus can be found in studying historical evidence 
and in speculating on the ideals and achievements of those 
who created this evidence.

DISTINCTION BETWEEN THE HISTORY 
AND THEORY OF ARCHITECTURE
The distinction between the history and theory of archi­
tecture did not emerge until the mid-18th Century; indeed, 
the establishment of two separate academie disciplines 
was not even nominal until 1818, when separate profes- 
sorships with these titles were established at the École des 
Beaux-Arts in Paris. Even then, however, the distinction 
was seldom scrupulously maintained by either specialist. 
It is impossible to discuss meaningfully the buildings of

the immediate past without discussing the ideals of those 
who built them, just as it is impossible to discuss the ideals 
of bygone architects without reference to the structures 
they designed. Nevertheless, since any two disciplines that 
are inseparably complementary can at the same time be 
logically distinguishable, it may be asserted that this par­
ticular distinction first became manifest in Les Ruines des 
plus beaux monuments de la Grece (“The Ruins of the 
Most Beautiful Monuments of Greece”), written in 1758 
by a French architecture student, Julien-David LeRoy. 
Faced with the problem of discussing Athenian buildings 
constructed in the time of Vitruvius, he decided to discuss 
them twice, by treating them separately under two different 
headings. Before this date, “history” was of architectural 
importance only as a means of justifying, by reference 
to classical mythology, the use of certain otherwise irra­
tional elements, such as caryatids. Even Jacques-Francois 
Blondei, who in 1750 was probably the first architectural 
teacher to devote a separate section of his lecture courses 
to “history,” envisaged the subject mainly as an account 
of the literary references to architecture found in antique 
manuscripts—an attitude already developed by the 15th- 
century Renaissance architect Leon Battista Alberti.
The modern concept of architectural history was in fact 

simply part of a larger trend stimulated by the leading 
writers of the French Enlightenment, an 18th-century 
intellectual movement that developed from interrelated 
conceptions of reason, nature, and man. As a result of 
discussing constitutional law in terms of its evolution, ev­
ery branch of knowledge (especially the natural and social 
Sciences) was eventually seen as a historical sequence. In 
the philosophy of architecture, as in all other kinds of 
philosophy, the introduction of the historical method not 
only facilitated the teaching of these subjects but also mil- 
itated against the elaboration of theoretical speculation. 
Just as those charged with the responsibility of lecturing 
on ethics found it very much easier to lecture on the his­
tory of ethics, rather than to discuss how a person should 
or should not act in specific contemporary circumstances, 
so those who lectured on architectural theory found it 
easier to recite detailed accounts of what had been done 
in the past, rather than to recommend practical methods 
of dealing with current problems.
Moreover, the system of the Paris École des Beaux- 

Arts (which provided virtually the only organized system 
of architectural education at the beginning of the 19th 
Century) was radically different from that of the prerevo- 
lutionary Académie Royale d’Architecture. Quatremère de 
Quincy, an Italophile archaeologist who had been trained 
as a sculptor, united the school of architecture with that 
of painting and sculpture to form a single Organization, 
so that, although architectural students were ultimately 
given their own professor of theory, the whole theoretical 
background of their studies was assimilated to the other 
two fine arts by lecture courses and textbooks such as 
Hippolyte Taine’s Philosophie de l ’art, Charles Blanc’s 
Grammaire des arts du dessin, and Eugène Guillaume’s 
Essais sur la théorie du dessin.

Similarly, whereas before 1750 the uniformity of doctrine 
(the basic premises of which were ostensibly unchanged 
since the Renaissance) allowed the professor of architecture 
to discuss antique and 16th-century buildings as examples 
of architectural theory and to ignore medieval buildings 
completely, the mid-19th-century controversy between 
“medievalists” and “classicists” (the “Battle of the Styles”) 
and the ensuing faith in Eclecticism turned the studies of 
architectural history into courses on archaeology.

Thus, the attitudes of those scholars who, during the 
19th and early 20th centuries, wished to expound a the­
ory of architecture that was neither a philosophy of art 
nor a history of architecture tended to become highly 
personal, if not idiosyncratic. By 1950 most theoretical 
writings concentrated almost exclusively on visual aspects 
of architecture, thereby identifying the theory of architec­
ture with what, before 1750, would have been regarded 
as simply that aspect that Vitruvius called venustas {i.e., 
“beauty”). This approach did not necessarily invalidate 
the conclusions reached; but many valuable ideas then 
put forward as theories of architecture were only partial
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theories, in which it was taken for granted that theoretical 
concepts concerning construction and planning were dealt 
with in other texts.

DISTINCTION BETWEEN THE THEORY 
OF ARCHITECTURE AND THE THEORY OF ART
Before embarking on any discussion as to the nature of 
the philosophy of architecture, it is essential to distinguish 
between two mutually exclusive theories that affect the 
whole course of any such speculation. The first theory re- 
gards the philosophy of architecture as the application of 
a general philosophy of art to a particular type of art. The 
second, on the contrary, regards the philosophy of archi­
tecture as a separate study that, though it may well have 
many characteristics common to the theories of other arts, 
is generically distinct.

The first notion {i.e., that there exists a generic theory 
of art of which the theory of architecture is a specific ex- 
tension) has been widely held since the mid-16th Century, 
when the artist and writer Giorgio Vasari published in his 
Le vite de’piü eccellenti pittori, scultori ed architettori ital- 
ian i. . . {The Lives o f the Most Eminent Italian Painters, 
Sculptors and Architects. . .) his assertion that painting, 
sculpture, and architecture are all of common ancestry in 
that all depend on the ability to draw. This idea became 
particularly prevalent among English-speaking theorists, 
since the word design is used to translate both disegno 
(“a drawing”) and concetto (“a mental plan”). But its 
main influence on Western thought was due to Italophile 
Frenchmen, after Louis XIV had been induced to es­
tablish in Rome a French Academy modelled on Italian 
art academies.

As a result of the widespread influence of French cul­
ture in the 17th and 18th centuries, the concept of the 
beaux arts (literally “beautiful arts” but usually translated 
into English as “fine arts”) was accepted by Anglo-Saxon 
theorists as denoting a philosophical entity, to the point 
where it was generally forgotten that in France itself the 
architectural profession remained totally aloof from the 
Académie Royale de Peinture et de Sculpture until they 
were forced to amalgamate after the French Revolution.

This theory of fine art might not have been so widely 
adopted but for the development of aesthetics, elaborated 
after 1750. Thus, when academies of fine art were being 
established successively in Denmark, Russia, and England 
on the model of the French Academy in Rome, German 
philosophers were gradually asserting (1) that it was pos­
sible to elaborate a theory of beauty without reference to 
function (Zweck); (2) that any theory of beauty should 
be applicable to all sensory perceptions, whether visual 
or auditory; and (3) that the notion of beauty was only 
one aspect of a much larger concept of life-enhancing 
sensory stimuli.

The alternative theory {i.e., that a philosophy of archi­
tecture is unique and can therefore be evolved only by 
specific reference to the art of building) will be dealt with 
below with reference to the traditional triad usually cited 
in the formula coined, by the English theorist Sir Henry 
Wotton, in his book The Elements o f Architecture, namely 
“commodity, firmness, and delight.”
Generally speaking, writers on aesthetics have been no- 

ticeably reluctant to use architectural examples in support 
of speculations as to the nature of their general theo­
ries; but references to buildings have been used in most 
“philosophies of art” ever since the German philosophers 
Immanuel Kant and G.W.F. Hegel first popularized the 
philosophical discipline. Kant, in his Kritik der Urteilskraft 
(1790; Eng. trans., Critique o f Judgment, 1951), distin- 
guished between what he termed free beauty {pulchritudo 
vaga) and dependent beauty {pulchritudo adhaerens). He 
classified architecture as dependent beauty, saying that in 
a thing that is possible only by means of design {Absicht)— 
a building or even an animal—the regularity consisting 
in symmetry must express the unity of the intuition that 
accompanies the concept of purpose {Zweck), and this 
regularity belongs to cognition. Nevertheless, he claimed 
that a flower should be classified as free beauty (where 
the judgment of taste is “pure”) “because hardly any one 
but a botanist knows what sort of thing a flower ought

to be; and even he, though recognizing in the flower the 
reproductive organ of the plant, pays no regard to this 
natural purpose if he is passing judgment on the flower 
by taste.” What Kant’s reaction would have been to a 
modern plastic imitation flower is impossible to guess; 
but it will readily be perceived (1) why those who, in the 
19th Century, accepted the notion that beauty in architec­
ture is pulchritudo adhaerens feit such antipathy toward 
“shams,” (2) how the distinction between “pure art” and 
“functional art” {Zweckkunst) became confused, and (3) 
why there arose a tendency to pursue definitions of “pure 
beauty” or “pure art” without specifically referring to the 
function and structure of any particular dass of beautiful 
or artistic objects, such as buildings.
This latter tendency was reinforced when the French 

philosopher Victor Cousin, writing in 1835, classified the 
history of philosophy under three distinct headings: the 
true, the beautiful, and the good. The ensuing acceptance 
of the idea that beauty was to be studied independently of 
truth and goodness produced a tendency not merely to re­
gard beauty as something added to a building (rather than 
conceptually inseparable from the truth and goodness of 
its structure and function) but to regard beauty as limited 
to visual and emotional qualities.

In the first half of the 20th Century, philosophers grew less 
dogmatic about aesthetics. But its influence on theories of 
architecture became stronger because of the populär view 
that sculpture was essentially nonrepresentational. Thus, 
although the assertion that “aesthetically, architecture is 
the creation of sculpture big enough to walk about inside” 
is meaningful in the 20th Century, it would have seemed 
nonsensical to any architectural theorist living before 
1900, when sculpture was invariably thought of either as 
representational or as a carved refinement of load-bearing 
wood or stone.

FUNCTIONALISM
The notion of functional art, most actively promoted by 
German writers and termed by them Zweckkunst, is most 
appropriately related to architectural theory under three 
headings, namely (1) the idea that no building is beautiful 
unless it properly fulfills its function, (2) the idea that if 
a building fulfills its function it is ipso facto beautiful, 
and (3) the idea that, since form relates to function, all 
artifacts, including buildings, are a species of industrial, or 
applied, art (known in German as Kunstgewerbe).

The first proposition will be dealt with later under the 
heading utilitas. The second proposition, though widely 
popularized through the publication of the French archi­
tect Jean-Nicholas-Louis Durand’s lectures delivered dur­
ing the economie depression of the beginning of the 19th 
Century, has had little influence except during similar pe- 
riods of economie depression. The third proposition has, 
however, had a wide influence, since, unlike the second 
proposition, it is closely akin to (rather than antagonistic 
toward) the theory of aesthetics, in that it regards all the 
visual arts as generically related.

This last theory seems to have been popularized, if not 
originated, by Gottfried Semper, an architect from Dres­
den who, after finding political asylum in England (where 
he then helped to organize the Great Exhibition of 1851), 
published a book in German on arts and crafts that seems 
to have been influential not only in Germany but also in 
areas of the United States heavily populated by German- 
speaking immigrants, such as Chicago. Later, in 20th- 
century Germany, the Bauhaus (officially Hochschule für 
Gestaltung; Academy for Form Giving) was ostensibly 
intended to train students in separate Creative disciplines, 
but its didactic method was based on the assumption— 
implied by the general introductory courses—that, if one 
could design anything, one could design everything. In 
the explanatory words of its founder, the architect Walter 
Gropius, “The approach to any kind of design—a chair, 
a building, a whole town or a regional plan—should be 
essentially identical.”

THE ART OF BUILDING
The notion that architecture is the art of building was 
implied by Alberti in the first published treatise on the
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theory of architecture, De re aedificatoria (1485; Eng. 
trans., Ten Books on Architecture, 1955); for, although he 
was a lay man writing for other lay scholars, he rejected, 
by his title, the idea that architecture was simply applied 
mathematics, as had been claimed by Vitruvius. The spe­
cific denotation of architecture as “the art of building,” 
however, seems to be a French tradition, deriving perhaps 
from the medieval status of master masons, as understood 
by the 16th-century architect Philibert Delorme. This def- 
inition occurs in most French treatises published before 
1750; and, although the humanistic and antiquarian as­
pects of fine building were rarely questioned after the 
Renaissance, the distinction between “architecture” and 
“building” never had any appreciable significance before 
Renaissance ideas succumbed to the combined assault of 
“aesthetics” and the Gothic Revival movement.
Before the 18th Century it was generally accepted that 

the theory of architecture was concerned mainly with 
important private or civic buildings such as palaces, man- 
sions, churches, and monasteries. Buildings such as these 
required the superior skill that only book learning could 
provide, and so relatively little attention was given, in the­
oretical writings, to simple and straightforward buildings 
that could be competently built in accordance with local 
traditions by unlettered craftsmen. But, with the expansion 
of the architectural profession, with the perversion of the 
idea that social prestige was symbolized by ornamentation, 
with the wider distribution of wealth, and with the growing 
urge toward individualism in an increasingly egalitarian 
society, the real distinction between these two kinds of 
buildings was obscured, and in its place was substituted an 
antithesis. Henceforth, “building” was associated with the 
notion of cheapness, whereas “architecture” was associ­
ated with what John Ruskin would have called “sacrifice” 
(but which his antagonists would have called conspicuous 
waste). A distinction was made between the respective 
attitudes of “art architects” and practical-minded civil en- 
gineers. This distinction persisted because of the different 
methods of training candidates for the two professions. 
Whereas a fledgling engineering student is seldom asked to 
design a whole structure (such as a bridge), architectural 
students begin by designing whole structures and proceed 
with structures of increasing size and complexity, either 
graphically or by means of small-scale models.
It was doubtless the difference in educational methods 

that prompted Le Corbusier to state:
The engineer, inspired by the law of economy and led by 
mathematical calculation, puts us in accord with the laws 
of the universe. He achieves harmony. The architect, by his 
arrangement of forms, achieves an order which is a pure cre- 
ation of his spirit. .. it is then that we experience beauty.

Yet some 80 years previously the English critic James 
Fergusson had feit obliged to qualify, with a comparable 
distinction, his enthusiasm for the new architecture of the 
Crystal Palace, by observing that “it has not a sufficiënt 
amount of decoration about its parts to take it entirely 
out of the category of first-class engineering and to make 
it entirely an object of fine art.” The distinction between 
architecture and “mere building” was stated by Nikolaus 
Pevsner in the opening paragraph of his Outline o f Eu­
ropean Architecture (1942): “a bicycle shed is a building; 
Lincoln Cathedral is a piece of architecture . . . the term 
architecture applies only to buildings designed with a view 
to aesthetic appeal.” Whatever the justification for such 
assertions, it must nevertheless be recognized that neither 
of these authors suggests that aesthetic appeal or art are 
synonyms for superfluity. Although adjustment in propor­
tions or refinement of profiles may increase the thickness 
of short-span structural members beyond the structural 
analytical minima, this does not necessarily imply any 
radical decrease in real economy but simply indicates a 
concept of economy that takes into account the assembly 
and amenity of spatial enclosures and admits that there 
is value in environmental harmony. It is thus as mislead- 
ing to imply (as Fergusson implied) that architecture is 
civil engineering plus ornament as it is to imply (as Le 
Corbusier did) that the status of the two professions is 
to be distinguished by the relative superiority of beauty 
over harmony.

It is important to insist that the theory of architecture 
is concerned primarily with the attainment of certain en­
vironmental ideals rather than with their cost; for these 
two problems are philosophically distinct, as is clear if one 
considers such a concept as, for example, that of Standard­
ization. The financial saving made by standardizing rolled- 
steel sections or by casting concrete in reusable form work 
is so obvious that it requires no elaboration with respect to 
Vitruvius’ demand for oeconomia. But such Standardiza­
tion also fulfills Vitruvius’ concurrent demand for order, 
arrangement, eurythmy, symmetry, and propriety.
The Place Vendóme in Paris is adorned with over 100 

identical pilasters and half columns, all carved with the 
same Corinthian capitals under the supervision of a mem­
ber of the Académie Royale de Peinture et de Sculpture. 
Whether or not the resultant uniformity was or still is both 
pleasing and desirable is certainly open to discussion; but 
it will be perceived that any argument about architectural 
Standardization must primarily be a question of value, 
rather than of cost, and it is with values that architectural 
theory has always been predominantly concerned.

“commodity, firmness, and delight”:
THE ULTIMATE SYNTHESIS
It has been generally assumed that a complete theory of 
architecture is always concerned essentially in some way 
or another with these three interrelated terms, which, in 
Vitruvius’ Latin text, are given as firmitas, utilitas, and 
venustas (i.e., structural stability, appropriate spatial ac- 
commodation, and attractive appearance). Nevertheless, 
a number of influential theorists after 1750 sought to 
make modifications to this traditional triad (1) by giving 
its components a radically different equilibrium (such as 
the primacy given by the 18th-century French architect 
Étienne-Louis Boullée to the effects of geometrie forms in 
light or the claim made by J.N.L. Durand that the ful- 
fillment of function was the sole essence of architectural 
beauty), (2) by adding ethical values (such as Ruskin’s 
“sacrifice” and “obedience”), or (3) by introducing new 
scientific concepts (such as Giedion’s “space-time”).

Furthermore, it has been argued that the traditional con­
cept of firmitas, utilitas, and venustas ceased to have any 
real value after 1800, when engineers began creating struc­
tures that seemed so ostentatiously to defy the stonema- 
sons’ laws of gravity, when scientific studies were creating 
more and more doubts as to the economical, sociological, 
psychological, acoustical, thermal, or optical determinants 
of appropriate spatial accommodation and when beauty 
was “altogether in the eye of the beholder.”

Clearly, one must be wary of attributing too much im­
portance to the sequence, since a slight Variation occurs 
in the writings of even the most traditional theorists. Vi­
truvius gives these terms in the sequence firmitas, utilitas, 
venustas, whereas both Alberti and, following him, the 
16th-century Venetian architect and theorist Andrea Pal- 
ladio reverse the order of the first two. Thus, Sir Henry 
Wotton’s sequence (which is normally used in English- 
language texts) does not, as so often stated, derive directly 
from the Latin text of Vitruvius but from the Italian text 
of Palladio’s I quattro libri dell’ architettura (i.e., comoditä, 
perpetuitä, bellezza). But it does seem worth noting that 
venustas generally comes last, implying that firmitas and 
utilitas are to be regarded as essential logical prerequisites 
of architectural beauty.

On the other hand, the practical advantages, in academie 
treatises, of giving priority to venustas are evident. Jacques- 
Frangois Blondel, in his nine-volume Cours d ’architecture 
(1771-77) used this sequence because he observed that 
considerations of “decoration” are almost entirely within 
the domain of the theory of architecture, whereas neither 
distribution (utilitas) nor construction (firmitas) can be 
explained properly without practical experience. The grow­
ing emphasis on aesthetics, combined with developments 
in psychology and the influence of art-historical methods, 
added weight to this argument, while the corresponding 
independence of scientific techniques of structural and 
spatial analysis led many teachers of architecture to con- 
sider utilitas and firmitas as totally separate academie 
disciplines. Important exceptions can be found to this gen-
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eralization. At the end of the 19th Century, Julien Guadet, 
in reaction against the creation of a chair of aesthetics 
at the Paris École des Beaux-Arts, considered it his duty, 
as professor of architectural theory, to devote his lectures 
to the study of architectural planning, and this method, 
which achieved prestige as a result of his keen mind and 
wide historical knowledge, was pursued by many later 
scholars. But Guadet’s approach became unfashionable, 
and since the 1960s the predominant methods of teach­
ing architectural theory have ranged from a return to the 
synthesis of structural, spatial, and formal values espoused 
by Robert Venturi to the exploration of the architectural 
implications of general theories of linguistics advanced by 
Christian Norberg-Schulz.
Venustas. This Latin term for “beauty” (literally, the 

salient qualities possessed by the goddess Venus) clearly 
implied a visual quality in architecture that would arouse 
the emotion of love; but it is of interest to note that one 
of the crucial aspects of this problem was already antic- 
ipated by Alberti in the 15th Century, as is made clear 
by his Substitution of the word amoenitas (“pleasure”) for 
Vitruvius’ more anthropomorphic term venustas. Alberti 
not only avoids the erotic implications of the term venus­
tas but, by subdividing amoenitas into pulchritudo and 
ornamentum, gives far more precise indications as to the 
type of visual satisfaction that architecture should provide. 
Pulchritudo, he asserts, is derived from harmonious pro­
portions that are comparable to those that exist in music 
and are the essence of the pleasure created by architecture. 
Ornamentum, he claims, is only an “auxiliary brightness,” 
the quality and extent of which will depend essentially on 
what is appropriate and seemly. Both pulchritudo and or­
namentum were thus related to function and environment 
in that, ideally, they were governed by a sense of decorum; 
and, since the etymological roots of both “decoration” 
and “decorum” are the same, it will be understood why, 
before 1750, the term decoration had in both English and 
French a far less superficial architectural implication than 
it often does today.

After the German philosopher and educator Alexander 
Göttlich Baurngarten had uiiroduced the neologism aes­
thetics in about 1750, the visual merits of all artifacts 
tended to be assessed more subjectively than objectively; 
and, in the criticism of all those sensory stimuli that, for 
want of a better term, critics somewhat indiscriminately 
lumped together as the fine arts, the visual criteria were 
extended to include not only beauty but also sublimity, 
picturesqueness, and even ugliness. Now it is clear that, 
once ugliness is equated with beauty, both terms (being 
contradictory) become virtually meaningless. But ugliness, 
after the mid-19th Century, was not only one of the most 
important themes of many populär dramas and novels; 
ugliness was also often considered the most appropriate 
architectural expression for all sorts of virtues—especially 
those of manliness, sincerity, and so on.

Before 1750, architects had expressed these qualities 
more subtly (e.g., by slight modifications of proportions or 
by unobtrusive ornament). In later years, when the value 
of proportion and ornament became highly controversial, 
architectural theorists tended to avoid committing them­
selves to any criteria that might be subsumed under the 
heading venustas. In the last resort, however, some con­
cept of beauty must be essential to any theory of architec­
ture; and, whether one considers Le Corbusier’s buildings 
beautiful or not, his most stabilizing contribution toward 
the theory of modern architecture was undoubtedly his 
constant reiteration of this term and his insistence on 
the traditional view that beauty in architecture is essen­
tially based on harmonious proportions, mathematically 
conceived.

In the 20th Century the main obstacle to an acceptance of 
Alberti’s notions of pulchritudo and ornamentum resulted 
from the influence of nonrepresentational sculpture after 
1918, whereby ornament was no longer conceived as an 
enrichment of proportioned structure but as an integral, 
all-pervading part of each building’s totality. This ideal 
of the fusion between good proportions and “auxiliary 
brightness” was expressed by Walter Gropius in The New 
Architecture and the Bauhaus when he wrote in 1935:

Our ultimate goal, therefore, was the composite but insepara-
ble work of art, the great building, in which the old dividing-
line between monumental and decorative elements would
have disappeared for ever.
The idea was accepted in most schools of architecture by 

the mid-20th Century; but one may question whether it 
fully justified the expectations of its protagonists, once it 
had been exemplified and proliferated in so many urban 
environments. It is by no means certain that Gropius’ 
concept of the fundamental interdependence of architec­
tural proportion and architectural ornament was irrevo- 
cably established by the Bauhaus theorists or that future 
architectural theorists need only concentrate on such mi­
nor modifications to the concept as may be required by 
sociological and technological developments.
Utilitas. The notion that a building is defective unless 

the spaces provided are adequate and appropriate for their 
intended usage would seem obvious. Yet the statement 
itself has been a source of controversy since the 1960s. 
The main reasons for the controversy are: first, whereas 
there are seldom exact Statistical means of computing spa­
tial adequacy or appropriateness, there are many building 
types or building elements for which one cannot even 
establish the optimum forms and dimensions with any 
confidence that they will be generally accepted. Second,
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for which they were originally planned. Furthermore, there 
is some doubt as to whether “form follows function” or 
“function follows form,” since, although, in general, it can 
reasonably be assumed that an architect’s task is to con­
struct specific spaces for the fulfillment of predetermined 
functions, there is plenty of historical evidence to suggest 
that many important social institutions have resulted from 
spaces already built. No better example could be found 
than the evolution of parliamentary Systems. The British 
system, based on the concept of legislatures in which 
the sovereign’s government and the sovereign’s Opposition 
confront each other, originated in the fact that the ear­
liest parliaments met in the medieval palace chapel. The 
French system, created concurrently with the Greek and 
Roman revivals, was based on the concept of legislatures 
addressed by orators, and its environment was that of an 
antique theatre. In the former system the seating was de­
signed in accordance with the liturgical requirements of a 
Christian church; in the latter, with the evolution of Greek 
drama. Neither had any thing to do with preconceived 
notions regarding the most effective environment for par­
liamentary debate, yet both have had divergent influences 
on constitutional procedures, thereby deeply affecting the 
whole theory of government.
Third, the exact significance of what is meant by “ade­

quate appropriate spaces” becomes far more complex in 
buildings requiring a large number of interrelated spaces 
than it is in single-cell buildings. The emotional effect of 
transitions from spacious to constricted volumes and vice 
versa transcends in architectural importance the Statisti­
cal evaluation of floor areas; a fact which explains the 
attractiveness of theories that have tacitly adopted places 
of worship as spatial paradigms and bolstered their ar- 
guments by historical reference to temples and churches. 
This bias is perceptible not only in the most influential 
theories enunciated before 1900 (when the prototypes were 
either primeval, antique, or medieval) but also in the most 
influential ideas promulgated by such great architectural 
leaders of the 20th Century as Frank Lloyd Wright and 
Ludwig Mies van der Rohe.

The idealization of monumental single-cell spaces is 
sometimes justified, but the difficulty of evolving theories 
of planning by the use of historical prototypes should be 
emphasized. It is in this branch of architectural theory 
that the influences of historicism have been most insid- 
ious, precisely because they are less obvious here than 
in Systems of construction, of proportions, and of orna- 
mentation. Such influences persist mainly because of art- 
historical indifference to the essential distinction between 
building types, since such distinction conflicts with the 
chronological sequence of particular architects’ stylistic 
evolution; but it is for this reason that Julien Guadet’s 
greatest contribution to the theory of architecture may well
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have been his decision to evolve a history of architecture 
in which all buildings were classified solely in accordance 
with their function.

Firmitas. Two plausible reasons can be given for ac­
cording logical primacy in the Vitruvian triad to firmitas. 
The first is the notion that architecture is essentially the 
“art of building.” The second is that, since the uses or 
functions of a building tend to change, the structures 
serving such functions may be considered as taking logi­
cal precedence over them. This idea was expressed with 
characteristic lapidary vigour by the 20th-century French 
architect Auguste Perret when he asserted that

architecture is the art of organizing space; but it is by con­
struction that it expresses itself. . .  Functions, customs, and
building regulations and fashions impose conditions which
are only transitory.
Some later architectural theorists have become so con- 

cemed with the rapid obsolescence of modern buildings 
that they have envisaged edifices that express the tempo­
rary nature of these transitory qualities and are therefore 
built in such a way as to enable the structures themselves 
to be discarded completely after a few years. On the other 
hand (since the economie feasibility of this technique is 
questionable), there are still many architects who believe 
in the inevitability of permanent buildings and who there­
fore hold views more compatible with this belief.

From the time of the Renaissance to the mid-18th Cen­
tury—as also before the decline of the ancient Roman 
Empire on which the culture of this era was modelled— 
little concern seems to have been given to the idea that 
there was any virtue in manifesting the actual structural 
system of a building. Alberti recommended a distinctive 
articulation of the skeleton frame in conformity with the 
antique concept of trabeation, or the post-and-lintel system 
(and hence the independence of the “infilling” elements, 
such as arches or solid walling); but the more commonly 
accepted notion seems to have been that, provided a tra- 
beated system was expressed externally, the relationship of 
this visual expression to the actual system of construction 
was relatively unimportant. Theoretical pronouncements 
on this matter depended of course on the architectural 
traditions of each country. In Italy (where the traditional 
technique of building had, even during the Middle Ages, 
assumed that structure was independent of appearance 
and where it was common to complete a building in brick 
before adding its marble facades) the idea that there could 
be any theoretical dilemma regarding the unison between 
these two elements was virtually inconceivable. Palladio 
and his generation seem to have generally accepted the 
idea that, in regions where masonry was scarce, the use 
of stuccoed, painted, or veneered brickwork, with plas- 
tered timber beams, was architecturally as “genuine” as 
the use of stone, provided it was all of one colour. But 
in the Ile-de-France region around Paris, on the contrary, 
the medieval traditions of French masonry construction, 
combined with the abundance of good freestone, caused 
theorists from the Renaissance to the time of the French 
Revolution to favour a less tenuous relationship between 
the external appearance of a building and the system by 
which it was constructed. Nevertheless, it is probably fair 
to say that in all European countries before the end of 
the 18th Century, as well as in their American colonies, 
the only problem concerned with firmitas (other than 
technical problems) was the problem of the relationship 
between “real and apparent stability”; and, when theorists 
pronounced on this problem, it was usually to assert that a 
building should not only be structurally stable but should 
also appear to be so.
A violent assault upon this point of view was launched by 

the Gothic Revivalists, who, in the mid-19th Century, con- 
tended that the breathtaking counterpoise of a cathedrafs 
flying buttresses was far more dramatically expressive of 
firmitas than the ponderous massiveness of its sturdy 
western towers. It was in this era that the term daring 
(which Ruskin had frequently used with reference to the 
paintings of the English Romantic artist Joseph Mallord 
William Turner) became populär as a laudatory epithet, 
thereby indicating an ideal of structural expression that 
was to be increasingly exploited when steel and reinforced

concrete permitted higher buildings with fewer and more 
slender supports.

But the most controversial issue concerning firmitas in 
the 19th Century—which also arose through the influence 
of the Gothic Revival movement—concerned the extent 
to which a building should manifest its structural system 
and the materials used. The attraction of this particular 
interpretation of the concept of truthful architecture was 
probably due to the popularity of new attitudes toward 
experimental Science and to the disrepute into which 
mythology had been cast by the philosophers of the En- 
lightenment. Presumably, truth was no less prized in the 
17th or 18th centuries than in the 19th Century (though 
shams may have been less rife), while hypocrisy was re­
garded with as much contempt. Moreover, although the 
19th Century was a period of growing realism in litera­
ture, it was also a period of growing expressiveness in 
painting and music. Whatever the reason for this change 
of attitude, the 19th Century saw a general acceptance of 
the notion that buildings were “true” only insofar as their 
structural form and appearance corresponded to the struc­
tural Systems and materials employed, and this dogma 
was developed by means of many elaborate biological and 
mechanical analogies.
This particular doctrine had a highly beneficial influence 

on architectural evolution during the 20th Century, since 
it helped to demonstrate why the radical changes in build­
ing technology rendered earlier concepts of architectural 
form (based on load-bearing masonry construction) theo- 
retically untenable. For, while it may readily be admitted 
that a building can express many other things besides 
its function and structure, failure to express the latter 
in some manner, however remote, must always lead to 
arbitrariness. This would not only be harmful to the evo­
lution of architectural form but would inevitably result in 
a somewhat cynical concept of building as “pure form”— 
a concept that only those who regard architecture as noth­
ing more than large-scale packaging or abstract sculpture 
could accept. (Pe.C.)
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Culture (1969), an analysis of basic domestic forms in the light 
of cultural anthropology.

Techniques: lewis mumford, Technics and Civilization  
(1934, reprinted 1962), a general view of the cultural role of 
technology; Department of scientific and  industrial re­
search (London), Principles o f  Modern Building, 3rd ed., 2 
vol. (1959-61), a study of building techniques and materials; 
Charles ramsey and harold SLEEPER, Architectural Graphic 
Standards, 6th ed. (1970), the practicing designer’s handbook 
of Standards and equipment; mario salvadori and robert 
heller, Structure in Architecture (1963), a clear, well-illustrated 
explanation of structural principles.

Expression and theory: (Sources): john ruskin, The Seven
Lamps o f  Architecture (1849, reprinted 1956), an aesthetic 
of architecture of the Romantic era allied to ethics; eugene 
viollet-le-duc, Entretiens sur / architecture, 2 pt. (1862-72; 
Eng. trans., Discourses on Architecture, 1875), a premodern 
architectural theory based on rational construction; vitruvius, 
Ten Books on Architecture (Eng. trans. 1914), the only archi-

The
concept of 
truthful ar­
chitecture
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tectural treatise to survive from antiquity—exerted great influ­
ence on Renaissance and later design. (Modern): Ch r i s t o p h e r  
A l e x a n d e r , Notes on the Synthesis of Form (1964), design 
calculations for the cybernetic age; l e  c o r b u s i e r , Vers une 
architecture (1925; Eng. trans., Towards a New Architecture, 
1927); Wa l t e r  g r o p i u s , Scope of Total Architecture (1955); and 
f r a n k  L l o y d  w r i g h t , Modern Architecture (1931), the credos 
of the three most influential modem architects. (Surveys): p e ­
t e r  c o l l i n s , Changing Ideals in Modern Architecture, 1750- 
1950 (1965), a survey of architectural principles; p a u l  f r a n k l , 
The Gothic (1960), a medieval style and its survivals through 
the centuries; g e o f f r e y  s c o t t , The Architecture of Humanism, 
2nd ed. (1924, reprinted 1969), combines a critique of 19th- 
century theory with a psychologically based defense of Baroque 
design; j o h n  s u m m e r s o n , The Classical Language of Architec­
ture (1963), on the use of the classical repertory of motives 
through the ages; r u d o l f  w i t t k o w e r , Architectural Principles 
in the Age of Humanism, 3rd ed. (1962), architectural thought 
in the Renaissance; a l d o  r o ssi, The Architecture of the City 
(1982), architectural and urban theory.
Ornament: A useful general survey of ornamental forms and 

designs is j o a n  e v a n s , Pattern: A Study of Ornament in West­
ern Europe from 1180 to 1900, 2 vol. (1931). For an account of 
mimetic ornament and design, the works of e . b a l d w i n  s m it h  
are recommended: Egyptian Architecture As Cultural Expres­
sion (1938, reprinted 1968), The Dome (1950), and Architec­

tural Symbolism of Imperial Rome and the Middle Ages (1956). 
For a theory of ornament as social function, identifying use 
and humanizing artifacts, see a l a n  g o  w a n s , “The Unchanging 
Arts of Beautification: Commercial Design and Decoration,” in 
The Unchanging Arts (1971); c a r o l e  r i f k i n d , A Field Guide 
to American Architecture (1980), covers styles, building types, 
ornamentation, elements of construction.

Theory and criticism: l e o n e  b a t t i s t a  a l b e r t i , De re aedi- 
ficatoria (1485), the first printed book on the theory of archi­
tecture—numerous English translations are available; r e y n e r  
b a n h a m , Theory and Design in the First Machine Age (1960), 
an authoritative study of the theories of architecture developed 
in the second quarter of the present Century; p e t e r  c o l l i n s , Ar­
chitectural Judgement (1971), a comparative study of decision 
making in architecture and law; Ch r i s t i a n  n o r b e r g -s c h u l z , 
Intentions in Architecture (1963), an influential study of archi­
tectural theory based on linguistics; h o w a r d  r o b e r t s o n , The 
Principles of Architectural Composition (1924), a characteristic 
textbook of the first quarter of the present Century; r o b e r t  
v e n t u r i , Complexity and Contradiction in Architecture (1966), 
a proposal for a new theory of architecture based on recent 
art-historical interpretations of Mannerism and Baroque archi­
tecture; e d w a r d  d e  z u r k o , Origins of Functionalist Theory 
(1957), a compendious historical analysis of the relationship 
between form and function, as conceived by philosophers and 
architectural theorists.
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The History o f Western Architecture

Architecture, the art of building, is perhaps the best 
example of the partnership and basic identity of a 
fine and a useful art, beauty and utility, form and 

function. A building—whether a temple, church, factory, 
office complex, exhibition hall, or domestic dwelling— 
must demonstrate the solution of the practical problems 
associated with its purpose. In addition, the building must 
show the careful manipulation of structural and orna­
mental materials, used to express aesthetic, cultural, or 
symbolic ideas.
The primary concern of the architect is the definition 

and articulation of exterior space and the spanning and 
enclosure of interior space. The moment a square or cir­
cle has been described on the ground, one area has been 
physically and intellectually separated from another and 
the architectural process has begun. As the architect spans 
the space—on the ground as with a wall or road or in 
the air as with an arch or bridge—he encounters not only 
the complex technical problems of the craft but aesthetic 
factors as well. Materials must be molded with an eye for 
the proportions of masses and voids; for the interaction 
of qualities, textures, colours, and capacities of these ma­
terials; for the harmonious relationship of open Windows 
and doors to closed wall space; for the control and flow 
of lighting; and above all for architecture in action—that 
is, for the shelter, comfort, and movement of the people 
who will be living, working, and carrying on their various 
activities within the building.
The history of architecture may be read in the progressive 

changes in the solution of structural problems. The tran- 
sition from the most primitive shed roof and simple truss 
construction to the vertical posts, or columns, supporting 
horizontal beams, or linteis, covers the period from the 
beginning of civilization through ancient Greek culture. 
Greek architecture also formalized many structural and 
decorative elements into three of the classical orders— 
Ionic, Doric, and Corinthian—which, to a greater or lesser

extent, have influenced architectural style since that time. 
The Romans exploited the arch, vault, and dome and 
made broader use of the load-bearing masonry wall; and in 
the late medieval period the pointed arch, ribbing, and pier 
Systems gradually emerged. At this point all the problems 
of brick and stone masonry construction had been solved, 
and little innovation except in decoration was achieved 
until the Industrial Revolution. Not until the 19th Cen­
tury, with the advent of cast-iron and steel construction, 
did a new architectural age dawn and higher, broader, and 
lighter buildings become possible. With the advances of 
20th Century technology, new structural methods such as 
cantilevering received more extensive use.

Building materials evolved in much the same way from 
simple, often perishable materials such as primitive grass 
thatch, stick frame, and wattle and daub to more durable 
materials such as clay, adobe, brick, stone, and cement. 
The modem use of reinforced and pre-stressed ferrocon- 
crete and of various metals, including steel, copper, and 
aluminum, as well as of glass and structural fabrics and 
plastics, has led not only to more daring structural inno- 
vations but also to much beauty through the realization 
of the inherent qualities of such materials and their use in 
novel decorative schemes.

In postmodern architecture the classical orders have been 
reintroduced as one of a number of contrasting design 
methods, so that late 20th-century architecture attempted 
to include historical references in its design approach and 
was characterized by a new aesthetic pluralism.

(Wm.F./D.J.Wa./Ed.)
This article considers the history of architecture in the 

West from about 2000 bc. For a discussion of the archi­
tecture of ancient Egypt, see egyptian  arts a nd  archi­
tecture, ANCIENT.

For coverage of related topics in the Macropcedia and 
Micropcedia, see the Propcedia, section 626, and the Index.
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European M etal Age cultures
AEGEAN AND EASTERN MEDITERRANEAN 
The islands of the eastem Mediterranean and the Aegean 
Sea form a natural link between the landmasses of the 
Middle East and Europe. A westward expansion from the 
civilizations of western Asia and Egypt began about 3000 
bc and led to settlements in Crete, the Cyclades, and 
mainland Greece. The fundamental difference between 
these and the earlier, Neolithic cultures is that stone tools 
and weapons were replaced by those made of copper and, 
later, bronze. The Chalcolithic (Copper-Stone) Age, lasting 
in the Aegean area from the early 3rd millennium bc to 
the beginning of the 2nd, is usually considered a part of 
the greater Bronze Age, which was superseded by the Iron 
Age from about 1200 bc.

The hallmark of the Aegean civilizations was the faciiity 
with which Asiatic motifs and techniques were adapted to 
form original local styles. In architecture, by far the most 
important achievements were those of the civilizations of 
Minoan Crete and Mycenaean Greece.
Minoan Crete. The great maritime civilization of Crete 

crystallized around palaces such as those at Knossos, 
Phaestus, Ayia Triäda, Mallia, and Tylissos. The im- 
mensely important Palace of Minos at Knossos, excavated 
and reconstructed early in the 20th Century by Sir Arthur 
Evans, offers evidence of unbroken architectural and artis­
tic development from Neolithic beginnings, culminating 
in a brilliant display of building activity during the third 
phase of the Middle Minoan period (1700-1580 bc) and 
continuing until the invasion of the Achaeans in the 12th 
Century. The palace, however, is essentially a structure of 
the late two Middle Minoan periods (1800-1580 bc). It 
no doubt rivaled Middle Eastem and Egyptian palaces in 
monumentality. As in these, a quadrangular complex of 
rooms and corridors is grouped around a great central 
court, at Knossos roughly 175 X 100 feet (50 X 30 metres). 
At the northem end, toward the sea, a grand portico of 
12 pilasters gave access to the central court. At this end, 
also, is situated the grand theatrical area, a rectangular 
open-air theatre perhaps used for ritual performances. The 
east wing of the palace is divided into two parts by a 
long corridor running on an east-west axis; originally it 
rose four or five stories above the slope of the valley. The 
southeast portion of the palace contains domestic apart- 
ments, elaborately supplied with plumbing and flushing 
facilities, as well as a sanctuary. A wide stairway led to an 
upper story, which no longer exists. The northeast portion 
of the palace is occupied by offices and storerooms. The 
west portion is again divided by a main corridor, more 
than 200 feet long, running north and south. Behind this 
corridor, along the western side, was discovered a series 
of long narrow storerooms containing great numbers of 
pithoi, or human-size storage vessels for oil. On the other 
side of the corridor, facing toward the central court, are

the rooms of state, including the throne room with its 
unique gypsum throne and worid-famous griffin frescoes.
Light was supplied from above by an ingenious system 

of light wells, and several colonnaded porticoes provided 
Ventilation during the hot Cretan summers. Brilliantly 
hued frescoes played an important part in both the inte­
rior and the exterior decoration of the palace.
The development of the other Minoan palaces (Phaestus, 

Mallia, Ayia Triäda, Tylissos) roughly parallels that of 
Knossos. Each has its special interest, and Phaestus is par­
ticularly fascinating, due to extensive Italian excavations. 
Maritime hegemony enabled the Cretan sea kings to build 
these palaces in low and unprotected places; consequently 
there is a conspicuous absence of fortification walls, as 
contrasted to the great walls of Mesopotamian palaces. 
Since Cretan worship seems to have been conducted 
largely in the open air, there are no real temples as in 
the Middle East. Yet, the disposition of the various parts 
of the palace around the central court and the avoidance 
of outside Windows as much as possible are characteristics 
that seem to indicate an early contact with the Middle 
East. A taste for long, straight palace corridors, as well 
as a highly developed water-supply system, may also have 
been inherited from older civilizations to the east. The 
column made its first European appearance in the Cretan 
palace, where it is often employed individually to divide 
an entranceway.
The development of funerary architecture in Crete pro- 

ceeds from the old chamber ossuaries of the Early Minoan 
period (2750-2000 bc) to the developed tholoi, or beehive 
tombs, of the Mesara plain and the elaborate temple- 
tombs of Knossos that appeared at the end of the Middle 
Minoan period.

On the crest of Minoan prosperity came the great crash. 
An invasion from the mainland about 1400 bc destroyed 
the palaces and resulted in the removal of power to Myce­
naean Greece. Architectural remains in Crete of structures 
that are pre-Greek in design and yet were built subsequent 
to this catastrophe are very rare. Several country shrines 
belong to this post-destruction period, and at Prinias a 
unique temple building may date from as late as 700 bc. 
The doorway of this temple, now in the Archaeological 
Museum at Iraklion, has low reliefs on its architectural 
members. The opening above the lintei is flanked by 
seated figures, while the lintei itself is carved on its un­
derside with figures of a goddess and of animals. That the 
Minoan tradition was not entirely extinct is indicated by 
the column that seems to have stood in the middle of this 
doorway, as at the Palace of Minos.

Mycenaean Greece. The sudden architectural awak- 
ening of the Mycenaean Greek mainland is intimately 
connected with the zenith and decline of Minoan Crete 
and can only be understood against the background of a 
long Cretan development. Unlike Minoan Knossos, the 
archaeological remains on the mainland are fragmentary.
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Redrawn after Fig. 5 in Alan J.B. Wace, Mycenae: An Archaeological History and Guide (copyright 1949 by Princeton University 
Press). Reprinted by permission of Princeton University Press

Knowledge of at least three sites, Mycenae, Tiryns, and 
Pylos, suggests a picture of Mycenaean architecture. The 
important architectural monuments visible today date 
largely from Late Helladic times (1580 to c. 1100 bc), and 
little earlier architecture is preserved.

Fortification. The tremendous building activity of the 
14th Century bc reflects an age of warfare, when powerful 
Greek-speaking kings built fortresses in key defensive po­
sitions on the mainland. The cyclopean walls (i.e., walls 
in which great blocks of irregulär untrimmed stone fitted 
together without mortar were employed) of Mycenae and 

Lion Gate Tiryns and the strategically placed Lion Gate at Mycenae 
were constructed in this period. The latter consists of two 
colossal dooijambs that support a monolithic lintei. The 
wall above the gate is so constructed as to form a relieving 
triangle over the lintei, and this space is blocked with the 
famous relief panel of two heraldic lions, which has given 
the gate its name. This method of construction provides 
an ingenious substitute for the arch, which was unknown 
to the Mycenaeans.

Also justly famed are the concealed galleries of Tiryns, 
where the primitive corbel vault (constructed of rows of 
masonry placed so that each row projects slightly beyond 
the one below, the two opposite walls meeting at the top) 
makes its first appearance in mainland Europe.
Palaces. Mycenaean palaces have been unearthed at 

Mycenae, Tiryns, Pylos, Gla, and Phylakopi (Cyclades). 
The palace at Pylos is a typical mainland palace of the 
Heroic Age as described in the poetry of Homer. The 
characteristic plan comprises four elements: ( 1 ) a narrow 
court on which the structure fronts; (2 ) a double-columned 
entrance portico; (3) a vestibule (prodomos); and (4) the 
richly frescoed domos, or hall proper. The latter had a 
fixed throne at one end and a central fixed hearth between 
four wooden columns that supported an open towerlike 
structure rising above the roof for light and Ventilation. 
Archives, comparable to those of the Hittite kings at 
Bogazköy, were associated with this palace. Private houses, 
such as have been discovered at Mycenae, exhibit similar 
features as well as the basement storage magazines men- 
tioned by Homer.

Tombs. The earliest royal burials known from Mycenae 
are those of the two grave circles, the first discovered by 
Heinrich Schliemann in 1876 and the second by Alan J.B.

Wace in 1951. These grave circles have no architectural 
character, consisting essentially of vertical shafts cut into 
the bedrock.

More important architecturally are the tholoi. The evo­
lution of these family sepulchres began in Minoan Crete 
but culminated in the so-called Treasury of Atreus at 
Mycenae, now believed to have been constructed as late 
as about 1250 bc (Figure 1). This most impressive mon­
ument of the Mycenaean world is a pointed dome built 
up of overhanging (i.e., corbeled) blocks of conglomerate 
masonry cut and polished to give the impression of a 
true vault. The diameter of this tomb is almost 50 feet; 
its height is slightly less. The enormous monolithic lintei 
of the doorway weighs 120 tons and is 29 l/i feet long,
I6 V2 feet deep, and three feet high. It is surmounted by 
a relieving triangle similar to that over the Lion Gate 
and decorated with relief plaques carved in a variety of 
coloured stones. A small side chamber hewn out of the 
living rock contained the burials, whereas the main cham­
ber was probably reserved for ritual use. Two engaged half 
columns (i.e., attached to the wall and projecting from 
it for about half their diameter) of Cretan type (now in 
the British Museum, London) were secured to the facade, 
which was approached by a dromos, or ceremonial pas- 
sageway, revetted with cyclopean blocks of masonry and 
open to the sky. Other tholoi, not as well preserved, exist 
at Mycenae and Orchomenos. (H.Hn./Ed.)

WESTERN MEDITERRANEAN
Bronze Age cultures. Metalworking improved and pro- 

moted the progress of the western Mediterranean lands, 
which developed maritime relations joining them to one 
another and binding them to the eastem Mediterranean.
Several great centres displayed considerable architectural 
activity, of which some splendid evidence remains.

Iberia. The Bronze Age was a brilliant stage of culture 
in the Iberian Peninsula and was designated El Argar, El Argar 
honouring the name of a great site of southeastem Spain, culture 
El Argar, which stood well fortified on a plateau about
1,000 feet long and about 330 feet wide, enjoyed, from 
1700 bc, several centuries of prosperity and exerted an 
influence that spread over the eastem coasts of Spain and 
over southem Portugal. A necropolis of about 1,000 buri­
als has yielded goods of quality from the graves. The El
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Argar culture had continuing contacts with the Balearic 
Isles, Malta, and Sardinia.
Balearic Isles. In the Balearic Isles the Bronze Age 

corresponds to the 2 nd millennium b c  and is designated 
“talayotic” from the name of the talayot, a megalithic 
monument in the form of a round or quadrangular tower. 
Majorca still has about 1,000 talayots, and Minorca has 
more than 300. These high numbers indicate the ampli­
tude of construction activity, implying precise architectural 
planning and the coordination of the efforts of human 
groups. Their intended purpose varies: they may be defen­
sive towers, places of worship, or funerary monuments. 
There are also other types of megalithic monuments in the 
Balearic Isles; for example, navetas, or collective tombs 
built in the form of ships, and Minorcan taulas, composed 
of a monolithic column topped by a slab and today rec­
ognized as places of worship. This megalithic architecture, 
which is imposing in conception and skilled in execution, 
continued into the Ist millennium b c , the early Iron Age, 
and made the Balearic Isles an exceptional ground for the 
study of the structures of the pre-Roman era.
Malta. Malta had experienced a magnificent flourishing 

of underground burial chambers, or hypogea, and mega­
lithic temples in the Neolithic period (Figure 2). These 
Neolithic temples are among the first instances in Europe

H. Roger-Viollet

Figure 2: One of the chambers of a megalithic temple at 
Tarxien, Malta, Late Neolithic (2300-1900 BC).

of buildings erected for a particular functional purpose. 
They have a trefoil plan and a roof construction of oor­
belled stone that is the earliest known example of its kind. 
The arrival of Cycladic and Cretan influences in Malta 
stimulated the birth of a stone and terra-cotta statuary 
representing the deities and their worshipers. This contin­
ued brilliantly in the Copper Age, but the beginning of the 
2 nd millennium witnessed the appearance of a new people 
who conquered and destroyed, which is well known from 
the cremation burial ground of Tarxien. Small terra-cotta 
female idols recall contemporary figurines of Cyprus, but 
the culture was rapidly impoverished.

Sardinia and Corsica. It is necessary to go farther 
north—Sardinia and Corsica—to find an original and 
prosperous Bronze Age, the creations of which continue 
to pose certain problems of Interpretation. The Sardinian 

luraghic bronze civilization is characterized by the nuraghi, round 
iviliza- towers that may occur alone or form the centre of complex 
on fortified arrangements. About 7,000 of them, dating from

about 1500 to 1100 b c , have been discovered on differ­
ent parts of the island. They are efficiently and skillfully 
constructed defensive fortresses, the interior arrangements 
of which give evidence of an art developed out of military

architecture. Around the nuraghi press the round huts of 
villagers, which are, in turn, surrounded by solid ramparts.
The complex thus constitutes an architectural unity, which 
arose from a patriarchal society in which families fearfully 
gathered around their clan chief. There is a kind of rough 
beauty in these true fortified castles, with their compact 
and severe appearance. Tribal battles and the Phoenician 
conquest in the 7th Century b c  led to the decline and 
disappearance of the nuraghic civilization.
On neighbouring Corsica, fine megalithic structures, such 

as dolmens and isolated or grouped menhirs, were made 
during the Neolithic Period. This megalithic architecture 
continued in the Copper Age and throughout the Bronze 
Age. Populated centres were provided with a fortified 
arrangement; Filitosa, for example, with its elliptical sur­
rounding wall, its menhir statuary erected in a place of 
worship, and its defensive towers.

Italy. From 1500 b c  there developed in Emilia, in 
northern Italy south of the Po River, the Terramare cul­
ture, a curious world of terramare, habitations built on 
pilings and protected by a valium, or defensive wall, which 
screened them from floods in a flat countryside where sea­
sonal rains are violent. Their name (singulär terramara) 
comes from the word terra-marna (“rieh land”) in the 
dialect of Emilia and results from the considerable archae- 
oiogicai deposit that these dwellings left behind. These 
villages, whose dead were cremated, lasted until the Early 
Iron Age. The society was peasant, and, once again, its art 
was limited to the construction of dwellings and to the 
production and ornamentation of weapons and vases.

Iron Age cultures. Iberia. Highly interesting artistic 
flowerings occurred in Spain at the end of the protohis­
torie era. First, in the Southwest of the peninsula, near the 
town of Cadiz, there developed at the extreme end of the 
2 nd millennium b c  a civilization, still poorly understood, 
that tradition attributes to the semi-historic; semilegendary 
state of Tartessus. Archaeology has not yet revealed the 
splendour ascribed by the ancients to the Tartessian cul­
ture, which was strongly influenced by early Phoenician 
commercial contacts from the southem coast of Spain.
Along the coasts of the Levant and penetrating deeply into 
the interior of the peninsula, an indigenous population, 
the Iberians, developed a truly original art under com­
bined Grecian, Carthaginian, and Phoenician influences.

Many Iberian dwelling sites have been discovered on the 
eastem coasts of Spain, where they were established on Iberian 
such high places as steep-sloped plateaus and protected dwelling 
by surrounding walls with round and square towers and sites 
doors. The Street network does not seem to follow a 
regulär plan. Great temples such as those of Castellar de 
Santisteban and Despenaperros in the Sierra Morena have 
sacred storerooms where a great number (about 6 , 0 0 0  for 
the two sites) of votive statuettes have been discovered.

Italy. The fate and art of the Etmscan people—who 
made their appearance in the heart of Italy between the 
Arno and Tiber rivers about 700 b c  and vanished, under 
the legions’ blows, in the last centuries of the Roman 
Republic—must be mentioned here because in the early 
years of their existence they were deeply involved in Italic 
protohistory. In antiquity the Etruscans were regarded 
as skillful architects and excellent builders. Precise ritual 
mies of town planning made it possible for them to con­
struct cities on regulär plans, the most beautiful remains 
of which are those of Marzabotto, near Bologna, and of 
Capua, in Campania. Nothing much remains of the Tus- 
can cities, which were, nevertheless, very splendid. On the 
other hand, there remain thousands of tombs that reveal 
the stmeture of the vanished houses. The tomb was the 
dwelling of the dead and simulated the appearance of 
one or several rooms, constmcted in bedrock and built 
of stone. Thus well protected, Etmscan grave goods and 
artistic creations were preserved. (R.Bl./D.J.Wa.)

What little remains of Etmscan stonework has survived 
by virtue of its massiveness. Foundations of city walls 
survive at Volterra, Volsinii, and Cortona, but those of Pe­
rugia are more complete and have surviving vaulted gates.
The tombs, themselves replicas of house interiors, show 
something of moldings, arches, and vaults. Tme vaulting 
and arching were known, and these enabled buildings
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larger than those of Greece to be constructed. Wood was 
the chief building material for domestic purposes and 
for temples, from which the terra-cotta decorations alone 
survive. Blocks of houses in carefully paved streets are 
known only from Marzabotto, although the layout of the 
tombs with paved streets in the Banditaccia at Caere and 
the Cuccumella at Vetulonia makes them veritable cities 
of the dead. The Latian hut ums show that houses of 
the Villanovan period (8 th Century b c ) were circular in 
plan with conical roofs, but a stone urn from Clusium 
is modeled in the form of a rectangular Etruscan house 
erected on a tail, stepped platform. The roof is a hipped 
gable and has a gabled gallery over it. In this connection it 
is interesting that the Romans attributed to the Etruscans 
the construction of the atrium house. Temples were rect­
angular in plan and divided into three cellae (chambers); 
ground plans and nothing more are known from Rome 
and Bolsena. Etruscan temples, such as those of which 
remains survive at Bolsena and Orvieto, were built of 
wood and brick upon high platforms of dressed stone 
and were consequently more perishable than their Greek 
equivalents. They were crowned and decorated by brightly 
painted statues and revetments of terra-cotta, many of 
which have survived. (W.Cu./D.J.Wa.)

Ancient Greek

The increased wealth of Greece in the 7th Century b c  

had been promoted by overseas trade and by colonizing 
activity in Italy and Sicily that had opened new markets 
and resources. Athens did not send out colonists and did 
not engage in vigorous trade, and it declined as a cultural 
and artistic centre. Corinth, Sparta, the islands, the cities 
of eastem Greece, and Crete came to the fore with their 
diverse artistic interests and means of expression. At no 
other time were there such strongly differentiated regional 
schools of art in the Greek world. The cities demonstrated 
their wealth and power, particularly in temple building, 
which was to foster new architectural forms, and also in the 
decoration of the temples and of the national sanctuaries. 
These architectural arts in turn encouraged imaginative 
and ambitious forms in sculpture and painting.

T H E  E A R L Y  PERIODS

Throughout the history of Greek art, the architect’s main 
role was to design cult buildings, and until the Classical 
period it was virtually his only concern. The focus of 
worship in Greek religion was the altar, which for a long 
time was a simple block and only much later evolved into 

Standard a monumental form. It stood in the open air, and if there
Greek was a temple, generally the altar was positioned to the east
temple of it. The temple was basically a house (<oikos) for the de-
plan ity, who was represented there by his cult statue. Temple

plans, then, were house plans—one-room buildings with 
columnar porches (Figure 3). To distinguish the divine 
house from a mortal one, the early temple was given an 
elongated plan, with the cult statue placed at the back, 
viewed distantly beyond a row of central pillar supports. 
The exterior came to be embellished by a peristyle, an 
outer colonnade of posts supporting extended eaves. This 
colonnade provided a covered ambulatory (roofed walk- 
way), and it was also a device to distinguish the building

Phaidon Press, Inc.

Figure 3: Plan of typical Greek temple with pronaos (inner 
portico), opisthodomus (rear chamber), peristyle, and two 
rows of columns in the cella, illustrated by the Temple of Zeus 
at Olympia, c. 460 BC.

from purely secuiar architecture. This plan can be seen in 
buildings on Samos and at Thermum in central Greece. 
The construction remained simple: well-laid rubble and 
mud brick, with timbering and a thatched or flat clay 
roof. By about 700 b c , fired-clay roof tiles made possible 
a lower pitched roof, and by the mid-7th Century, fired- 
and painted-clay facings were being made to decorate and 
protect the vulnerable wooden upperworks of buildings. 
As yet, nothing had been constructed in finished stone.

The Orientalizing period. From about 650 on, the 
Greeks began to visit Egypt regularly, and their observation 
of the monumental stone buildings there was the genesis of 
the ultimate development of monumental architecture and 
sculpture in Greece. The first step in architecture was sim­
ply the replacement of wooden pillars with stone ones and 
the translation of the carpentry and brick structural forms 
into stone equivalents. This provided an opportunity for 
the expression of proportion and pattem, an expression 
that eventually took the form of the invention or evolu­
tion of the stone “orders” of architecture. These orders, or 
arrangements of specific types of columns supporting an 
upper section called an entablature, defined the pattem 
of the columnar facades and upperworks that formed the 
basic decorative shell of the Greek temple building.
The Doric order was invented in the second half of the 

7th Century, perhaps in Corinth. Its parts—the simple, 
baseless columns, the spreading capitals, and the triglyph- 
metope (altemating vertically ridged and plain blocks) 
frieze above the columns—constitute an aesthetic devel­
opment in stone incorporating variants on themes used 
functionally in earlier wood and brick construction. Doric 
long remained the favourite order of the Greek mainland 
and western colonies, and it changed little throughout its 
history. Early examples, such as the temple at Thermum, 
were not wholly of stone but still used much timber 
and fired clay.

The Ionic order evolved later, in eastem Greece. About 
600 b c , at Smyrna, the first intimation of the style ap­
peared in stone columns with capitals elaborately carved 
in floral hoops—an Orientalizing pattem familiär mainly 
on smaller objects and fumiture and enlarged for architec­
ture. This pattem was to be the determining factor in the 
full development of the Ionic order in the 6 th Century.

The Archaic period (c. 750-500 BC). About 750 b c  

there began a period of consolidation of the diverse in­
fluences that had been entering Greek art at a rapid rate 
over the previous 100 years; it is known as the Archaic 
period. It was an age of preoccupation with domestic 
troubles brought on by the new prosperity rather than an 
age of reaching out to other cultures. It was also the age 
of the tyrant, whose individual mle was often supported 
by arms and by the allegiance of the merchant classes. 
The courts of these tyrants became the significant cultural 
centres, and there was an increase in the demand for art of 
all kinds; demonstration of the miers’ wealth and power 
took the form of temple building more ambitious than in 
almost any other period of Greek art, while in sculpture 
there was a growing use of expensive and elaborate statu- 
ary for dedication and for marking tombs. In contrast to 
the previous relation of Greece to the outside world in art, 
there developed for the first time a substantial production 
of bronzes and pottery for export; sometimes styles or 
motifs were even deliberately conceived with the foreign 
customer in view.
During this period the arts of sculpture, vase painting, 

and bronze working reached a level of technical mastery 
and imaginative freedom that brought narrative action 
and even emotion under the command of figural represen- 
tation. Simultaneously, out of extensive experimentation 
with the architectural innovations of the later 7th Century, 
the Classical Doric and Ionic orders were fully established 
and largely standardized.

In the 6 th Century the western Greek colonies claimed 
a position of importance in the history of Greek art. The 
colonies in Southern Italy and Sicily had grown as strong 
and rich as many cities in the motherland and had made 
similar demonstrations of wealth by the dedication of 
treasuries in the national sanctuaries and by lavish temple 
building at home. The temples were generally in the Doric
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Figure 4: Temple of Hera II, Paestum, Italy, c. 460 BC.
Hirmer

style, but they often bore Ionic details. In their sculpture 
and architecture the colonies were handicapped by the lack 
of local sources for fine white marble, and they relied more 
on painted and stuccoed limestone; the lack of marble, 
however, stimulated their production of major sculptural 
works in fired clay to a degree not matched at home. The 
colonial art centres seem to have been Syracuse, Selinus, 
and Acragas in Sicily and Poseidonia, or Paestum (Figure 
4), Sybaris, and Tarentum in Italy. Although the Greek 
colonies seem to have attracted artists from the homeland, 
all their art tends to a largeness of scale and of detail that 
often contrasts with populär notions of Greek monumen­
tal art. For example, the most striking ancient building on 
Sicily is the colossal Doric temple of ölympian Zeus ai 
Acragas, begun in about 500 b c  and left unfinished a Cen­
tury later. To carry the weight of the massive entablature, 
the outer columns were not freestanding but were half- 
columns engaged against (that is, partially attached to) a 
continuous solid wall. An earlier Sicilian variant of this 
use of the plastically molded wall mass with the orders 
applied decoratively can be seen in the columnar curtain 
walls of Temple F at Selinus, begun about 560 b c . The 
engaged columns of Acragas were echoed in the late 5th 
Century by the architect Ictinus in the cella of the Temple 
of Apollo at Bassae and half a Century later by the sculptor 
Scopas in the Temple of Athena at Tegea. All these build­
ings suggest that the 18th-century Enlightenment idea of 
Greek architecture as a system based solely on post-and- 
lintel construction, in which the columns carried the load, 
was erroneous.

Because temples constructed entirely of stone were ex- 
pensive, they were not replaced without a compelling rea­
son; in many central and southem Greek cities, therefore, 
the robust Archaic forms of the Doric temples dominated 
the townscape through the Classical and later periods. The 
forms were heavy, with plump columns and capitals and 
brightly coloured upperworks. Although little change was 
made in the basic order in the 6 th Century, there was a 
gradual refinement of detail and proportion approaching 
the Classical form of the order (Figure 5). At this time 
also the place of sculpture in Doric architecture was once 
and for all established.

The more exotic Ionic order of eastern Greece was slower 
to determine its forms; the order developed through the 
so-called Aeolic Capital with vertically springing volutes, or 
spiral omaments, to the familiar Ionic Capital, the volutes 

vlaturing of which spread horizontally from the centre and curl 
)f the downward. There were also several distinctive local meth- 
onic ods of treating bases or entire plans. The order was always
>rder fussier and more omate, less stereotyped than Doric, yet

it was still limited to monumental plans, and the Ionic 
temples of the 6 th Century exceed in size and decoration

even the most ambitious of their Classical successors. Such 
were the temples of Artemis at Ephesus in Asia Minor and 
the successive temples of Hera on the island of Samos, all 
of which were more than 300 feet long and set with forests 
of more than 1 0 0  columns standing in double and triple 
rows around the central rectangular room (cella), where 
the cult image stood. At the same time, masons developed 
and refined the carved cyma (double curve) and ovolo 
(convex curve) moldings, which are two profiles that have 
remained part of the grammar of Western architectural 
ornament to the present day.

TH E  CLASSICAL PERIOD

Eariy Classical (c. 500-450 BC). The only significant 
architectural work of the early Classical period was at 
Olympia, where a great Temple of Zeus was built in about 
460. This temple was the first statement of Classical Doric 
in its canonical form and one of the largest Doric temples 
of the Greek mainland.

High Classical (c. 450-400 BC). By far the most im- 
pressive examples of Greek architecture of the high Classi-

From Praeger Picture Encyclopaedia of Art

Figure 5: T y p ic a l A r c h a ic  p e r io d  D o r ic  tem p le .
Restored sectional view of Temple of Aphaea in Aegina.
(A) Pronaos; (B,C,D) naos, or cella; (E) crepidoma, or crepis;
(F) stylobate; (G) Doric columns; (H) Doric Capital, consisting of 
the echinus and abacus; (I) epistyle, or architrave; (J) triglyph;
(K) metope; (L) geison, or cornice; (M) acroterion; (N) exterior wall 
of cella; (O) sculptured gable.
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cal period were the buildings constructed under Pericles for 
the Athenian Acropolis. The Acropolis architecture, which 
is in several ways a clear display of civic pride, also exhibits 
considerable subtlety of design in the use of the Doric and 
Ionic orders. The ensemble of the major buildings—the 
Parthenon, a temple to Athena; the Erechtheum, a temple 
housing several cults; and the monumental gateway to the 
Acropolis, the Propylaea—shows the orders used in delib- 
erate contrast: the Erechtheum provides a decorative Ionic 
counterpart to the severe Doric of the Parthenon, which 
itself has an Ionic frieze; and in the Propylaea, columns 
of both orders complement each other.
The Parthenon, designed by the architect Ictinus, is a 

broader, more stately building than most Doric temples, 
with an eight-column facade instead of the usual six. With 
the four-square Doric style there had always been the 
possibility of giving an impression of dull immobility, a 
danger that in the Archaic period was partially avoided 
through the use of buiging columns and capitals. In the 
Classical period—and best observed in the Parthenon— 
a subtle deviation from strict linearity accomplishes the 
same correction. The Parthenon was the display place for 
a great statue of Athena by the sculptor Phidias, a statue 
that honoured the city goddess but not the oldest cult 
of Athena, which was housed in the Erechtheum. The 
obvious implications of civic pride are enhanced by the 
unparalleled portrayal of a contemporary event on the 
frieze of the building: the procession of citizens in the 
yearly festival in honour of Athena. The Erechtheum was 
a more complicated building than the Parthenon; built on 
an awkward site, it also had to serve different cults, which 
meant that its architect had to design a building with three 
porches and three different floor levels. Its Caryatid porch, 
with figures of women for columns, makes use of an old 
Oriental motif that had appeared earlier, in Archaic trea- 
suries at Delphi. The Propylaea was designed by Mnesi- 
cles, who had to adapt the rigid conventions of colonnade 
construction to a steeply rising site. In the precision and 
finish of their execution, which complements the brilliant 
innovation of their design, these three buildings had no 
rival in the Greek world.

By this time use of the orders was no longer confined to 
temple buildings. The marketplace at Athens was adomed 
with various public buildings in which the orders were ap­
plied to structures of different plans: the colonnade stoa, 
or portico, a council house, and even a circular clubhouse 
for state officials. The stage buildings of theatres began to 
receive monumental treatment as well, although the action 
still took place on the flat circular orchestra and the seats 
were for the most part still wooden (or were missing—the 
audience sitting upon the bare hillside that was usually 
chosen for theatre sites) rather than stone. Several new 
Doric temples were also built in the lower city of Athens 
and in the Attic countryside. The Ionic order was used 
only for the smaller temples, as for the Temple of Athena 
Nike on the Acropolis; but even though the Ionic was 
never to be used as the exterior order for major buildings 
on the Greek mainland, Athens did contribute new forms 
of column base to the order.
At Bassae in remote Arcadia in the mountains of the 

Peloponnese, a Doric temple was built for Apollo incorpo- 
rating unusual variants On the Ionic column in the interior 
and a new type of Capital, which had two rows of acan­
thus leaves curling below the volutes—the first recorded 
Corinthian Capital. This type was reputedly invented by 
the sculptor-architect Callimachus to provide an alterna­
tive for the Ionic order that could be viewed from any side 
and so placed at corners or in interiors. It was difficult to 
carve, however, and slow to win favour in Greece.

Late Classical (c. 400-323 BC). With growth now con­
centrated in outlying areas, there was understandably less 
temple building in mainland Greece in this period than 
there had been in the 5th Century, but the Doric temples 
at Tegea and Nemea in the Peloponnese were important, 
the former for admitting Corinthian capitals to columns 
engaged on its interior walls. In eastem Greece, on the 
other hand, there began a series of new temple construc- 
tions rivaling those of the Archaic period but consciously 
copying the Archaic in their plan and elaboration of detail.

Some are simply replacements, such as that at Ephesus 
replacing an earlier temple destroyed by fire, or the rather 
later one at Didyma. Similarly, the town of Priene in 
lonia, although built on a new foundation after the mid- 
4th Century, was laid out as a grid of streets on a principle 
developed by the 5th-century architect Hippodamus, who 
had applied the same scheme to his home city, Miletus, 
and to the port of Athens, Piraeus. The new Athena Tem­
ple at Priene is the best example of classic Ionic known, 
with no eccentricity of plan or detail. The eastem Greeks 
had long worked for their neighbours in the Persian towns 
of Lycia and Caria, supplying monumental tombs of na­
tive pattem decorated with sculpture in Greek style. At 
Xanthus, the Capital of Lycia, a tomb resembling a Greek 
temple raised high on a platform had been built by the end 
of the 5th Century; and similar stmctures were made there 
in the 4th Century, culminating in the great tomb built in 
mid-century at Halicamassus for King Mausolus of Caria, 
a king who has given his name to all such monumental 
mausoleums. The fine architectural detail and the sculp­
ture (British Museum, London) executed by Greek artists 
of the first rank show a total Hellenization of local taste 
and exemplify the high quality that Greek art in foreign 
lands had attained at this time.
The 4th Century saw much greater diversity of archi­

tectural forms than ever before. Theatres received mar­
ble seats and elaborate stage buildings. Circular temples 
(tholoi) appeared in mainland Greek sanctuaries—Doric 
in style but with the new Corinthian columns within. A 
small-scale tholos with Corinthian columns was also used 
for the choragic monument of Lysicrates in Athens (Fig­
ure 6 ). The two-storied stoa became an essential element 
in the planning of marketplaces or administrative areas. 
Architects were at pains to adapt the rigid orders to archi­
tectural forms and needs more complicated than those of 
the basic Greek temple plan.
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Figure 6: Choragic monument of Lysicrates, Athens, 
335/334 BC.
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H ELLEN ISTIC PERIOD

The successors to Alexander’s empire split the new Greek 
world, which now ran to the borders of India in the east 
and the Sudan in the south, into separate kingdoms. The 
generals who ruled them established dynastie control and 
created a court life that provided a type of stimulus to 
the arts that had not been experienced in Greece since 
the Bronze Age. The Attalids, who had become the rulers 
of Pergamum in northwest Asia Minor, constructed there 
a new Capital city in which influential schools of sculp­
ture and architecture flourished. The Seleucids ruled the 
Eastern world as far as Persia, and under them the art of 
architecture in particular evolved in near-Baroque forms 
that were to have their effect on Roman architecture. In 
Egypt the Ptolemies, at the new Capital city that bore 
Alexander’s name and was founded by him, built the fa- 
mous lighthouse and library; and there another important 
sculptural school developed. In the Aegean world, Rhodes 
proved an important centre and so, of course, did the 
Macedonian homeland in the north. By comparison, the 
great cities of central Greece declined in importance; but 
Athens in particular had a hold on the imagination of 
Greeks everywhere for its former role against the Persians 
and the achievements of the Classical period, and as a 
result it benefited from the gifts of the new kingdoms, 
especially in building.

Alexander’s aspirations and closer knowledge of Eastem 
and Egyptian ways led the new miers to take more seri- 
ously their roles of near divinity. This gave considerable 
impetus to the art of portraiture, since these miers thus 
deserved commemoration as much as any god; in fact, 
even private citizens aspired now to some heroic status 
after death, so that portrait monuments for tombs and 
honorific statues became more common. Except for this 
growth of portraiture, however, the mood in the arts dur­
ing the Hellenistic period was to intensify and elaborate 
styles developed by Classical Greece. Palatial architecture 
aimed at effects never contemplated hitherto; and even 
domestic architecture for the first time had palatial preten- 
sions. Trade and the newly acquired resources of the East 
opened up new possibiliiies fur the ariist, in both materials 
and inspiration; the results, however, generally tended to 
elaboration and grandeur such that the finer qualities of 
balance and precision characteristic of earlier periods are 
often difficult to discem in later works.

The Classical form of the Doric temple was out of 
favour in the new age, and the few that were built are 
elaborate in plan and detail, impairing the sober quality 
of the order. This age appreciated the Ionic and the more 
flamboyant Corinthian forms, and at any rate most new 
temple building was done in the new eastern areas of the 
Greek world, where Ionic had been the usual idiom. The 
3rd-century architect Hermogenes of Priene codified the 
Ionic order in his books, and his buildings popularized 
new features in plan, notably the broad flanking colon­
nades (“pseudo-dipteral”), where the earlier Ionic temples 
of eastem Greece had set ranks of columns. For the first 

irst time the Corinthian order was used for temple exteriors,
lajor and work was resumed on the great Temple of Olympian
se of the Zeus at Athens, financed by an Eastern king, Antiochus 
’orin- IV Epiphanes. The two-storied stoa became an architec- 
lian order tural form of importance, serving as hotel, emporium, or 

office block, and the design of central market and admin­
istrative areas depended largely on the disposition of such 
buildings. An Attalid king paid for a fine stoa for Athens’ 
marketplace, recently restored; and his city of Pergamum 
seems to have been important in developing stoa design.
Monumental tombs were naturally still required for rul­

ing families, but nobles and the nouveaux riches could also 
aspire to them now, designing some as minor sanctuaries 
for the heroized dead. The finest Macedonian tombs of 
the period displayed a painted architectural facade below 
ground, leading to a painted and elaborately fumished 
vaulted underground chamber. The variety of administra­
tive and court requirements for buildings led to original 
designs that broke still more decisively with the colonnade 
orders of Classical temples. A few important examples 
of particularly original designs are the famous lighthouse 
(Pharos) of Alexandria with its tiers of masonry 440 feet

high; the library of Alexandria; the clock house Tower of 
the Winds at Athens; monumental fountains and assem­
bly halls; and a new elaboration of stage architecture for 
theatres, in which for the first time the acting took place 
on a raised stage. To the established decorative repertory 
of moldings and carved ornament was added a variety of 
floral and animal forms that enriched the surface decora­
tion of buildings. In the East especially these forms were 
combined in original ways that, together with composi- 
tions that defied the logic of the Classical orders, tended 
to a style that in many respects anticipates the Baroque.
Slowly, too, the advantages of arch and vault, avoided 
hitherto by Greek architects, were exploited; but architec­
ture was still basically that of mass on mass, and it was 
left to Rome to make significant progress in construction 
methods. (Jo.Bo./D.J.Wa.)

Roman and early Christian

Rome before the Etruscan advent was a small conglom- 
eration of villages. It was under the new masters that, 
according to tradition, the first public works such as the 
walls of the Capitoline Hill and the Cloaca Maxima were 
constructed. Considerable evidence of the Etruscan period 
in Rome’s history has come to light in the region of 
the Capitol. That there were rich tombs in Rome itself 
cannot be doubted—tombs similar to those in the Latin 
town of Praeneste. Meanwhile, by the beginning of the 
6 th Century b c  the Etruscans had included Fiesole and 
Volterra in their northern limits and at the same time 
began to push southward into Campania. Capua became 
the chief Etruscan settlement in this region and Nola a 
second; a necropolis has been found in the Salerno region 
and Etruscan objects in low levels at Herculaneum and 
Pompeii. The Coastal region was still, however, in Greek 
hands. (W.Cu.)

REPUBLIC A N D  EM PIRE

Roman architecture was almost as complex as the Roman 
Empire itself; it was influenced by a multitude of geo- 
graphic, climatic, political, economie, social, and cultural 
factors. The cohesive factor through all the differences 
was the Roman character, which possessed the talent and 
feit the necessity to organize in large and complex terms, 
politically, architecturally, or otherwise.

Modem knowledge of Roman architecture derives pri- Sources of 
marily from extant remains scattered throughout the area modem 
of the empire. Some are well preserved, and others are knowledge 
known only in fragments and by theoretical restoration. about Ro- 
Another source of information is a vast store of records, in- man archi- 
cluding dedicatory and other inscriptions on public works. tecture 
Especially important is a book on architecture by the ar­
chitect Vitruvius, who lived about the time of Christ. His 
book De architectura (c. 27 b c ) is a handbook for Roman 
architects and covers almost every aspect of architecture, 
but it is limited because it was based on Greek models 
and was written at the beginning of a more Creative phase 
of Roman architecture, in the period of the empire.

Building materials. The material employed in the ear­
liest buildings constructed around Rome was tuff, a vol­
canic rock of varying hardnesses, some soft enough to be 
worked with bronze tools. Later, other harder volcanic 
stones were used, such as peperino and albani stone from 
the nearby Alban hills. Under the later republic and the 
empire the most important stone for building was traver- 
tine, a limestone quarried mainly at Tivoli. An example 
of the use of travertine is the exterior of the Colosseum 
in Rome. The use made by the Romans of marble was 
mainly decorative. It was set in cement and applied in 
slabs to brick and concrete walls. It was used for pave- 
ments either in slabs cut and arranged in patterns or 
as mosaic. Under the empire a great demand arose for 
coloured marbles and such stones as porphyry, granite, 
and alabaster, which were imported from various parts of 
the empire. The abundant use of these marbles is well 
illustrated by the remains of the Flavian palace on the 
Palatine Hill in Rome and of Hadrian’s Villa at Tivoli.
Unbumed bricks faced with stucco were used especially 

for private houses during the republic. Of these, naturally,
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very few remain. Under the empire, kiln-baked bricks and 
tiles were the most common facing for concrete. They were 
never used to build a whole wall in the modem manner 
but merely as a protective skin. These bricks or tiles were 
almost always used in triangulär shapes. Large tiles about 
two feet square called bipedales were also employed.

The use of stucco over unbaked brick and over coarse 
stone was prevalent from the earliest times in Greece, 
Sicily, and Italy. It served as a protection against the 
weather and also as a finish. Later it was used over brick 
and concrete. It was often made of lime, sand, and fine 
marble dust, and some forms would take a high polish or 
fine molding. Thus, it became the usual ground for dec­
oration especially in the interiors of houses, examples of 
which abound at Pompeii and Rome. Bronze was another 
material primarily used in a decorative manner; doors, 
grilles, panels of ceilings, and other details were made of it.
For their concrete the Romans used pozzolana, of which 

there are extensive beds at Pozzuoli, near Naples, and 
around Rome. It is a fine, chocolate-red volcanic earth, 
which when mixed with hydrated lime forms an excellent 
cement that will set well even under water. With this 
cement was mixed an aggregate of broken tuff, travertine, 
brick, or even marble, with pumice stone being used in 
vaults after the Ist Century a d  to lighten the weight of the 
structure. Concrete was used in all great imperial build­
ings (for example, the Pantheon, Baths of Caracalla, and 
Basilica of Maxentius in Rome). New forms of architec­
ture that were developed by the use of this material spread 
throughout the Roman Empire, although in the provinces 
other, often weaker, kinds of concrete were used.

Construction. Walls were built of ordinary masonry or 
of concrete (faced or unfaced). There are several examples 
of early stone walling without courses (continuous layers), 
especially in such Italian towns as Norba and Praeneste. 
Most of the stone walls existing, however, were built of 
fairly large squared blocks laid in regulär courses as head- 
ers (stone or brick laid with its end toward the face of 
the wall) and stretchers (stone or brick laid with its length 
parallel to the face of the wall). This type of masonry was 
called opus quadratum.
Concrete walls, except below ground, were always faced. 

They are divided into types according to the kind of 
facing used. (1) Opus quadratum—that is, ordinary stone 
walling—was used as a facing especially for important 
public buildings under the earlier empire (for example, 
the exterior of the Colosseum). (2) Opus incertum was the 
most common facing for ordinary concrete walls of the 
2nd and Ist centuries b c . The face of the concrete was 
studded with three- to four-inch irregularly shaped pieces 
of stone, usually tuff. (3) Opus reticulatum came into 
vogue in the Ist Century b c  and remained until the time of 
Hadrian (a d  117). The construction was like that of opus 
incertum but the pieces of stone were pyramid-shaped with 
square bases set diagonally in rows and wedged into the 
concrete walls. (4) Brick- and tile-faced concrete (so-called 
opus testaceum) was by far the most common material for 
walling during the empire. Triangulär tiles were used with 
their points tumed into the concrete and their long sides 
showing, thus giving the appearance of a wall built of 
thin bricks. Bonding courses of bipedales were employed 
at intervals of two or three feet. (5) Mixed brick and stone 
facing, called opus mixtum, was populär under the later 
empire and especially under Diocletian (a d  284-305).
Other kinds of supports included columns and piers. 

Columns were usually of stone and often monolithic; 
occasionally, small columns were of brick covered with 
stucco. Piers (solid blocks of masonry supporting either an 
arch or a lintei) were often of stone, but those serving as 
primary support for large vaults were usually of concrete.
Arches occurred in gates, bridges, and aqueducts, as well 

as in colonnades and doors. Not only round but also 
segmental (part of a circle but less than a semicircle) and 
flat arches were used freely. The discovery of concrete 
enormously facilitated the spread of arch construction. 
Concrete arches were faced with wedge-shaped stones or 
tiles called voussoirs.

The vaults used by the Romans were simple geometrie 
forms: the barrel vault (semicircular in shape), the inter-

secting (groined) barrel vault, and the segmental vault. By 
the Ist Century b c , extensive Systems of barrel vaulting 
were employed. The surfaces of the vaults were tile-faced 
or covered with stucco. A fine example of Roman vaulting 
is the Basilica of Maxentius in Rome. The construction of 
the dome naturally follows that of the vault. Characteristic 
of imperial Roman design was the elaboration of complex 
forms of domes to fit multilobed ground plans.
Most monumental buildings were erected for public use, 

and income, if any, from rents or fees went to the public 
treasury. Many of these buildings, however, were erected 
by wealthy individuals and given to the community in a 
form of voluntary income tax. Construction was done by 
state agencies or private contractors, employing slave or 
free labour. Techniques and crafts were highly developed, 
though machines were simple and powered by men or 
animals.

Design. The pervasive Roman predilection was for 
spatial composition—the organization of lines, surfaces, 
masses, and volumes in space. In this the Romans dif- 
fered from their predecessors in the ancient Mediterranean 
world, and, however freely they used the elements of ear­
lier styles, in Rome or in the provinces they recast them 
according to their own taste.

Their most conspicuous inheritance was the order. These 
were taken directly from Greek tradition, with little alter- 
ation of their major form, although the Romans did use 
them with little attention to their internal logic. There 
were five orders of Roman architecture: Doric, Ionic, 
Corinthian, Tuscan, and Composite. Tuscan and Compos- 
ite were modifications of the Greek Doric and Corinthian 
orders, respectively. In general, the proportion of the Ro­
man order was slenderer than that of the corresponding 
Greek order, and there was a tendency toward greater 
elaboration. Columns were often unfluted, but the faces 
of the entablature, left plain in Greek work, were covered 
with decoration.
Unlike the Greek Doric, the Roman Doric order almost 

invariably had a base molding that was probably taken 
from the Etruscan Doric or Tuscan column. Examples 
of Roman Doric are to be found in the Tabularium (78 
b c ), Rome, and in the lowest order of the Colosseum (a d  

80), where it was used in conjunction with the arch. The 
Temple of Hercules at Cori, Italy (c. 80 b c ), is one of the 
few known Roman Doric temples.

The Ionic order was used in some temples and public 
buildings, and the number of isolated capitals found sug- 
gests that it had a certain vogue in private homes. Notable 
examples of this order are the Temple of Fortuna Virilis 
and Trajan’s Forum at Rome.

Because of its richness, the Corinthian order was by far 
the most populär with the Roman builder. Columns re- 
moved by the conquering Roman general Sulla in about 
86 b c  from the Temple of Olympian Zeus at Athens 
were the model, but the whole order became progressively 
elaborated in detail and showed a tendency toward sharp 
contrasts of light and shadow. Examples of this order are 
seen at the temples of Mars Ultor and of Castor and 
Pollux in Rome and the Temple of Vesta at Tivoli.

The Composite Capital is formed from a Corinthian Cap­
ital and an Ionic volute (spiral, scroll-shaped ornament) 
at each of the four corners. Examples of this capita! are 
found in Rome on the triumphal arches of Titus and 
Septimius Severus and in the Baths of Diocletian.

Although the orders were taken bodily from the Greeks, 
in Roman architecture columns carried arches as well as 
entablatures, permitting more varied linear patterns, wider 
intercolumniations, and greater freedom in articulating 
spatial forms. Moreover, as a development of Greek prac- 
tice in temples at Acragas, Selinus, Bassae, and Tegea, 
columns were used not only as primary supports but also 
decoratively as detached columns and pilasters (flattened 
columns), together with other projecting elements and re- 
cessed niches of all kinds, so as to modulate the sheer face 
of a wall or pier into a composition of mass and volume 
in depth, supplementing the larger forms of the main 
volumes. Realistic or fanciful architectural compositions 
were even painted on some walls to give an illusion of the 
same effect.
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In terms of primary architectural forms, Roman design 
from its first emergence from Italic and Etruscan tradi­
tions favoured temples with spacious porches, like the 
Temple of Apollo at Pompeii. In imperial architecture 
the design of the temple precinct, forum, thermae (baths), 
and other public buildings was normally conceived as a 
complex of variously formed spaces related to variously 
formed masses. Even landscaping was incorporated, as at 
the imperial Roman villas at Tivoli and Capri. Interiors 
of smaller houses as well as of grand structures were de­
signed around vistas through variously shaped rooms of 
varying qualities of illumination. There was a powerful, 
even rigid, final dominant of axial symmetry, but against 
this was exploited richly every kind of spatial form in a 
highly developed system of organization.

Types o f public buildings. Roman temples differed in 
many important respects from those of the Greeks. For a 
comparatively low stylobate (the foundation on which a 
colonnade rests) with three steps all around the structure, 
the Romans substituted a high platform or podium with a 
flight of steps on the entrance facade. Greek temples were 
isolated from other buildings and almost always faced 
east and west; those of the Romans were turned to all 
points of the compass, their orientation governed by their 
relation to other buildings. This resulted in the entrance 
facade being emphasized and the entrance portico being 
deepened. The cella was wider, and the colonnade that 
surrounded the Greek temple was often reduced to a row 
of engaged, or applied, columns or pilasters along the cella 
walls, except on the entrance facade. In some cases the 
cella was vaulted in concrete and might have an apsidal 
(semicircular) end, such as in the so-called Baths of Diana 
at Nimes, France, and especially the double Temple of 
Venus and Rome in Rome. The best preserved example 
of a Roman temple now existing is that known as the 
Maison-Carrée at Nimes. Among the most important tem­
ples of which remains exist are those of Fortuna Virilis, 
Mars Ultor, Castor and Pollux, Concord and Antoninus, 
and Faustina in Rome; in Italy, the Temple of Minerva 
at Assisi and the temples at Pompeii; and in Syria, the 
Temple of Bacchus at Baalbek (now in Lebanon) and the 
Temple of the Sun at Palmyra.
The Romans built many circular temples. Among the 

most important remaining examples of these are the tem­
ples of Vesta and Mater Matuta in Rome, Vesta at Tivoli, 
and Venus at Baalbek (Figure 7). The greatest surviv­
ing circular temple of antiquity, and in many respects 
the most important Roman building, is the Pantheon in 
Rome. It consists of a rotunda about 142 feet in diameter 
surrounded by concrete walls 2 0  feet thick, in which are 
altemate circular and rectangular niches. Light is admitted 
through a central opening, or oculus, about 28 feet across, 
at the crown of the dome. In front is a porch with an 
inscription commemorating an earlier building of Marcus 
Agrippa (12 BC-AD 14) but built with the existing rotunda 
(a d  120-124) under the emperor Hadrian. The rotunda 
and dome are among the finest examples of Roman con­
crete work. The interior was lined with precious marbles, 
the coffers (decorative recessed panels) of the dome were 
omamented with bronze rosettes, and the dome itself once 
was covered extemally with bronze plates.
The large Roman tomb consisted of an earth mound or 

tumulus, surrounded by a ring of masonry rising usually 
to a considerable height. Few of the type now exist, the 
most notable being the Tomb of Caecilia Metella on the 
Via Appia and Hadrian’s Tomb, now Castel Sant’Angelo. 
Smaller tombs, in particular those of the columbarium 
type (a structure of vaults with recesses for cinerary urns) 
are usually underground, though there is sometimes an 
upper story built of brick, from which steps lead down 
to the tomb proper. There is a line of such tombs just 
outside Rome along the Via Appia and also along the Via 
Latina, and such a cemetery has been found under St. Pe­
ter’s in Rome. Examples of Roman funeral monuments of 
various kinds exist along the Street of Tombs at Pompeii 
and in the provinces (for example, at Jerusalem; Palmyra, 
Syria; and Petra, Jordan).

The basilica was a large covered hall used as a court of 
justice and for banking and other commercial transactions.

Figure 7: Temple of Venus at Baalbek, 3rd Century AD.
Fototeca Unione, Rome

In the Forum at Rome are the Basilica Julia on the south The 
side and the Basilica Aemilia on the north side, both of Roman 
which had a central hall and side aisles. The Basilica Ulpia basilica 
in Trajan’s Forum was similar in plan but had at either 
énd semicircular halls (apses), which served as law courts.
The fourth and greatest of the basilicas was that begun 
by Maxentius (a d  306-312) and finished by Constantine 
about a d  313. This huge building covered 63,000 square 
feet (5,850 square metres) and followed in construction 
and plan the great hall of the Roman baths (Figure 8 ).
Vaults over the bays on the north side are still overhanging 
without support, a striking testimony to the marvelous co- 
hesion and enduring strength of Roman concrete (Figure 
9). A hall at Pompeii is an example of the simpler type of 
basilica generally constructed in the provinces.
By the end of the republic, baths (balneae) had become 

a recognized feature of Roman life. Under the empire
After Huelsen in H.W. Janson, History of Art
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Figure 9: Detail of the Basilica of Constantine, Rome (see Figure 8).
GEKS

their numbers increased, until at the beginning of the 
4th Century a d  they numbered 1,000 in Rome alone. 
Like the 20th-century Turkish baths, Roman steam baths 
had rooms heated to different temperatures. Remains of 
these establishments are common throughout the empire. 
The Stabian Baths at Pompeii are the best preserved of 
such structures.
Imperial thermae were more than baths. They were im­

mense establishments of great magnificence, with facilities 
for every gymnastic exercise and halls in which philoso­
phers, poets, rhetoricians, and those who wished to hear 
them gathered. The earliest of these thermae were those 
built in Rome by Agrippa about 21 b c . Others were built 
by Nero, Titus, Trajan, Caracalla, Diocletian, and Con­
stantine. The best preserved are the Baths of Caracalla 
(begun c. a d  2 1 7), which covered an area about 1,000  

feet square, and those of Diocletian (c. a d  298-306), with 
accommodation for 3,200 bathers. Parts of the latter are 
now occupied by the church of Santa Maria degli Angeli 
and by the Roman National Museum.

Roman theatres differed in several respects from those 
of the Greeks. The auditorium was not excavated and 
the walls surrounding stage and seating were continuous, 
entrance to the orchestra being by vaulted passages. As 
the chorus played no part in the Roman theatre, the or­
chestra or dancing space became part of the auditorium. 
The facade behind the stage was elaborately adomed with 
architectural fantasies.
The only theatre in Rome of which any remains exist 

is that of Marcellus, built by Augustus (c. 11-10 b c ), 

but there are numerous examples throughout the Roman 
Empire, especially in Asia Minor. The theatre at Orange, 
Fr., and Leptis Magna (near Tripoli, Libya) are among 
the best-preserved examples. The Odeum of Agrippa in 
Athens is a good example of a completely enclosed music 
hall.
Amphitheatres were arenas in which spectacles were held. 

The largest and most important amphitheatre of Rome 
was the Colosseum, built by the emperors Vespasian, 
Titus, and Domitian in about a d  70/72-82 (Figure 10). 
Covering six acres (2.4 hectares), it had seating for about
50,000 spectators, and its 80 entrances were so arranged 
that the building could be cleared quickly. The whole is 
built of concrete, the exterior faced with travertine and 
the interior with precious marbles that have long since 
disappeared. Other important amphitheatres are those at 
Verona, Italy; Pula, Yugos.; and Arles, Fr.
The circus was essentially a racecourse, lined, ideally, 

with tiers of seats along each side and curving around 
one end, with the opposite end squared off and provided

with arrangements for chariots to enter and draw up for 
the start. Down the middle ran a barrier, on which judges 
and referees might perform their functions. Since it was 
the largest facility for watching a function, the circus was 
also used for spectacles other than racing, such as, tra­
ditionally, the burning of the Christians by Nero. There 
are remains of one of these circuses at Perga, near the 
Southern coast of Turkey.
Triumphal arches were sometimes erected to commemo- 

rate an important event or campaign. They were often iso- 
lated rather than built to span a roadway. The triumphal 
arch was usually decorated with columns and bas-reliefs 
of the chief events it commemorated and was frequently 
surmounted by sculpture. The most important of these 
arches are the Arch of Titus (c. a d  81), commemorating 
the capture of Jerusalem (Figure 11), and the arches of 
Septimius Severus (c . a d  203) and Constantine (c . a d  

315) all in Rome, and Trajan’s arches at Benevento and 
Ancona. There are several other triumphal arches in the 
provinces, notably those of Tiberius at Orange, of Augus­
tus at Susa, and Caracalla at Tébessa.
A monumental city gate, while sometimes serving a com- 

memorative purpose, differs from an arch in being part of 
the defenses of the city. Of these gates the most famous 
are the Porta Nigra at Trier in Germany and the gate from 
Miletus in Turkey (Pergamon Museum, East Berlin).

The bridges and aqueducts of the Romans rank among 
their greatest monuments. The most famous surviving 
examples of Roman aqueducts are the Pont du Gard at 
Nimes and the aqueduct at Segovia in Spain.

There are not many of the larger Roman bridges now 
remaining. The best preserved is that built by Augustus 
and Tiberius at Rimini, and perhaps the finest is that 
across the Tagus River at Alcäntara in Spain.
Residential architecture. Private houses, even palaces, 

were usually of the style that emphasized interior courts 
and gardens rather than extemal facade; this tradition 
was even maintained so far as possible in Roman settle­
ments in northern Europe and Britain, where elaborate 
arrangements for heating had to be added. In the native 
Mediterranean climate, however, construction tended to 
be light and open rather than compact and imposing.

Even the palaces of the Caesars in Rome consisted essen­
tially of series of gardens and, considering their purpose, 
relatively unmonumental buildings, spread somewhat ca- 
sually over the Palatine Hill. Augustus himself bought and 
enlarged the house known as the House of Livia, which 
still exists. Tiberius built a palace on the northwest side 
of the hill. Another palace was built on the southeast 
corner of the hill by Claudius or Nero. The central space

Triumphal 
arches and 
city gates



912 Architecture, The History of Western

The 
lomus 
ind the 
nsula

Figure 10: Ruins of a wall of the Colosseum, Rome, built by the emperors Vespasian, Titus, 
and Domitian, c. AD 72-80.
J. Allan Cash

was covered by the palace of the Flavians, Domitian with 
his architect Rabirius being responsible for a magnificent 
suite of state apartments and for the sunken garden called 
the hippodromus. Hadrian extended the palace toward the 
Forum, and Septimius Severus raised a huge structure 
overlooking the Circus Maximus. Very little remains of 
the famous Golden House of Nero, which originally oc- 
ciipied an area. of more than 300 acres on the site now 
covered by the Baths of Titus, the Colosseum, and the 
Basilica of Maxentius.

Hadrian’s Villa at Tivoli, begun about ad 123, was a 
sumptuous residence with parks and gardens on a large 
scale. The unevenness of the site necessitated large terraces 
and flights of steps. There are remains of great brick and 
concrete structures. All the buildings are Roman in style 
and method of construction, though with Greek names.

The Palace of Diocletian at Spalato (Split) in Yugoslavia, 
to which he retired on his abdication in ad 305, com­
bined a palace with a fortress. It consisted of an immense 
rectangle surrounded on three sides with walls guarded by 
towers; on the fourth it was protected by the sea. The 
palace itself was on the south side with a great gallery 520 
feet long with 51 Windows overlooking the sea.

The Latin word villa pertained to an estate, complete 
with house, grounds, and subsidiary buildings. Relatively 
modest villas were found around Pompeii; descriptions in 
literature, such as that of Pliny the Younger of his villa at 
Laurentum, and remains of the palatial residence of the 
4th Century at Piazza Armerina in Sicily, might represent 
the most opulent dass. Hadrian’s Villa at Tivoli is too 
elaborate and extensive to be taken as typical (Figure 12).

In Roman architecture there were two types of houses, 
the domus and the insula. The domus consisted of suites 
of rooms grouped around a central hall, or atrium, to 
which were often added further suites at the rear, grouped 
around a colonnaded court, or peristyle. The atrium, a 
rectangular room with an opening in the roof to the sky, 
and its adjoining rooms were peculiarly Roman elements; 
the peristyle was Greek or Middle Eastem. There were 
few Windows on the Street, light being obtained from the 
atrium or peristyle. The domus, as exemplified by those 
remaining at Pompeii and Herculaneum, has long been 
regarded as the typical Roman house. In Rome itself, 
however, very few remains of the domus have come to 
light, the chief examples being the House of the Vestals in 
the Forum and that of Livia on the Palatine Hill.
From Latin writers it has long been known that there

were in Rome great blocks of flats or tenements to which 
the term insulae was applied. Excavations at Ostia, Italy, 
have revealed the design of these blocks. Planned on three 
or four floors with strict regard to economy of space, they 
depended on light from the exterior as well as from a cen­
tral court. Independent apartments had separate entrances 
with direct access to the Street. Since Ostia was a typical 
town of the Ist and 2nd centuries ad and was almost a 
suburb of Rome itself, it is supposed that insulae at Rome 
would have similar features. Shops might line the Street 
front of either domus or insula.

Town planning. Vitruvius clearly indicated that the Ro­
mans were keenly aware of the fundamentals of town 
planning. When a new town was established, such consid- 
erations as its function, climate, and geographic environ­
ment were examined.
A characteristic Roman plan, either inherited from early 

Italic towns or developed in the discipline of army camp 
engineering, was used. The overall plan was square, with 
main avenues bisecting the sides and intersecting at the 
centre. The rest of the streets were in checkerboard grid.
At or near the centre of the Roman town was the forum, 

the principal focus of Roman life. This was a space in 
which important business might be conducted. Gradually 
buildings were built on the periphery for particular civic, 
commercial, and religious activities, as at Pompeii or in 
the Forum in Rome. In late republican or imperial times 
a forum might be laid out as a single comprehensive 
architectural design including all the facilities, as in the 
Imperial Forums at Rome. In a very large and old city, 
such as Rome itself, there might be several forums, some 
devoted primarily to administrative, legal, or financial af­
fairs, others to trade in particular commodities, including 
meat and vegetables. For the latter kind of commerce, 
however, structures architecturally distinct from the forum 
though superficially similar were developed. One is the 
macellum, which was not essentially an open square but a 
market building consisting of shops around a colonnaded 
court. Great warehouses, called horrea, served in Whole­
sale commerce.
Long-established communities, which had developed by 

accretion rather than by plan, were often gradually 
brought, under Roman influence, within some approxi- 
mation of this scheme, sometimes with considerable sub- 
tlety. Often, however, as in Rome itself, the scale and 
topography prevented the achievement of any fully logical 
order. In general, colonnades lined the important streets;
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Figure 11: D e ta ils  o f  r e lie fs  from  the  A r c h  o f  T itus, R o m e , A D  81.
(Left) Titus standing in a quadriga (four-horsed chariot), led by Roma, while Victory crowns 
him. (Right) Triumphal parade in Rome of Jewish vessels (a seven-branched candlestick, 
table for the shewbread, and the sacred trumpets) removed after the sack of Jerusalem (AD 
70).
Alinari— Art Resource/EB Inc.

water was conveyed to spectacular ornamental fountains 
or to practical neighbourhood basins from reservoirs fed 
by aqueducts (in some climates cistems were necessary); 
many large sewers collected waste water from the Street, if 
not from private homes; and building codes were devised 
and enforced.
The layout of a whole town can be most easily seen in 

some of the towns in North Africa (for example, Timgad, 
Tébessa, Thuburbo Majus), where there has been little or 
no subsequent building to modify the original lines of the 
plan.
Stylistic development. Roman monumental architec­

ture emerged about the 6 th Century bc as an Italic style, 
closely related to that of the Etruscans. The Temple of 
Jupiter Capitolinus in Rome, built about this time, resem- 
bied Etruscan buildings in central Italy—at Signia, Orvie- 
to, Veii, and elsewhere—in its podium (base or platform 
on which it rests), its triple cella, its broad low Etruscan 
porch, and its characteristic terra-cotta adomment. The 
Capitolium Temple at Cosa, a Roman foundation located 
northeast of Rome, was similarly conceived in the 3rd 
Century bc. The forms, sculptural and spatial, had evolved 
locally in a tradition of wood and terra-cotta, though even 
at this time there was a slight Greek influence.

Repub- From about 200 bc to about ad 50, the rise of re- 
lican publican Rome and the increasing contacts with Greece
period resulted in a Greek influence strong enough to control

the sculptural forms and even to modify the spatial ef­
fects. A temple at Gabii, perhaps of the 3rd Century, and 
the Temple of Apollo at Pompeii, of about 120 bc, had 
approximately the Greek single-cella, peripheral (having a 
single row of columns surrounding the building) plan; the 
latter retained the Italic podium and open porch, and it 
had pronounced modifications of the Greek Ionic order. 
Buildings such as the temple under the present church 
of San Nicola in Carcere (c. 31 bc) and the Temple of 
Fortuna Virilis (c. 40 bc), both in Rome, show the height 
of Hellenistic influence. But the slightly later Augustan 
temples of Concord, Castor and Pollux in the Roman Fo­
rum, and Mars Ultor in the Forum of Augustus in Rome 
had a native freedom of arrangement of space and highly 
elaborated moldings, particularly in the entablature, where 
new forms, mostly floral, were lavishly displayed in finely 
worked, füll masses, and consoles (projecting ornamental 
brackets) became increasingly important.
During this period the more peculiarly Roman concepts 

developed chiefly in secuiar architecture. The Stabian Baths 
at Pompeii, built perhaps as early as 120 bc, were already 
composed of vaulted spaces, though quite compactly and 
with little of the later freedom and spaciousness. In some 
buildings—such as the Carcer and Tullianum (prisonlike 
structures of about 100 bc or earlier) and the Tabularium 
of about 78 bc, all just west of the Forum in Rome— 
arches and concrete were basic, though orders influenced

by Hellenistic architecture were used for ornament. The 
Theatre of Marcellus (c. 11-10 bc) was built with a high 
exterior facade where orders and arches blended—a type 
of theatrical design that became Standard.
The beginning of Roman influence outside Italy is ev­

ident in theatres and amphitheatres at Arles and Nimes 
(perhaps as early as 30 bc), in a temple built about 12 bc at 
Nimes called the Maison-Carrée (Figure 13), and in small 
buildings in Greece and Syria built shortly thereafter.

About the middle of the Ist Century ad there was a surge Imperial 
of development of spatial composition. The orders and archi- 
other ornament inherited from Greece were increasingly tecture 
modified and elaborated in nonfunctional perspective ef­
fects, and other kinds of ornament and spatial configura- 
tions gained importance. Buildings such as the Colosseum 
(ad 80) in Rome preserved a more conservative character, 
but with the baths and palaces of Nero began the series 
of imperial compositions of grand, elaborate spaces. The 
movement came to a climax under Trajan and Hadrian (c.
98-138), with Trajan’s Forum at Rome, the great complex 
of buildings at Baalbek in Syria, the Pantheon in Rome, 
and Hadrian’s Villa at Tivoli.
Through the 2nd and 3rd centuries countless buildings 

were erected in cities and towns throughout the empire, 
in part under imperial patronage and in part by local en- 
terprise. Provincial buildings had great individuality, but 
the more ambitious usually followed the influence of the 
Capital. Forms evolved by about ad 140 were followed 
conventionally for the next 50 years (and longer), but 
from about ad 200 to the age of Constantine, there was a 
growing trend toward increased majesty and less emphasis 
on the material substance or appearance of a building.
Even before the end of the 2nd Century, deep cutting 
with sharply contrasting light and shadow had begun to 
detract from the impression of the solid forms in carved 
ornament. In the arches of Septimius Severus (c. ad 200), 
for instance, light and shadow alone formed the design— 
not the masses of the forms of the motifs. Especially in 
Africa, illogical composition of the elements of entabla­
tures robbed them of structural significance. In the Palace 
of Diocletian (c. ad 300), extensive use of arched colon­
nades emphasized movement rather than mass. The sheer 
faces of some wall surfaces, like those of towers flanking 
the gates, became austere geometrie forms. Experimen- 
tation and elaboration in vaulting, as in the so-called 
Temple of Minerva Medica (c. ad 260) at Rome, was 
directed toward making the supports lighter structurally 
and aesthetically. Compared with the Baths of Caracalla 
( c .  ad 217), the Basilica of Maxentius (c. ad 310-320) 
was simpler in design and more concentrated, increasing 
its sense of elemental vastness and permanence, whereas 
in contrast to the Pantheon its shape and ornament are 
less tangible.

Finally, evolving into the early Christian art to come, the
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Figure 12: The Canopus Canal in Hadrian’s Villa at Tivoli, Italy, begun c. AD 123.
Bernard G. Silverstein from Rapho/Photo Researchers— EB Inc.

Constantinian mausoleum of Santa Costanza (Figure 15), 
with its dome resting on a drum supported on arches on a 
circle of pairs of slender columns, already was striving to 
suggest the independence of roof and space from material 
support. (R.L.S./D.J.Wa.)

E A R L Y  CHRISTIAN

Early in the 20th Century it was thought that Christian 
art and architecture began a f t e r  the death of Christ or, at 
least, in the second half of the Ist Century a d . But later 
discoveries and studies showed that a truly Christian style 
did not exist before the end of the 2nd or beginning of the 
3rd Century. The terminal date of this period is even more 
difficult to establish; it may be placed in the 4th, 5th, 
or 6th Century. Early Christian architecture penetrated all 
the provinces of the Roman Empire, adapting itself to ex­
isting pagan architecture. It subsequently created its own 
forms, which varied according to local stylistic evolution. 
The new Capital at Constantinople (ancient Byzantium), 
founded by the emperor Constantine the Great (306- 
337), was to be an important centre. The art and architec­
ture of this city henceforth became known as Byzantine 
and extended throughout the entire Christian East. It is 
customary to distinguish early Christian architecture of 
the West, or Latin part of the Roman Empire, from the 
Christian architecture of regions dominated by the Greek 
language and to consider the latter as proto-Byzantine, 
while acknowledging, however, a certain latitude in the 
initial date of this Separation: 330, the foundation of 
Constantinople; 395, the Separation of the Greek part of 
the empire from its Latin sector; or, finally, the reign 
of Justinian (527-565). For the purposes of this article, 
monuments shall be treated as early Christian mainly on 
the basis of their style, as distinct from the genuine Byzan­
tine style of Constantinople; since the transition from the 
earlier to the later architecture discussed in the next sec­
tion took place at different times in different locations, 
this section has no precise chronological boundary. Only 
after Justinian’s reign did many Eastem regions submit to 
the ascendancy of Constantinople, following until the 6th 
and even the 7th Century the paths traced by Christian 
architecture in its beginnings. In the West the end of early 
Christian architecture is easier to determine. Closely tied 
to Roman architecture, it finished with the collapse of the 
empire at the end of the 5th Century. Then, transformed 
into a multitude of regional styles, it assimilated various 
influences from the East and from the barbaric peoples 
who superseded their Roman masters.

Early Christian architecture is divided into two periods, 
quite unequal in length and in importance. During the 
first—which preceded the Edict of Milan, by which Con­
stantine the Great in 313 decreed official tolerance of open 
practice of the Christian religion—Christianity was offen 
persecuted, while in the second it soon became the state 
religion. The monuments of the first period were modest 
and few in number, those of the second phase were nu­
merous and splendid.
First period, to AD 313. Little is known about Chris­

tian places of worship before 313. By bringing together 
the relevant texts and the results of excavations, one can, 
however, succeed in forming an idea of them. These 
domus ecclesiae (“meeting houses”; ecclesia, “assembly, First 
meeting”) were private homes placed at the disposal of Christian 
communities by well-to-do members. A spacious room, church: 
already existing or fitted out for the occasion, served as the domus 
chamber of worship, while others were allotted for various ecclesiae 
activities of the community: charity work, study, funeral 
services, and living quarters for the clergy. This was the 
arrangement of the only extant domus ecclesiae from the 
3rd Century, that in the Syrian caravan city of Doura- 
Europus, on the west bank of the Euphrates. A Syrian 
home of the common type, it contained a longitudinal 
sanctuary, a baptistery, and four smaller rooms grouped 
around an interior courtyard. The sanctuary, stripped of 
decoration, was distinguished only by a small dais at the 
western end, probably the seat of the bishop, and by a 
small cupola, the use of which is unknown, set in the 
ground near this platform. The general character of these 
meeting houses seems to have been the same everywhere.
They must have been rather numerous; the tituli (“titles”) 
of the 25 Christian basilicas in Rome today are, in fact, 
the names of the private houses in which these congrega- 
tions were first established.
The double Church of Bishop Theodore of Aquileia 

marks a step toward the creation of a monumental edifice 
of the Christian religion. Standing within the enclosure 
of a Roman villa, it occupied all the space of the earlier 
building and more. Two sanctuaries of considerable size,
121 by  66 feet a n d  121 b y  56 feet, w ere re c tan g u la r  ro o m s 
su b d iv ided  by  p illa rs in to  th re e  lo n g itu d in a l aisles th a t  
o u tlin ed  th e  naves o f  th e  S tan d ard  C h ris tia n  basilica  p lan .
Second period, after AD 313. It was this kind of plan 

that architects adopted when Constantine officially recog­
nized the church in 313 and was converted to Christianity.
Whether in Rome or in other cities of the empire, his 
architects took their inspiration not from pagan temples,



Architecture, The History o f Western 915

The
Christian
basilica
plan

Figure 13: Maison-Carrée, Nimes, Fr., c. 12 BC.
Wayne Andrews

old-fashioned in the 4th Century, but, rather, from a sec­
uiar building type of utilitarian character, the basilica, 
which had served as a hall of assembly, commerce, recep- 
tion, or law-making. Of Hellenistic origin both in form 
and in name (stoa basileös, or “royal room”), the basilica 
under the Romans varied in plan and size according to 
use and to the importance of the social group to which it 
belonged. It could be either a simple hall or one divided 
by columns into three longitudinal aisles, or surrounded 
on three sides by one- or two-story arcades with a dais on 
a short or long side.

The first Christian basilicas, built in Rome, were varia­
tions of secuiar basilicas adapted to the new cult. St. John 
Lateran, superficially transformed in the 17th and 19th 
centuries, is the oldest, begun about 313. It was followed 
by St. Peter’s (replaced in the 16th Century by the present 
church) in the last years of the reign of Constantine and 
his sons (Figure 14). San Clemente, Santa Pudenziana, St. 
Paul’s Outside the Walls, San Sebastiano, Santa Sabina, 
and others belong to the late 4th and to the 5th Century.
These were, in most cases, halls with five longitudinal 

aisles, the central one raised and lit directly by Windows 
piercing the high walls. A semicircular protrusion of the 
wall, or apse, on the short side opposite the entrance, first 
on the west side but later on the east side, was covered 
over with a half-dome vault, while the so-called hall itself 
usually had a wooden frame roof. The side aisles were sep­
arated from the central nave by rows of columns. These 
supported a rectilinear entablature, or solid horizontal 
section; later this entablature was replaced by a series of 
arches resting on capitals (San Clemente, 360; St. Paul’s 
Outside the Walls, 385; Santa Sabina, 422-432), but at 
Santa Maria Maggiore, still intact under its 17th-century 
Baroque facing, Pope Sixtus III (432-440) retumed to the 
classical form of the straight entablature.
Whereas St. John Lateran and San Clemente were used 

entirely for the eucharistie service, St. Peter’s and St. Paul’s 
Outside the Walls were also martyria, buildings commem- 
orating the martyrdom of their titular saints. This com- 
memorative function influenced the plan: in front of the 
apse a large transept, sheltering the site of the relics, facili- 
tated the presentation of the liturgy and the circulation of 
the faithful around the sacred place.

The churches built under Constantine at Constantino­
ple and in Palestine were more complex in plan and 
structure. The destroyed Church of the Holy Apostles at

Constantinople, known only through a description by Eu­
sebius of Caesarea, was begun in 333 and completed by 
Constantius II (337-361). It was cross-shaped, and a dmm 
(i.e., a cylindrical or polygonal wall that usually supports 
a dome) rose above the Crossing, probably covered by 
a conical wooden roof. The sarcophagus of Constantine 
stood in the centre, surrounded by memorials to the 12 
Apostles. It was less a church than a mausoleum in honour 
of the first Christian emperor, who was made to appear 
in that church as the 13th Apostle. In the sanctuaries in 
Jerusalem and in the church of Bethlehem, the commem- 
orative building and the hall of worship (basilica) were 
united. At Jerusalem several structures combine to form 
the Church of the Holy Sepulchre. The Anastasis (the Res- 
urrection), a rotunda approximately 131 feet in diameter 
whose foundations and remains of the walls have been 
discovered under later additions, was built about 340 on 
the “tomb” of Christ, the funeral place hewn into the rock 
and surmounted by a small temple. Two levels of galleries 
surrounded the rotunda, and the whole was covered by 
a wooden cupola. The site of Golgotha, open to the sky, 
was preceded toward the east by a martyrium, a five- 
aisled basilica with tribunes, or raised platforms, intended 
for gatherings of the faithful. It probably terminated at the 
west with a rotunda, open to the nave and surrounded by 
12 columns marking the place where it was thought that 
Helena, mother of Constantine, had found Christ’s cross. 
The Church of the Holy Sepulchre and the court of Golgo­
tha were surrounded by porches aligned along the exterior 
aisles of the basilica (martyrium) and on the galleries of 
an atrium (forecourt), which preceded the martyrium. The 
Constantinian basilica at Bethlehem, still partly intact, 
having five aisles without tribunes, the central aisle raised, 
was preceded on the west by an atrium and terminated 
in the east by an octagon built above the Grotto of the 
Nativity. Justinian had it replaced by a triconch (three- 
apsed building), which still stands.
The considerable dimensions of all these complexes (657 

by 230 feet including the atrium in the case of St. Peter’s, 
the largest) and the richness of their decoration (marble 
columns and inlay; mosaics on the vaults; opus sectile, 
or inlaid stone, irt the pavements; and sometimes gold 
coffered ceilings, as at the Martyrium in Jerusalem) lent 
to these structures a sumptuousness that made them the 
equals in scale and splendour of the imperial palaces. 
Moreover, the liturgical ceremony became progressively

Prototypes 
of the 
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Byzantine 
church
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Figure 14: O ld  St. Peter’s Rome, second quarter of the 4th Century.
(Left) Interior, from a portion of a Renaissance fresco in San Martino ai Monti, Rome. 
(Right) Plan.
(Left) Alinari— Art Resource/EB Ine.; (right) from H.W. Janson, K e y  M o n u m e n t s  o f  th e  H is to r y  o f  A r t

assimilated with that of the court; the image of Christ 
standing or enthroned in the apses of the basilicas evoked 
the emperor presiding over reception ceremonies in his 
palace.

The differences of plan between the Greek and the Latin 
Constantinian churches have been a subject of contro- 
versy. One hypothesis explains them on the grounds of the 
Greek traditions—differing from those of the Romans—of 
the cult of heroes and of the dead. Since the churches of 
Palestine commemorate the earthly appearances of Christ, 
his Birth, and his Resurrection, they are comparable in 
function to the Greek hêröa, which are commemorative 
temples. In the West, however, the churches enclose actual 
graves, the focus of a funerary cult, completely different 
from the cult of the Greek heroes.
The central-plan building, round, polygonal, or cruciform 

in design, gathered considerable momentum in the West 
as well as in the East in the course of the 4th and 5th 
centuries. The deconsecrated church of Santa Costanza in 
Rome, built between 337 and 350 for members of the 
imperial family, was a rotunda with ambulatory or circu­
lar walkway separated from the central area by columns 
(Figure 15); the mausoleum of Centcelles (Tarragona) in 
Spain, likewise a rotunda, was probably the burial place 
of Constans, son of Constantine, assassinated in 350. Both 
are somewhat related in type to the Tomb of Diocletian 
(c. 300) at Split in Yugoslavia.

Milan, which had been the imperial residence several 
times since 350 and seat of the bishop St. Ambrose since 
374, has preserved the remains of some centrally planned 
churches of the 4th Century. San Lorenzo Maggiore, be- 
gun about 370, is a quadrifoil room with four niches and 
ambulatory; an octagon adjoining it (today Sant’Aquilino) 
was formerly an imperial mausoleum or baptistery. The 
Church of the Holy Apostles, the present San Nazaro 
Maggiore (begun in 382), is cruciform in plan with an 
apse in the east, built in imitation of the church of the 
same name at Constantinople. At Cologne, the oval plan 
of St. Gereon (built about 380) is enriched by eight smaller

apses (apsidioles), an apse in the east, and a narthex, or 
large rectangular room placed before the west entrance. 
At Antioch in Syria an octagonal structure, called the 
Golden House because of its gilded roofing, was begun as 
early as 327 by Constantine. Near this city at Kaussich 
are preserved the foundations of a cruciform church, built 
between 378 and the end of the 4th Century; it served both 
the normal cult and the commemoration of three martyrs 
whose sarcophagi were found in the transept.

Since most of these churches were not consecrated to the 
cult of a martyr, the mausoleum could not be the only 
source of inspiration for their plans. Imperial reception 
rooms may have been models. The octagonal church at 
Antioch and that of San Lorenzo in Milan were probably 
palace churches, and the transfer of plan from one to the 
other seems perfectly plausible.

From H.W. Janson, K e y  M o n u m e n t s  o f  th e  H is t o r y  o f  A r t

Figure 15: Plan of Santa Costanza, Rome, early 
4th Century.
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In the 5th Century, as local schools formed, the unity 
of Christian architecture with that of the empire ceased 
to exist. In Italy, although basilicas of the classical type 
continued to be built, they assimilated Eastern influences. 
North Africa modified the basilica plan only by multi- 
plying the number of side aisles (Damous-el-Karita in 
Carthage has eight) or by adding apses.

The ecclesiastical architecture of the East is more var- 
ied, partly as a result of differences in the liturgies. The 
ruins of St. John Studios in Constantinople (463) and 
the Church of the Acheiropoietos at Thessalonica (470) 
were basilicas with tribunes and narthexes, which, in their 
proportions, approached those of centrally planned struc- 
tures. The large central aisle, inaccessible to the faithful, 
was reserved for the service of the eucharist, the side aisles 
for the men, the tribunes for the women, and the narthex 
for those who for some reason could not participate in the 
communion. Later, this form of basilica spread into the 
Greek countries and gave birth to an essentially Byzantine 
type of church, the “domed basilica.” Nevertheless, the 
ordinary basilica plan, of three or five aisles with an apse 
in the east, remained no less populär in Greece, on the 
islands, in the Balkans (Stobi in Serbia), and in the Middle 
East. In Asia Minor the Church of St. John of Ephesus 
(450), later replaced by a building of Justinian, was cruci­
form in plan, inspired by the Church of the Holy Apostles 
in Constantinople. Extending from the square ciborium (a 
canopy over the altar supported by columns) placed at the 
Crossing were four wings, the eastern one having an apse 
and five aisles, the others having three aisles.
In Syria, Israel, and Jordan a particularly large number 

of 5th-, 6th-, and 7th-century churches are preserved. The 
triple influence of the Greek countries, Constantinople, 
and the imperial sanctuaries of the Holy Land resulted 
in many plans, whereas the materials and construction 
methods remained in the tradition of the region. At Qafat 
as-Simcän near Aleppo, Syria (Figure 16), lies the ruin of a 
martyrium built about 470 around the column on which 
the ascetic St. Simeon Stylites spent the last years of his 
life. The precious relic was enclosed by a central octagon of 
considerable dimensions, adjoined by four arms of a cross 
in the form of basilicas. At Jarash in Jordan the Church 
of the Apostles and Martyrs (465) is a cross inscribed 
in a square, heralding a typically Byzantine plan of later 
centuries. Also at Jarash, the triple church dedicated to 
Saints Cosmas and Damian, to St. John the Baptist, and 
to St. George consists of two basilicas flanking a rotunda 
with an ambulatory (528-533) and an apse in the east. 
Other rotundas are at Busrä ash-Sham and Izrac in Syria, 
as well as the octagonal Church of the Theotokos (484) 
on Mount Gerizim (now in the occupied West Bank ter­
ritory). The sanctuaries of Egypt were also influenced by 
those of Constantinople, the Greek countries, and Italy. 
The cathedral of Hermopolis (al-Ashmünayn), built about 
430-440 in Southern Egypt, and the martyrium-church of

St. Menas, nearer the coast (first half of the 5th Century), 
combine the influences of Constantinople and Italy in the 
three-lobed sanctuary, the transept, and the long basilica 
room with three aisles. The ties between the Latin West 
and the Greek East, particularly strong in the 4th and 5th 
centuries, relaxed in the 6th. Beginning with the reign of 
Justinian, a true Byzantine architecture developed from 
the new Capital. In the western Mediterranean, the end of 
the ancient world and of early Christian architecture came 
with the fall of the Roman Empire in 476. (He.S.)

Eastern Christian
THE EARLY BYZANTINE PERIOD (330-726)
When Constantine began to build his new Capital on the 
Bosporus, a mass of artisans was assembled for the pur- 
pose. The majority of them were drawn from Rome, so 
that, at first, official art was early Christian in style and 
was, in fact, virtually Roman art: the classical basilica was 
adopted as the usual type of Christian church; portrait 
statues of emperors were set up as in pagan times, and 
sarcophagi were elaborately sculptured; floor mosaics of 
classical character were widely used; and works in ivory 
and metal retained a basically Roman character. Change 
was in the air, however, even before the Capital had 
been moved from Rome. In architecture the post-and- 
lintel style in stone, which had been taken over from 
the Greeks, was already giving place to an architecture of 
arches, vaults, and domes in brick, whereas sculptural or­
nament was becoming more formal and less naturalistic. 
These changes were accelerated at Constantinople partly 
because of the proximity of the city to Asia Minor and 
Syria, both fertile centres of new artistic ideas that had 
developed independently of Rome. Indeed, church archi­
tecture in those areas progressed considerably between 
the 4th and the 6th centuries, while in the visual arts a 
style that favoured formality and expression rather than 
the idealized naturalism of classical art had begun to find 
approval at an early date.

Constantine’s new Capital was carefully laid out and 
boasted an important series of secular buildings—walls, 
hippodrome, forums, public buildings, arcaded Streets, and 
an imperial palace—all of great magnificence. The reli- 
gious structures he set up were of two principal types: lon­
gitudinal basilicas and centralized churches. The former, 
usually with three aisles, were intended for congregational 
worship; the latter, which were circular, square, or even 
octagonal, were for burial or commemorative usage. Both 
types were to be found over a very wide area, though 
there were, of course, numerous local variations. It was 
through a subtle combination of the two types that the 
characteristic Byzantine church emerged, thanks to some 
experiments made in the eastern Mediterranean area in 
the 5th Century. The progress cannot be followed exactly 
because so much has been destroyed, but the earliest sur-

George H. Forsyth, Kelsey Museum, Ann Arbor, Michigan

Figure 16: South facade of the martyrium at Qarat as-SirrVän near Aleppo, Syria, c. 470.
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viving church in Constantinople, that of St. John of the 
Studium (Mosque of imrahor), shows that this process 
had already gone quite far by the year it was built, 463. It 
is a basilica in that it has an eastern apse and three aisles, 
but in plan it approaches a centralized building, for it is 
nearly square, in contrast to the long basilicas in vogue in 
Rome. A similar change characterizes the sculptures that 
adom its facade, for they are in low relief, in contrast 
with typical Roman high-relief sculpture, and the motifs 
are treated formally, as pieces of pattern, rather than as 
depictions of natural forms.
The process of development that can be seen here in

embryo had greatly advanced by the end of the Century, as 
recently discovered remains of the Church of St. Polyeuk- 
tos show. The church was founded by the princess Juliana 
Anicia (granddaughter of Valentinian III), whose name is 
known from an illuminated manuscript dated 512. The 
change was advanced still further some 30 years later, 
thanks to the patronage of the emperor Justinian, one of 
the greatest builders of all time. He was responsible for 
four major churches in Constantinople: SS. Sergius and 
Bacchus, a centralized building; the Church of St. Eirene 
(Irene), a basilica roofed by two domes in echelon (i.e., 
parallel-stepped arrangement); the Church of the Holy

(Top) GEKS, (centre) R.L. Van Nice, S a in t  S o p h ia  in  I s ta n b u l, (bottom) RIBA, London and University of London

Figure 17: Hagia Sophia, Istanbul, designed by Anthemius of Tralies and Isidorus of Miletus, 
532-537. (Top) Exterior, (centre) cross section, (bottom) plan.
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Apostles, which was cruciform, with a dome at the Cross­
ing and another on each of the arms of the cross; and, 
finally, the great cathedral of Hagia Sophia, where the 
ideas of longitudinal basilica and centralized building were 
combined in a wholly original manner (Figure 17). The 
distinctive feature of all these structures was the form of 
roof, the dome. In SS. Sergius and Bacchus it stood on an 
octagonal base, so that no great problems were involved 
in converting the angular ground plan to a circle on which 
the dome could rest. But in the others the dome stands 
above a square, and the transition from the one to the 
other was complicated. Two separate processes of doing 
this had evolved: the squinch, a niche or arch in the comer 
of the square, which transformed it into an octagon, over 
which the dome could be placed without great difficulty; 
and the pendentive, a spherical triangle fitted into the cor­
ners of the square, its vertical sides corresponding to the 
curves of the arches supporting the dome and its upper 
side corresponding to the circular base of the drum. This 
served to brace and support the weight and to transfer it 
downward to the ground at the same time. The squinch 
served its purpose well enough and continued in use for 
many centuries, but it had certain weaknesses; the pen­
dentive was one of the great architectural inventions ‘of all 
time, transforming what had been mere building, where 
stress was counteracted by mass, into organic architecture, 
where thrust was compensated by thrust and strength de- 
pended on balance. So far as is known, the squinch was 
first used in Persia and the pendentive in Syria.
Though Justinian’s domed basilicas are the models from 

which Byzantine architecture developed, Hagia Sophia re­
mained unique, and no attempt was thereafter made by 
Byzantine builders to emulate it. In plan it is almost 
square, but looked at from within, it appears to be rectan- 
gular, for there is a great semidome at east and west above 
that prolongs the effect of the roof, while on the ground 
there are three aisles, separated by columns with galleries 
above. At either end, however, great piers rise up through 
the galleries to support the dome. Above the galleries are 
curtain walls (non-load-bearing exterior walls) at either 
side, pierced by Windows, and there are more Windows 
at the base of the dome. The columns are of finest mar- 
ble, selected for their colour and variety, while the lower 
parts of the walls are covered with marble slabs. Like the 
elaborately carved comices and capitals, these survive, but 
the rest of the original decoration, including most of the 
mosaics that adomed the upper parts of the walls and the 
roof, have perished. They were all described in the most 
glowing terms by early writers. But enough does survive 
to warrant the inclusion of Hagia Sophia in the list of the 
world’s greatest buildings. It was built as the result of the 
destruction in a riot of its predecessor, the basilica begun 
by Constantine, and the work of rebuilding was completed 
in the amazingly short period of five years, 10 months, 
and four days, under the direction of two architects from 
Asia Minor, Anthemius of Tralies and Isidorus of Miletus, 
in the year 537.

From the little known it would seem that similar changes 
were taking place in secular architecture. The walls of 
the city, which still in greater part survive, were set up 
under Theodosius II (408-450) early in the 5th Century, 
and already the method of construction (where a num­
ber of courses of brick altemate with those of stone) 
and the forms of vaulting used to support the floors in 
the numerous towers show several innovations. The walls 
themselves, a triple line of defense, with 192 towers at 
altemate intervals in the inner and middle wall, were 
far in advance of anything erected previously; they were, 
indeed, so well conceived that they served to protect the 
city against every assault until the Turks, supported by 
cannon, attacked with vastly superior odds in 1453. Also 
distinctive were the underground cistems, of which more 
than 30 are known in Constantinople today. They all took 
on the same character, with strong outer walls and roofs of 
small domes supported on tall columns. Some are of great 
size, some comparatively small. In some, like the great cis- 
tern near Hagia Sophia called by the Turks the Yerebatan 
(Underground) Palace, old material was reused; in others, 
like the even more impressive Binbirdirek (Thousand and

One Columns) cistern, new columns of unusually tall and 
slender proportions and new capitals of cubic form were 
designed specially. These cistems assured an adequate 
supply of water even when the aqueducts that fed the 
city were cut by an attacking enemy. Many of them were 
still in use at the end of the 19th Century. Contemporary 
texts show that the houses were often large and elaborate 
and had at least two stories, while the imperial palace 
was built on enormous terraces of masonry on the slopes 
bordering the upper shores of the Sea of Marmara. The 
palace was founded by Constantine, but practically every 
subsequent emperor added to it, and it eventually became 
a vast conglomeration of buildings extending over more 
than 100 acres. Many of the buildings were of a very 
original character, if the descriptions that survive are to be 
believed; unfortunately, nearly all have been destroyed in 
the course of time.

THE ICONOCLASTIC AGE (726-843)
In spite of the ban on the representation of saintly or divine 
personages, and the reduced prosperity of the state during 
this period, churches continued to be built, including the 
Church of the Assumption at Nicaea and Hagia Sophia 
at Salonika. The emperors were not necessarily opposed 
to all building and art, however. It is known from texts 
that Theophilus (829-842) was responsible for numerous 
additions to the Great Palace.

THE MIDDLE BYZANTINE PERIOD (843-1204)
The most understanding of the emperors in the years im- 
mediately succeeding iconoclasm was Basil I (867-886).
Like many of his predecessors, he built in the area of 
the Great Palace, his most interesting contributions being 
two churches, the New Church and the Church of the 
Theotokos of the Pharos. These set a fashion in church 
building and decoration that was to exercise an influence 
for many centuries. Neither survives, but something is 
known of them from written descriptions, and it would 
seem that both were typical of what was to be the mid- 
Byzantine style. Broadly speaking, the churches of this 
age conform to a single type, usually termed the cross-in- The mid- 
square. It is made up of three aisles, each one terminating Byzantine 
in an apsidal chapel at the east, with a transverse nave, church 
known as the exonarthex, at the west. Invariably, there type 
was a dome over the central aisle, supported on four 
columns, with four vaults radiating from it to roof the 
central aisle to the west, the sanctuary to the east, and the 
central portions of the side aisles to the north and south.
These vaults rose above the roofs of the other portions 
of the building, so that the church was cruciform at roof 
level. Excluding the exonarthex, the churches were usu-

After K.J. Conant, A  B r ie f  C o m m e n ta r y  o n  E a r ly  M e d ia e v a l 
C h u r c h  A r c h ite c tu re ;  The Johns Hopkins University Press

Figure 18: Types of Byzantine quincunx churches.
(Left) “Five-spot” or quincunx church, a church type of the 
second Golden Age based on the domed cross element. 
(Right) Trefoil quincunx church, a church type of the Byzantine 
Renaissance.
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Figure 19: Interior of the church at St. Luke’s Monastery 
looking toward the apse, near Delphi, Greece, c. 1050.
Holle Bildarchiv, Baden-Baden

ally almost as broad as they were long, mak mg the basic 
plan virtually a square. Occasionally, additional columns 
were used to extend the nave westward, producing a type 
known as the domed basilica; sometimes the walls sepa- 
rating the eastern ends of the side aisles from the central 
presbytery were extended westward as substitutes for the 
two eastern columns upholding the dome, but the essen- 
tials of the plan were always retained. Subsidiary domes 
were sometimes added, either in place of the vaults on the 
arms of the cross, producing a true five-domed type, like

St. Mark’s Cathedral at Venice, or placed above the east­
ern and western extremities of the side aisles, producing a 
type called the quincunx (Figure 18). These domes were 
usually comparatively small and were set on drums, which 
tended to become narrower and taller with the progress 
of time. The eastern extremities of the side aisles formed 
chapels which played an important part in the liturgy, 
that to the north being termed the prothesis and that to 
the south the diakonikon. Both the chapels and the main 
sanctuary were separated from the body of the church 
by a screen, which also became taller and heavier until 
it developed into the massive iconostasis that constitutes 
such a characteristic feature of Orthodox churches today. 
As in earlier periods, the lower portions of the walls were, 
in the richer churches, covered with marble slabs; and 
there were elaborately carved cornices and capitals, though 
ornament was always rather formal and in low relief. The 
main church at the monastery of St. Luke near Delphi, in 
Greece (c. 1050), is the most complete surviving example 
of the type (Figure 19).

THE LATE BYZANTINE PERIOD (1204-1453)
Quite a number of buildings from the late Byzantine pe­
riod survive in Constantinople, Salonika, and throughout 
Greece and the Balkans (Figure 20). In general they are 
on a smaii scaie and foliow the plan of those of the middle 
Byzantine period. But their appearance changed quite con- 
siderably, the domes becoming smaller and higher, while 
the wall surfaces of the exterior were usually elaborately 
decorated, either with intricate pattems in brickwork or by 
setting glazed pottery vessels into the wall to form friezes 
similar to work in tile. In Constantinople elaborate blank 
arcading also played an important role, as, for example, 
in the Church of the Pammakaristos Virgin (Mosque of 
Fethiye; c. 1315). The building material varied with the lo- 
cality, though generally brick was preferred to stone. In the 
details of planning and in the handling there was consid- 
erable regional Variation, and numerous local styles may 
be distinguished. Grandeur was generally lacking—except 
perhaps in the churches set up for the Comnene emperors 
of Trebizond, a state on the south side of the Black Sea, 
mied by Greeks (1204-1461)—but all the buildings have 
considerable charm and deserve fuller consideration than 
they have sometimes received. Good work was done even 
after the Turkish conquests, especially on Mount Athos, 
Greece, and in the Romanian region of Moldavia (Figure 
21), where the large-scale painted churches, which mostly 
date from the 16th and 17th centuries, are often both 
magnificent and very beautiful.
Even at this period, little is known of secular architecture,

J. Powell, Rome

Figure 20: Church of St. John the Baptist, Gracanica, Serbia, c. 1320.
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Figure 21: Frescoed monastery church, Voronet, Rom., 1488-1547.
Holle Bildarchiv, Baden-Baden

but a portion of the Blachernae Palace at Constantinople craftsmen. Other Byzantine artists and artisans worked
may be noted (Figure 22), as well as the monasteries, par- intermittently in the area from that time onward, so that
ticularly those on Mount Athos; though they have been Russian art as a whole was founded on a Byzantine ba-
much restored or even wholly rebuilt, the general layout sis. Architecture and icon painting grew up as important
of most follows a Byzantine scheme. (D.T.R.) independent arts, both having their beginnings during this

period.
k ie v a n  rus a n d  RussiA From Kiev the Byzantine style of architecture soon spread
Kievan Rus was converted to Christianity in 988, and in throughout the principalities of Novgorod and Vladimir-
Kiev, its dominant political and cultural centre, mosaics, Suzdal. The emphasis of the Byzantine church on the
which date from about 1045, were the work of Byzantine physical splendour of its edifices was a Cardinal factor

THA— Keystone

Figure 22: Wall of the Blachernae Palace, the so-called Tekfur Sarayi, Istanbul, c. 1300.



»22 Architecture, The History o f Western

Figure 23: Cathedral of St. Sophia, Novgorod, U.S.S.R., 
portions of which date from 1045-52.
Novosti Press Agency

in determining the characteristics of Russian ecclesiastical 
architecture. Everything connected with the design and 
decoration of the new churches followed the Byzantine 
pattem; and the Standard scheme of the Greek church— 
the cross inscribed in a rectangle and the dome supported 
on piers or on pendentives—became the accepted type for 
Orthodox churches. The design and support of the central 
dome or cupola, together with the number and disposition 
of the subsidiary cupolas, remained for a long time the 
Principal theme of Russian architecture.

The main monuments of Kiev were the Church of the 
Tithes (989-996), the Cathedral of St. Sophia (1037), and 
the Church of the Assumption in the Monastery of the 
Caves (1073-78). All of these churches were built in the 
Byzantine tradition, though certain influences from Bul- 
garia, Georgia, and Armenia can be discemed. The Cathe­
dral of St. Sophia is the only structure of this period that 
still stands and retains, at least in the interior, something 
of its original form. The central part of the cathedral was 
in the form of a Greek cross. The nave and four aisles 
terminated in semicircular apses, and it had 13 cupolas 
(symbolizing Christ and his Apostles). It was reconstructed 
and enlarged at the end of the 17th Century, and it was 
later obscured by additional bays and stories to its lateral 
galleries, a new tower, and many bizarre Baroque cupolas. 
Only five apses and the central interior portion survive 
from the 1 Ith Century.

Novgorod was the centre of a unique and quite original 
art that lived on long after the political death of the city 
in the 16th Century; it was there that the fundamental 
features of later Russian architecture were developed. The 
ecclesiastical architectural history of Novgorod began with 
the Cathedral of St. Sophia (Figure 23). It was built in 
1045-52, replacing a wooden, 13-dome church of the same 
name. The new cathedral followed its Kievan namesake in 
plan, but the divergences from the Byzantine pattern are 
quite apparent; it has double aisles but only three apses. 
Extemally, the church differs even more from its southem 
prototype; it has only five cupolas, its walls are austere, 
the buttresses are flat and bare, and the Windows are small

and narrow. There is something unmistakably Russian in 
the Silhouette of its helmeted cupolas and in the vigour 
and verticality of its solid masses.

The churches of the 12th Century resemble St. Sophia, 
Novgorod, only in the general tendency toward simplicity 
and verticality; they were small, cubic in form, and modest 
in decoration. The severe climate and heavy snowfalls of 
the north necessitated various modifications of the Byzan­
tine architectural forms. In the course of time Windows 
were narrowed and deeply splayed; roofs became steeper; 
and flat-dome profiles assumed the bulbous form, which, 
in different varieties, eventually became the most notable 
feature of Russian church architecture.
The churches of Pskov in north west Russia were relatively 

tiny and squat and usually had three low apses. The cupo­
las, roofs, and decorative elements were similar to those 
of Novgorod. Because these churches were too small to 
contain interior columns for the support of the cupola, the 
Pskov builders developed the structural device of recessive 
rows of corbel arches (i.e., stepped archlike structures built 
out from the walls) for the support of cupola drums and 
cupolas. This feature—the kokoshniki—was to become a 
favourite Russian structural and decorative element. The 
church porches, the exterior walled-in galleries, and the 
arcaded bell towers were Pskov’s other outstanding con- 
tribuiions to Russian architecture.

The region of Vladimir-Suzdal (also in northwest Rus­
sia), as another centre of early Russian culture, was a 
factor in a Creative fusion of Byzantine, Romanesque, and 
Caucasian influences—the Romanesque being seen in the 
style that was growing up in western Europe and the Cau­
casian influence appearing in the churches to the south. 
The 12th- and early-13th-century structures were a further 
modification of the earlier Byzantine style, leading toward 
the innovations at Moscow in the 15th Century.
Among the outstanding monuments of Vladimir-Suzdal 

are the Church of the Assumption (1158-89), which was 
to serve as a model for its namesake in the Moscow 
Kremlin; the Church of the Intercession of the Virgin on 
the Nerl, one of the loveliest creations of medieval Russia 
(1165); and the Church of St. Dmitri ( i 194—97). These 
churches as a group represent the continuation of the 
Kievo-Byzantine tradition in their ground plan, but the 
old scheme was given a new interpretation. From Byzan- 
tium the Suzdalians adopted the general features of the 
square plan with semicircular apses and the four columns 
supporting a cupola with its circular drum. Instead of 
brick, so characteristic of Byzantine and Kievan ecclesias­
tical architecture, they used cut stone, and instead of poly­
chrome wall facings they used carved-stone embroideries. 
The treatment and decoration of the walls and the deeply 
splayed portals and Windows suggest the Romanesque ar­
chitecture of Western Christendom; the character of the 
carved ornament is analogous to the intricate decoration 
of the Caucasus; but the organization and arrangement of 
the forms and patterns is definitely Russian.

After Constantinople feil to the Turks in 1453, Russia 
continued for several centuries to develop a national art 
that had grown out of the middle Byzantine period. During 
the 10th-15th centuries, Russian art had begun to show 
marked local Variation from the Byzantine model, and 
after the fall of Constantinople it continued along these 
distinctive lines of development. This period of Russian 
art, which lasted until the adoption of western European 
culture in the 18th Century, is also known as the Moscow 
or National period.
After the hegemony in the world of Orthodox Christianity 

shifted to Muscovite Russia, Moscow, having become the 
new city of Constantine—the “third Rome”—and aspiring 
to rival the older centres of culture, launched a building 
program commensurate with its international importance. 
The Kremlin and two of its important churches were re- 
built by Italian architects between 1475 and 1510. These 
churches, the Assumption (Uspensky) Cathedral and the 
Cathedral of St. Michael the Archangel, were largely mod­
eled after the churches of Vladimir. The Italians were 
required to incorporate the basic features of Byzantine 
planning and design into the new cathedrals; it was only 
in the exterior decoration of St. Michael the Archangel
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Figure 24: Church of the Ascension, Kolomenskoye, 1532.
S.C.R., London

that they succeeded in introducing Italian decorative mo- 
tifs. A third church, the modest Annunciation Cathedral 
(1484-89), with its warm beauty, was the work of Pskov 
architects. There the kokoshniki were introduced in the 
treatment of the roof. This element, similar in outline to 
the populär Russian bochka roof (pointed on top, with the 
sides forming a continuous double curve, concave above 
and convex below), foreshadowed a tendency to replace 
the forms of the Byzantine arch by more elongated silhou- 
ettes. Ecclesiastical architecture began to lose the special 
features associated with the Byzantine heritage, becoming 
more national in character and increasingly permeated 

Changes with the taste and thought of the people. The most impor- 
in church tant change in Russian church design of the 16th Century 
design was the introduction of the tiered tower and the tent- 

shaped roof first developed in wood by Russia’s carpenters. 
Next was the Substitution of the bulb-shaped spire for the 
traditional Byzantine cupola. This affected the design of 
masonry architecture by transforming its proportions and 
decoration and even its structural methods. The buildings 
acquired a dynamic, exteriorized articulation and specifi- 
cally Russian national characteristics.
The boldest departures from Byzantine architecture were 

the churches of the Ascension at Kolomenskoye (1532; 
Figure 24) and the Decapitation of St. John the Baptist 
at Dyakovo (c. 1532) and, above all, the Cathedral of St. 
Basil (Vasily) the Blessed (the Pokrovsky Cathedral) in 
Red Square in Moscow (1554-60). In St. Basil the western 
academie architectural concepts, based on rational, man­
ifest harmony, were ignored; the structure, with no easily 
readable design and a profusion of disparate colourful 
exterior decoration, is uniquely medieval Russian in con­
tent and form, in technique, decoration, and feeling. St. 
Basil, like its predecessors the churches at Kolomenskoye 
and Dyakovo, embodies the characteristic features of the 
wood churches of northern Russia, translated into ma­
sonry (Figure 25). An effective finishing touch was given 
to the ensemble of the Kremlin’s Cathedral Square by the 
erection of the imposing Belfry of Ivan II the Great, begun 
in 1542. The colossal white stone “column of fame,” with 
its golden cupola gleaming above the Kremlin hill, was 
the definite expression of an era, reflecting the tastes and 
grandiose political ambitions of the rising Russian state.

The basic types and structural forms of the Russian

multicolumned and tented churches were fully developed 
in the 16th Century. It remained for the next Century to 
concentrate its efforts on the refinement of those forms 
and on the embellishment of the facades. The tent spires Refine- 
degenerated into mere decoration; they were used as ex- ment and 
terior ornamental features set loosely in numbers over embellish- 
gabled roofs and on top of roof vaulting (Church of the ment in 
Nativity in Putinki in Moscow, 1649-52). This decorative the 17th 
use of the formerly functional element was combined with Century 
the liberal employment of the kokoshnik. The latter, in 
converging and ascending tiers and in diversified shapes 
and arrangements, was used as a decorative screen for the 
drumlike bases of the spires and sometimes as parapets 
over the cornices. At the same time the formerly large ex- 
panses of unbroken wall surfaces (of the Novgorod-Pskov 
architectural traditions) were replaced by rich decorative 
paneling. Polychromy asserted itself: coloured and glazed 
tile and carved stone ornament, used in combination with 
brick pattems, were employed extensively. This was espe- 
cially evidenced in a large group of Yaroslavl churches.

(A.Vo.)

Western Christian
EARLY MEDIEVAL
Migratory period. The migration of European peoples, 

which was one of the consequences of the decline and 
ultimate fall of the Roman Empire, had its prelude in 
the transmigration of the Goths, who, about ad  200, had 
crossed from Sweden to the region around the mouth 
of the Vistula River, thence eventually reaching Southern 
Russia. There they came into contact with an ancient artis- 
tic tradition that they largely succeeded in grafting onto 
decorative styles brought over from Scandinavia. When, in 
375, the Huns invaded Russia, the Goths demanded and 
obtained permission to settle within the borders of the Ro­
man Empire. This westward movement was the beginning 
of the great migration of peoples. In this way, too, new 
forms of art, soon to be amalgamated with influences from 
other tribes, also reached western and Southern Europe.

When the Ostrogoths under Theodoric came into con­
tact with the late classical and Byzantine cultures, their

K. Scholz/H. Armstrong Roberts, Ine.

Figure 25: Cathedral of St. Basil the B lessed in Red Square, 
Moscow, 1554-60.
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art was influenced by these civilizations. This is evident 
from the Mausoleum of Theodoric in Ravenna (built c. 
520), which generally reflects the classical and Byzantine 
traditions but in its abstract omamentation is linked with 
the art of the migration period. It is likely that the mau­
soleum also reflects influences that had lived on from 
prehistorie megalithic graves, which were piled up from 
solid blocks of stone.

Merovingian period. France. Of the architecture of this 
derovin- period, little has survived. In the south of France there 
ian archi- are still a few baptisteries (Fréjus, Riez, Venasque) that 
set ure reveal a distinct affinity to similar structures in Italy. The 

Poitiers baptistery, in its present form dating from the 8th 
Century, is on the threshold of the Carolingian epoch, but 
it contains much more ancient wall work. Most of the ma­
jor church buildings are known only from descriptions by 
early medieval writers or from research work undertaken 
through excavation of the foundation ruins. According to 
Apollinaris Sidonius, the naves of the cathedral of Lyon 
(founded about 470) were separated from each other by 
a forest of columns and were covered by gilded, pan- 
eled ceilings. Gregory of Tours relates that the church of 
Bishop Namatius of Clermont (built c. 450) boasted 70 
columns, 42 Windows, and eight portals. The same author 
also praises the church of Saint-Martin at Tours, which 
was begun by Bishop Perpetuus in the latter half of the 
5th Century. Also 5th-century in their original form were 
the chapel of Saint-Maurice-d’Agaune and the church of 
Saint-Germain at Auxerre. Excavations have revealed the 
shape of such churches as those of Saint-Martin at Au- 
tun (built 590) and the church of Jouarre (c. 680). The 
Merovingian kings were great builders; about 510 Clovis 
founded a church on the tomb of Sainte-Geneviève in 
Paris, and Childebert built Sainte-Croix-et-Saint-Vincent 
(today Saint-Germain-des-Prés). Both churches were dec- 
orated with marble and mosaic and roofed with bronze 
tiles—as was the church of Notre-Dame-de-la-Daurade in 
Toulouse, which probably dates from the end of the 6th 
Century and was demolished only as late as 1761.
Ireland. Of the earliest Irish architecture very little is 

known. There are some ruins of monasteries found, for 
example, at Skellig Michael (on the east coast of Ireland), 
at Nendrum (County Down), and, in England, at Tin- 
tagel (Comwall).

England. The oldest churches in Kent and Essex (in­
cluding those at Canterbury, Lyminge, Reculver, and 
Rochester) consist of a rectangular nave with an apse. 
Most of these churches were later enlarged by the addition 
of two smaller spaces flanking the nave and connected 
by narrow passageways. The outside walls are lined with 
pilasters, or columns projecting about one-third of their 
widths from the walls. In some of the churches the choir 
is separated from the nave by an arcade, as at St. Pancras 
in Canterbury and Bradwell-on-Sea in Essex.

Spain. In the second half of the 5th Century, the Visi- 
goths penetrated into Spain and, as early as 47.0, ..mied 
practically the entire country. Toulouse remained their 
Capital until 507, when Clovis I pushed them back beyond 
the Pyrenees. In 554 Byzantine troops invaded Spain but 
were driven back in the last quarter of the 6th Century; 
nevertheless, contact with the Byzantines left an indelible 
impression on Visigothic art. The influence was short- 
lived, however, ending when the Arabs conquered almost 
the whole of Spain in 711. The only surviving Visigothic 
structure is the church of San Jüan Bautista at Banos 
de Cerrato, consecrated in 661; it is a small stmeture, 
originally planned as a three-aisled basilica, in which the 
horseshoe-shaped arch is predominant.

Carolingian period. In contrast to Merovingian archi­
tecture, a comparatively large number of Carolingian 
buildings have survived. The most renowned edifice is the 

Palatine Palatine Chapel of Charlemagne at Aachen (consecrated
Ühapel of 805), the core of the present-day cathedral (Figure 26).
2harle- Built in the shape of an octagon with two superimposed
nagne galleries, this stmeture resembles San Vitale in Ravenna,

and the ground-floor section of the interior recalls the 
mausoleum of Theodoric. The building was enriched with 
classical columns brought from Ravenna and Rome, and 
the bronze railings and door wings were presumably fash-

ioned by artisans from Lombardy. Above the octagonal 
chapel rises a dome, which is 101.5 feet high on the inside 
with a diameter of 46.7 feet. This desire for loftiness is 
neither classical nor Byzantine but Germanic, and it con­
tinued into the Romanesque and Gothic styles. Central 
architecture also found favour elsewhere; Bishop Theodulf 
of Orléans, for example, built a chapel in the vicinity 
of the abbey of Fleury (afterward Saint-Benoit-sur-Loire), 
a chapel that, unfortunately, has been greatly altered by 
19th-century restoration. As in Charlemagne’s chapel, the 
highest part is the square central section, from which four 
branches extend, forming a Greek cross; in the corners of 
the cross are four lower chapels, and at the ends are apses 
shaped somewhat like horseshoes. The arches are also 
slightly horseshoe-shaped—possibly a Visigothic influence 
from Spain. Unlike the cathedral at Aachen, which in the 
18th Century lost all mosaic decoration, this church has 
preserved its Carolingian apse mosaic.
In addition to central architecture, the T-shaped basilica 

form was frequently employed; fairly well-preserved exam- 
ples of this can be found at Steinbach and at Seligenstadt 
in Germany. The walls of the nave at Steinbach (821-827) 
rest on square masonry pillars. On the east side there are 
two transept chapels, which are lower in height than the 
nave but higher than the aisles; like the nave, they end in 
semicircular apses. The church had a tripartite narthex no 
longer in existence. In the church of SS. Marcellinus and 
Peter at Seligenstadt (830-840) only the three-aisle nave 
on pillars is original. In the style of the great basilicas of 
Rome, this church had a hall-shaped, wide transept with 
a semicircular apse adjoining it. Some churches, such as 
Centula (Saint-Riquier, Fr.), which is known only through 
pictures, had a second choir on the west side (Figure
27). A fairly well-preserved west choir, forerunner of the 
later Romanesque westwork, is to be found in the church 
of Corvey, in Germany (873-885). Notable also is the 
gatehouse of the monastery of Lorsch (Figure 28), near 
Worms, Ger. (founded c. 760-764). This edifice borrowed 
its three arch-shaped passageways and its sectioning by 
means of classically influenced half-columns from ancient 
triumphal arches. On the other hand, Teutonic influence 
is evident in the upper section of the blind arcade, which

Bildarchiv Foto Marburg— Art Resource/EB Ine.

Figure 26: Palatine Chapel of Charlemagne at Aachen,
Ger., 790-805.
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Figure 27: Reconstruction of the abbey church, Centula,
Fr., 790-799.
From N. Pevsner, A n  O u t lin e  o f  E u r o p e a n  A r c h ite c tu r e  (Figure 27 in the seventh edition). 
Copyright © Nikolaus Pevsner, 1943; Penguin Books Ltd.

consists of baseless triangles, and in the multicoloured 
decoration of the masonry.

Ottonian period. Ottonian art is the official art of the 
realm in the epoch of the Saxon, or Ottonian, emperors 
and of their first successors from the Salie house (950- 
1050). Its centre was Saxony, birthplace of the Ottonians, 
but its influence extended over the whole realm, with the 
exception of Italy. Ottonian art was shaped by the Car­
olingian tradition, by early Christian art, and—because 
Otto III’s wife, Theophano, was a Byzantine princess—by 
Contemporary Byzantine art.

It was architecture especially that followed early Christian 
and specifically Roman examples, while at the same time 
remaining true to the Carolingian style (the west choir, for 
example). In Saxony, the art-loving bishop Bemward, who 
had seen the great basilicas in Rome and had come into 
contact with classical art, was the great builder; about 1001 

Church he founded the abbey church of St. Michael in his episco-
at Hildes- pal city of Hildesheim (Figure 29). At an earlier date (961)
heim the margrave Gero had had the Church of St. Cyriacus

built at Gernrode. The two churches have wooden-roofed, 
three-aisle naves; but, in contrast to the Carolingian pillar 
basilicas, altemating pillars and columns have been used, 
and at Gemrode the side aisles are crowned by galleries. 
The two churches have both an east and a west choir 
and transept arms as high as the nave. At Hildesheim 
both choirs have a transept with a square dome over the 
Crossing, flanked by staircase towers. Gemrode has crypts 
undemeath both choirs whereas Hildesheim has them 
only beneath the west choir. The harmony and clarity 
that characterize both the interior and the exterior of the 
church at Hildesheim make it the finest example of Otto­
nian architecture. On the altemating pillars and columns 
(that is, a pair of columns between each pillar), one en- 
counters for the first time the cubical, or cushion, Capital 
that was later to become such a characteristic feature of 
the Romanesque style.
Few of the innumerable major churches built about the 

year 1000 have survived in a good state of preservation; 
others have completely disappeared. Some of the out­
standing ones are, or were, the cathedrals of Magdeburg, 
Merseburg, Paderborn, Liège, Mainz, Worms, Strasbourg, 
Verdun, Basel, Metz, Eichstätt, Bamberg, Regensburg, 
Augsburg, Lausanne, and Dijon. The surviving ground

plans show that frequently they were wooden-roofed basil­
icas with east and west choirs. Of the basilicas on columns, 
which are rare, there is Oberzell, in the south, on the 
island of Reichenau, and, in the north, St. Peter’s at 
Utrecht (The Netherlands). Churches with a nave are also 
rare; notable examples are the original St. Pantaleon at 
Cologne and St. Patroclus’ Church at Soest, Germany.
The Aachen chapeFs octagon was fairly widely imitated; 
the best preserved examples are in Ottmarsheim (France) 
and Nijmegen (The Netherlands), both dating from the 
early 1 Ith Century. The west choir of the Minster at Essen 
is remarkable in that it imitates the forms of the chapel at 
Aachen on a ground plan of a semihexagon.

Prelude to Romanesque in the north. Northern con- 
struction of wood in pre-Romanesque times is well rep- “Long 
resented by the “long hall” or palace at Lojsta (built c. halls” 
1000) on the island of Gotland. Judging from the remains 
of the building, the superstmeture must have consisted 
of tall, triangulär frames stiffened by timbers that mark 
out a supporting square in the lower half of the tri- 
angle. There was a smoke hole above the hearth. This 
type of construction, originating on the Continent, spread 
throughout Scandinavia. It has been traced by excavation 
in Greenland (Gardar) and in Newfoundland (La Baie aux 
Meadows, near Cape Race); and actual modern examples 
of the traditional mode exist in Iceland (Vidhmyri). In 
fine medieval examples, the timbers were richly carved 
and painted.
By the time churches were being built, the sloping exte­

rior bank of a longhouse, or long dwelling of wood, was 
often replaced by vertical timbers and plank walls. In the 
more ambitious buildings there might be four files of in­
terior supports, instead of two, under the steep two-slope 
roof. The churches were distinguished by having the aisles 
canied entirely around the central space, which projected 
above them in order to permit small Windows. The sanc- 
tuary was a small, shedlike projection with a pinnacle, and 
the belfry took the form of a small shed perched on the 
roof, with a pinnacle above it. These churches are called 
stave (wooden-plank) churches or, more properly, mast 
churches, because of the novel way in which the inner

Bildarchiv Foto Marburg— Art Resource/EB Inc.

Figure 28: Gatehouse of the monastery at Lorsch, Ger., 
c. 760.
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Figure 29: Nave, Church of St. Michael, Hildesheim, 
W.Ger., c. 1001-33.
Marburg— Art Resourc6/EB Ine.

middle part is supported by masts, or vertical posts, on its 
periphery; the masts themselves are supported on a stout 
chassis the timbers of which extend outward to sustain 
the aisles and porches. It is probable that this formula was 
achieved by the year 1000, when Christianity began to 
dominate in Scandinavia. The churches are extraordinarily 
picturesque, in contrast to the longhouses or palaces near 
which they were often placed as palace chapels—their spe­
cial form suggested, perhaps, by reliquaries or manuscript 
drawings of churches. The more elaborate churches had 
wonderfully energetic carvings, in particular the panels of 
interlaced lacertine, or lizard-like, creatures (as at Urnes 
in Norway, c. 1100). They were replaced by simple Ro- 
manesque buildings of English and German inspiration 
when the congregations outgrew the mast churches, which 
are necessarily rather small.

When towns and cities came to be built, improved ver- 
sions of the longhouses, with several stories, were placed 
side by side. A reminder of this persists in the many- 
gabled Street frontages not only in Scandinavia but also 
in The Netherlands and along the south Baltic littoral— 
regions that are heavily timbered. In Russia, walls were 
built of horizontal timbers sometimes as much as three 
feet square in cross section. In Scandinavia the ancestors 
of the American frontier log cabin were built in this way. 
In the Germanic area, however, half-timber and palisade 
construction were preferred. A survivor of the latter type 
is the old part of the Saxon church (1013) at Greenstead, 
Essex, Eng.

ROMANESQUE
Romanesque is the name given to the architectural and 
artistic style current in Europe from about the m id-llth  
Century until the advent of Gothic.

Romanesque is a less familiar term than classical, Gothic, 
or Renaissance because of the historical circumstances un­
der which it entered artistic terminology. The classical and 
the Renaissance were clearly defined by men who consid-

ered their canons inevitable and who thought of the me­
dieval styles as fanciful (if not objectionable) aberrations. 
Blinded by the fashionable canon, a critic wrote in 1750:
The Goths and Vandals, having demolished the Greek and
Roman architecture, introduced in its stead a certain fantas-
tical and incentious manner of building, which we have since
called modem or Gothic, full of fret and lamentable imagery.

Half a Century later the Gothic was understood as having 
a noble canon of its own, but its background was still 
veiled—considered to be the work of untutored barbar- 
ians, whose vigour, interpreted as crudity, repelled those 
who cared for the arts. Romanesque did not even have a 
name until 1818, when the term roman (Romanesque, ro- 
manico, romanisch) was coined by Charles-Alexis-Adrien 
de Gerville. The corresponding term is Romance for the 
languages based on Latin; in each case the underlying de­
ments came from Rome. Actually the name Romanesque 
itself is the simplest, most practical definition of the style. 
It is Roman, with differences—differences conditioned by 
a complex historical background, which brings about a 
marvelous richness of expression, varied from region to 
region, with a truly noble lucidity in the finest creations.
The Romanesque period was no less complex in its art 

than in its history, though it had a unifying theme in 
monasticism. To compensate for the loss of stable cen­
tral govemments, there was a strong movement to found 
monasteries from about 650 to 1200. Such brotherhoods, 
which lived the ideal Christian life as it was understood 
at the time, were islands of civilization in a very much 
disturbed world. The most effective of these institutions 
were in the Frankish territory between the Rhine River 
on the east, the Loire River on the south, and the coast 
on the north and west.

Records of lost buildings show how much of the later 
architectural development was envisaged in the time of 
Charlemagne. As a basis for monastic unity he chose 
the Rule of St. Benedict. On his estate at Aniane a 
later Benedict—of Aniane—with Charlemagne’s encour- 
agement, built a monastery where all the arts were brought 
into play (782) and later constructed a model monastery 
at Comelimünster (Inden, near Aachen). Meanwhile, a 
monastic holy city had been built at Centula, where the 
monastic church of 799, with its cloister and chapels, was 
the centre of all. Around it, the wards and various guild 
quarters of the city were laid out in regulär fashion; at 
some distance there were seven satellite villages bound 
to the monastery by periodical ceremonial visits in the 
form of processions. For better exploitation of the impe­
rial estates everywhere, a type of villa was evolved; with 
the passage of time and the retreat of the gentry to their 
castles, many of these became ecclesiastical possessions— 
then priories, or even monasteries, as in the case of Cluny 
(910). By 820 the typical monastic layout had been fully 
studied (as at Inden and St. Gall). This later site, the 
Insula Felix in Lake Constance, was a stopping place for 
the imperial joumeys, and it developed as a powerful 
monastic and missionary centre—one of the many that 
enlarged the boundaries of Christendom as Charlemagne’s 
dominions expandéd to the north and east.

In the Middle Ages the population of Europe had di- 
minished by half since Roman times. Communication 
and transport, either by land or by sea, might be diffi- 
cult or hazardous, and this tended naturally to divide the 
country into neighbourhoods. Under these conditions, a 
great monastery, like a city, could serve a consideratie 
surrounding area as an administrative, intellectual, and 
spiritual centre and as a workshop, granary, and refuge. 
With increasing prosperity the monastic building com- 
plexes were progressively better organized, better built, 
and more impressive. Showing the way for cathedral and 
domestic architecture, the great patrons of the age were 
the abbots, though not to the exclusion of the bishops 
and magnates.

The Romans had not solved the problem of the fireproof 
basilican church—a problem that became pressing with 
the frequent conflagrations in timber-built towns and, not 
less, the incendiarism that was a lamentable consequence 
of endemic local wars and the incursions of organized 
marauders. By ad 1000 the monastic builders had begun

Definition 
of Roman­
esque
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to solve this problem by vaulting. Moreover, they had 
improved upon the Roman attempts at systematic plans 
for the monasteries themselves, which might accommo- 
date 1,000 persons—monks, brethren, craftsmen, servants, 
slaves, and guests—with Provision for their multiple ac- 
tivities and also suitable storage facilities.
The solution, well exemplified in the plan of 820 for the 

monastery at St. Gall, was a quadrangular court, or clois- 
ter, provided with arcaded walks, or “alleys,” and placed 
beside the nave of the church. Typically, the east walk 
had an entrance into the church near the sanctuary; and 
the members of the community, entering processionally, 
would turn into their choir enclosure in the nave, while 
the celebrants would occupy their posts in the sanctu­
ary. Important rooms bordered the east walk: the chapter 
house, where the community met as a Corporation; the 
parlour, where speaking was allowed for the transaction of 
business; and the camera, or workroom. The walk parallel 
to the church gave access to the calefactory (in early times 
often the only heated room) for fellowship, the refectory, 
the pantries, and the kitchens. The cellars stretched along 
the west walk between the kitchens and a porter’s lodge 
adjoining the church. The door at the porter’s lodge was 
the principal entrance to the cloister. The scriptorium and 
library were typically in the walk beside the church; the 
dormitory was usually located directly above the buildings 
of the east walk.

This plan was very flexible, for in a large monastery 
there would be several cloisters or courts with suitable 
independent arrangements for archives, administration, 
guests, wayfarers, servants, artisans, shops, and folds; spe­
cial quarters were provided by such courts for retired or 
sick monks and for novices. Special chapels were pro­
vided, where necessary, in these subsidiary parts of the 
establishment.
The several cloisters or courts of a large monastery car-

ried on the tradition established by the greater Germanic 
households of the pagan time; they too were composed of 
“proliferating quadrangles.” The basic unit, as has been 
learned from excavation, was a wide, framed, compart- 
mented longhouse with a steep, thatched roof. By Charle­
magne’s time longhouses of this type were sometimes 
adapted as churches.

Though Rome could no longer present fresh models for 
universal emulation or exercise unifying control, its archi­
tectural monuments were still numerous in many regions 
and could not be ignored. The Roman heritage is par- 
ticularly apparent in conservative southem regions, where 
Roman massiveness and horizontality persist and are per- 
ceptible to some degree even in the Gothic architecture of 
the area. In the regions where the Roman population had 
been large, commonplace buildings continued for a long 
time to be built in much the same way as before, with 
increasing emphasis—especially in the north—on the use 
of timber construction in small or utilitarian structures. 
In the wet northem climates steeper roofs were necessary, 
particularly where thatch was used. New importance ac- 
crued to the fact that the various regions had differing 
materials and aesthetic ideals. The artists had a wider 
choice among sources of inspiration than the Romans, 
but the choices that were made by responsible architects 
varied from region to region. This explains the origin of 
“schools” of Romanesque—families of designs inspired by 
successful buildings in a local context. These were usually 
churches, often of novel design, and situated at the centre 
of an important region that, in modem parlance, gives its 
name to the school.
The forward-looking Romanesque artists were aware of 

and could synthesize ideas and practices from Rome, 
Byzantium, the Islämic world, Scandinavia, and the Teu- 
tonic regions. The number of options was fairly large, 
offering a great many possibilities of variety; moreover,

Figure 30: Saint-Sernin, Toulouse, Fr., 1077 or 1082-1118.
(Top left) Chevet, east end; (top right) nave; (bottom) plan.
(Top left) Giraudon— Art Resource/EB Ine., (top right) H. Roger-Viollet, (bottom) after Conant in 
H.W. Janson, H is t o r y  o f  A r t

The
Roman
heritage
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the importance given to certain features varied from one 
school to the next.

Elements of Roman origin might involve one or sev­
eral important Roman types of fabric and material, plan, 
vaulting, decorative elements, and, in the south, the Ro­
man canon of proportion. Early Christian works offered 
a choice of plans, with or without towers and porches. 
Elements of Eastern origin might be structural or decora­
tive, and they might be derived from Iberian, African, or 
Asiatic examples. From the north came not only imagina­
tive timber construction but also various lively decorative 
Systems and verve in their application.

Perhaps even more important was the northern love of as- 
piring and intersecting forms, powerfully composed, which 
affected almost the entire Romanesque area, Stretching 
from Portugal to the Holy Land, including Scandinavia 
and the Holy Roman Empire. The greater buildings were 
most often churches, which stood out boldly above the 
ordinary constructions but had an organic relationship 
to them. The resulting Silhouette, so much in contrast 
with placid classical design, quite transformed the idea 
of what a city or church group should look like, either 
from within or from a distance as an ensemble. This dy- 
namic mode was bequeathed to Gothic, Renaissance, and 
modem times.

After 950 the excellent construction, the grand scaie, the 
assured design, the increasingly capable use of masonry 
vaulting, and the increasingly rich and appropriate use of 
foliate and figural sculpture showed that the initial period 
was over and that a noble, new Romanesque style had 
come into existence (fully, by 1050). The greatest works 
in the Romanesque style date from 1075 to 1125, the 
classic age of Romanesque, so to speak; after this, in some 
regions, the style entered a florid “baroque” phase that 
lasted a generation and then was revivified as Gothic.

The coming eclipse of Romanesque may first be sensed 
in new structural developments that began about 1090. 
Sophisticated but unsatisfactory attempts to vault the great 
basilican naves safely, with elements of Roman, Byzan­
tine, or Eastern origin, impelled progressive Romanesque 
engineers, from about 1090 onward, to in vent a new type 
of ribbed groin-vaulted unit bay, using pointed arches to 
distribute thmst and improve the shape of the geometrie 
surfaces. Fifty years of experimentation produced vault­
ing that was light, strong, open, versatile, and applicable 
everywhere—in short, Gothic vaulting. A whole new aes- 
thetic, with a new decorative system—the Gothic—was 
being evolved as early as 1145. The spatial forms of 
the new buildings sometimes caused acoustic difficulties, 

affect which may help to account for the concomitant develop-
)f archi- ment of the new polyphonic music that supplemented the
ecture on traditional Romanesque plainsong. Romanesque architec- 
nusic ture became old-fashioned, but its heavy forms pleased the

Cistercian monks and, likewise, other conservative patrons 
in Germany, Poland, Hungary, Italy, Spain, and Portu­
gal. Thus, buildings that were essentially Romanesque in 
spirit continued to be built, even when such extraordinary 
Gothic works as the Amiens cathedral were under con­
struction (begun 1220).
The development of proto-Romanesque in the Ottonian 

period culminated in the true Romanesque style repre- 
sented by five magnificent churches on the international 
pilgrimage routes leading from central France to the re- 
puted tomb of St. James at Santiago de Compostela in 
Spain: Saint-Martin at Tours (a huge once wooden-roofed 
basilica that was rebuilt on the new model beginning 
about 1050), Sainte-Foy at Conques (c. 1052-1130), Saint- 
Martial at Limoges (c. 1062-95), Saint-Semin at Toulouse 
(1077 or 1082-1118; Figure 30), and the new cathedral 
at Santiago de Compostela itself (c. 1075-1211). This was 
a real family of buildings; each one had a splendid apse 
with ambulatory (a sheltered place to walk) and radiat- 
ing chapels, a transept and nave with aisles and galleries, 
an imposing tower system, and beautiful sculptures. Each 
one was entirely vaulted, typically, with barrel vaults 
over the nave, quadrant vaults (four-part vaults, formed 
by two intersecting arches) over the galleries, and groin- 
vaulted aisles. A little later, at the Cluniac priory of Saint- 
Étienne (Nevers, Fr.), such a church was boldly built with

clerestory (part of the nave, choir, and transept walls above 
the aisle roofs) Windows under the high vault.
Burgundy. Since the monasteries had done so much 

to create the new Europe now bursting into architectural 
flower, it is appropriate that there are two families of 
churches that express the greatness of Burgundian feder- 
ative monasticism: Cluny and Citeaux. Cluny ultimately 
had about 1,400 dependencies under centralized rule, of 
which about 200 were important establishments. The Cis- 
tercians had a ramified system that ultimately included 
742 monasteries and about 900 nunneries.

It was Cluny that, after an impressive rebuilding of the Rebuilding 
monastery buildings (1077-85), undertook the Maior Ec- of Cluny 
clesia, or Cluny III (1088-1130 and later). Until it was 
largely demolished in the early 19th Century, it was the 
largest monastic church, the largest Romanesque church, 
and the largest French church. It had many features that 
prepared the way for Gothic: tall proportions, grouped 
piers, pointed arches, specialized wall and vault construc­
tion. It had carvings of great beauty in the apse (where one 
of the first medieval sculptural allegories was placed by 
1095) and at the portals of the nave (where the first really 
grand ensemble of monumental carved and painted west 
portals was placed, about 1108). Cluny III inspired only a 
few great buildings (including, however, Paray-le-Monial,
La Charité-sur-Loire, and Autun cathedral) because of its 
special, advanced character and the fact that the design 
was soon attacked in an unfortunate Cistercian polemic 
(1124). It may be that certain architects at Cluny itself 
considered the design too bold, for they built at the priory 
of Vézelay (1104-32) a groin-vaulted nave nearly as wide 
but only two-thirds as high as that of Cluny III. In the 
narthex at Vézelay there was one groin vault that had ribs, 
and buttresses resembling flying buttresses were concealed 
under roofs of the galleries. A pair of towers flanking a 
carved portal were planned for the facade.
Thus, between these features of Vézelay and the pointed 

arches composed in tall proportions at Cluny III, the in- 
gredients of the Gothic style were at hand in Burgundy by 
1135, awaiting the Creative Gothic spark of Saint-Denis 
(near Paris). The rich portals of Saint-Denis show the 
influence of the great Burgundian carving. Account must

By courtesy of the National Monuments Record, London

Figure 31: Nave, Durham cathedral, England, 1093-1133.
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be taken, however, of another episode—the development 
of consistent ribbed vaulting in the Norman dominions. 
Probably the high-ranking Lombard ecclesiastics who un- 
dertook the reform and development of the Norman 
church brought with them some knowledge of ribbed vault 
construction, which then passed to England. The cathedral 
abbey church of Durham (1093-1133) was a very early 
demonstration of the dramatic potentialities of this type 
of construction (Figure 31). Lombard experiments may 
have been as early as 1080, but the dating is uncertain; in 
any event, the development of this structural unit into the 
admirable Gothic type of ribbed groin vault is due to the 
skill of French and Anglo-French engineers.

Retuming to another great family of Burgundian monas- 
Cistercian tic builders, it should be noted that the Cistercian Order 
architects was founded as an austere reform institute in 1098 and 

that it spread rapidly. The Cistercian architects were com- 
manded to build well but without bravura of any kind. 
They accepted the pointed arch but built ponderously 
within it a style that might be called half-Gothic, because 
it has the general appearance but not the special structural 
characteristics of Gothic. Cistercian constructions were 
for a long time massive, like the Romanesque. Fontenay 
Abbey (1139 and later) represented the personal prefer­
ence of St. Bemard, and it is almost Roman, with its very 
simple and substantial scheme of pointed barrel vaulting. 
In general, however, the Cistercian churches came more 
and more to approximate Gothic designs. In the ground 
floors of their monastery buildings they early introduced 
the idea of using ribbed groin vaulting in repetitive square 
bays (a Gothic scheme). To the east, the south, the west, 
and the northwest of Europe, the first buildings resem- 
bling Gothic were erected by the Cistercians: Pontigny, 
1140-1210 (Burgundy); Alcobaga, 1158-1223 (Portugal); 
Fossanova, 1187-1208 (Italy); Maulbronn, 1146-78 (Ger­
many); Fountains, 1135-50 (England); Vreta, about 1100- 
62 (Sweden); Kercz, 1202 (Hungary); and Beirut, about 
1150 (Lebanon)—all of these give an idea of the power 
and extension of their effort.
The Cistercian establishments were located in remote 

places, but the husbandry of the communities was superb 
and benefited the whole of Europe. Their monasteries 
were so uniform in conception that a monk coming from 
a Cistercian house anywhere would feel quite at home in 
one of these monasteries anywhere else. The basic plan 
was traditional, but the western court (where visitors were 
usually received) was reduced to a mere corridor. The Cis­
tercians did not encourage visitors; they were not provided 
with space in guesthouses within the enclosures or even in 
the churches. Cistercian refectories were regularly placed 
at right angles opposite the church, rather than parallel, 
as in early plans. The monks chose well-watered sites and 
used waterpower. Ideally, the brotherhoods were able to 
supply all of their own needs.
Normandy. Another great architectural family was Nor­

man: Rouen cathedral (c. 1037-63), followed by West- 
minster Abbey (1050-65) and the splendid abbeys built in 
Caen by Duke William and his duchess, Matilda. She built 
La Trinité, beginning in 1062, and was buried as queen in 
its sanctuary (1083). William’s church, Saint-Étienne, was 
begun in 1067 and dedicated in 1081 (Figure 32). The 
Norman series was continued in England by the founda- 

Benedic- tion and endowment of magnificent Benedictine abbeys 
tine abbeys after the Conquest, as royal policy—to gain the favour of 

the church, to improve the exploitation of the land, and 
to pacify the country. Many of the church buildings still 
exist, and they are very impressive indeed. Typically, they 
have, or have had, long, wooden-roofed naves with vaulted 
aisles and wooden-roofed galleries, embellished, stage by 
stage, with bold, rich interior arcading. The churches have 
spacious transepts and deep sanctuaries, the apses being 
arranged in echelon or with ambulatories. It gives one a 
sense of the builder’s means to know that a very large part 
of the beautiful limestone used in facing the walls was 
transported across the Channel from the famous quarries 
of Caen. Though the walls and piers are beautiful, the 
mortar was not good, and only great thickness made the 
masonry strong. The Norman parish churches that survive 
are neither numerous nor striking. Among the more ambi-

Figure 32: West facade, Saint-Étienne, Caen, Fr., begun in 
1067 and dedicated in 1081.
Jean Roubier

tious naves originally roofed in wood but now closed with 
Gothic vaults are those of the cathedrals at Winchester 
(1079), Gloucester (1089), and Norwich (1096). Peterbor- 
ough cathedral (1118) still possesses its old ceiling, painted 
in lozenge-shaped panels. In many of the churches a large 
number of additions have been made in the Gothic style 
without impairing the dignity of the Norman construc­
tion. But Durham cathedral, with its Romanesque ribbed 
groin vault, remains by far the finest example of the 
Norman style.

Aquitaine, Languedoc, and Auvergne. Long united to 
the English crown after 1152, Aquitaine has a quite sep­
arate church architecture. To achieve free interior space, 
masonry domes of special construction were used, often 
four in line, as at Saint-Étienne-de-la-Cité, Périgueux (c.
1100-50), and the cathedral of Saint-Pierre at Angoulême 
(1105-28 and later), with a richly sculptured facade.

In Poitou, elaborately arcaded facades formed somewhat 
illogical frontispieces for spacious “three-naved” churches, 
with windowed aisles almost as tall as the central window- 
less naves. There are beautiful paintings in such churches 
(as at Saint-Savin-sur-Gartempe). This region has several 
Romanesque castles, in the usual form (as at Loches, Roman- 
about 1100) of a great square tower, the donjon or keep, esque 
with guard and residential rooms on several levels, and castles 
appropriate outworks.
The churches of Languedoc have bold massing and beau­

tiful scülpture, the tradition of which goes back to the 
formative period (Saint-Genis-des-Fontaines, 1020). Saint- 
Sernin at Toulouse, in the pilgrimage style, has beautiful 
carvings, and many churches in the region are related to it.

In Auvergne, a long tradition (Clermont cathedral, 946) 
developed, more or less in the manner of the pilgrimage 
churches. The high “lantern transepts” are characteristic 
(for example, Notre-Dame-du-Port at Clermont-Ferrand,
1150). The cathedral of Le Puy-en-Velay (1 Ith and 12th 
centuries), with zebra work in the masonry and a file of 
domes, represents reflex influence from Spain; Muslim 
motifs were brought in via the pilgrimage road. Such in­
fluence is perceptible also in Burgundy and perhaps in the 
west of France.
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Figure 33: Northeast view of Speyer cathedral, W.Ger., 
1030-65, remade c. 1082-1137.
Marburg— Art Resource/EB Ine.

Provence. Turning eastward to Provence, the old 
Provincia Romana, one finds that there Romanesque ar­
chitecture is most Roman in feeling: grand, simple, spa- 
cious bulks were built, usually in fine ashlar (squared stone 
blocks) masonry, as at Avignon cathedral (about 1140— 
1200), and often with fine sculpture, as at the cathedral of 
Arles (Saint-Trophime, 1150 and later) and Saint-Gilles-

du-Gard (1116 and later, to about 1170). Some of the 
portals, especially, seem very Roman.

Germany and the Low Countries. By contrast with the 
fresh activity in France, the imperial lands, which had 
done so much to further the development of Romanesque 
architecture, remained conservative. The period of the 
mature Romanesque was prosperous in Germany; new 
buildings were larger and more numerous but technically 
less interesting. The embellishment and vaulting of the 
cathedrals in the Rhine country date from this time: 
Mainz (1036-1137), Speyer (1030-65, remade c. 1082- 
1137; Figure 33), and Worms (12th and 13th centuries). 
A prime example is the abbey church of Maria Laach 
(1130-56). Elsewhere, there is a spectacular church design 
with five towers at Toumai (c. 1110-1200), and there are 
ponderous but handsome palaces with fine upper rooms 
at Goslar (c. 1050, rebuilt after 1132) and Eisenach (the 
Wartburg, 12th Century).

Romanesque architecture in the Low Countries is gener­
ally divided into four stylistic classifications: the style of 
Meuseland, the Scheldt district style, the style of the bish- 
opric of Utrecht, and the style prevalent in the provinces 
of Groningen and Friesland. The Meuseland churches are 
characterized by their use of the Carolingian basilica plan. 
Among the most outstanding examples are St. Servatius 
at Maastricht; Saint-Denis, Saint-Barthéiemy, Saint-Jean, 
and Sainte-Gertrude at Nivelles. At the end of the 12th 
Century, Rhenish influences were evident in Meuseland, 
such as in the apse of St. Servatius at Maastricht. In the 
Scheldt district a pronounced Norman influence is appar- 
ent, as in the cathedral of Toumai and the Church of 
St. Vincent at Soifnies. A blending of Ottonian, Rhenish, 
and Meuseland styles characterizes Romanesque churches 
in the bishopric of Utrecht as St. Peters at Utrecht, Grote 
Kerk at Deventer, and St. Martin at Emmerich. Groning­
en and Friesland possess a great number of Romanesque 
village churches that were founded by abbeys in the re­
gion. Stylistically, they are related to monastic churches in 
Meuseland and parts of northern France.
Iberia. The pre-Romanesque types of building in the 

pemnsula were insufficiënt to satisfy the needs and am- 
bitions of the Spaniards as the Christian States increased 
in population by immigration and expanded southward 
by the reconquest in Romanesque times. The architecture 
clearly testifies to the great influx of men and ideas, par- 
ticularly from Burgundy, Poitou, and Languedoc (as at 
Santiago de Compostela cathedral). Cistercian half-Gothic

J. Allan Cash from Rapho/Photo Researchers— EB Ine.

Figure 34: P iazza del Duomo with the baptistery, cathedral, and Leaning Tower, Pisa, 
1063-13th Century.



Architecture, The History of Western 931

Roman­
esque 
style in 
Lombardy

Figure 35: Cathedral of Monreale, Sicily, 1174.
Anderson— Alinari from Art Resource/EB Ine.

became important (e.g., Poblet, 1180-96). Catalonia long 
remained faithful to the Lombard style. Everywhere there 
are Muslim reminiscences, sometimes obvious, sometimes 
very subtle.

The walls of Ävila (1090 and later) are among the 
finest of Romanesque military constructions, and Loarre 
in Aragon, with its beautiful chapel, is perhaps the finest 
Romanesque castle.
Italy. Lombardy was an area in which the proto- 

Romanesque style was transformed into the true Ro­
manesque, particularly because of the development of 
ribbed groin vaulting. Decorative arcading, in enriched 
form, was used and brick was widely employed in later 
work. Romanesque forms continued in use long after 
the coming of Cistercian half-Gothic. The Lombard cities 
built tremendous cathedrals, simple in plan, during the 
12th Century; examples are Modena (1099-1184), Parma

(1117-32), and Cremona (1129-1342). Parma and Cre- 
mona have large freestanding baptisteries, unusual at the 
time. A very handsome type of belfry tower was brought 
to perfection by the Lombards, and impressive town halls 
were built with Romanesque inspiration but at Gothic 
dates. Turbulence in the city streets caused the construc­
tion of private fortifications in the form of taller houses: 
Bologna, for example, had 180, and Lucca “rose like a 
forest.”
Tuscany retained strong early Christian traditions, exem- 

plified in the octagonal Baptistery of Florence (restored 
in 1059) and the common use of basilican church forms. 
In the Romanesque period, marble was used extensively, 
often in panels and zebra work (for example, the cathedral 
group at Pisa; cathedral 1063- 13th Century, baptistery 
1152-1278, and the Camposanto 1278; Figure 34).
Central Italy was still more conservative; the early Chris-

Giraudon— Art Resource/EB Ine.

Figure 36: Southeast view of the Cathedral of Notre-Dame, Paris, begun 1163.
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Figure 37: Laon cathedral, begun c. 1165. (Left) West facade, c. 1190.
c. 1165.
(Left) Marburg— Art Resource/EB Ine., (right) Jean Roubier

tian style survived there with little change except de- 
generation. The region about Monte Cassino was more 
inventive; the famous abbey built the typical church of the 
region, basilican in form (1066-71). A school of painters 
developed there, under Byzantine influence, which was 
drawn on by the Cluniacs in their work.

Norman Italy and Sicily. Buildings basically Lombard, 
Tuscan, Muslim, Byzantine, or early Christian were built 
as the realm became prosperous. Nuances of design and 
a stränge mingling of influences give them strong local 
feeling. Examples are San Nicola, Bari (1087), where St. 
Nicholas is buried; the cathedral of Monreale (1174), with 
wonderful mosaics and a poetic, half-Oriental cloister 
(1172-89; Figure 35); and San Cataldo at Palermo (1161), 
a former synagogue in the Muslim domed style. These 
Sicilian buildings are actually more exotic than the struc­
tures built by the crusaders in Palestine (1099-1244). 

Architec- Palestine. The crusaders built extensively in the Latin 
ture of the Kingdom of Jerusalem. The buildings are Southern French 
crusaders or Burgundian Romanesque or Burgundian half-Gothic in 

style (for example, new constructions at the Church of the 
Holy Sepulchre, 1099-1147, and the cathedral of Tortosa, 
or Tartüs, late 12th Century). Many remarkable castles 
were built before and after 1200, incorporating Byzantine 
and Muslim innovations in military architecture, as at 
the Krak des Chevaliers or at Margat, “whose bastions 
seemed to sustain the sky; only eagles and vultures could 
approach its battlements”—striking witness, in so remote 
a place, to Romanesque faith and power. (J.J.M .T .)

GOTHIC
Throughout this period, the central corridor of Europe 
running northwest from Lombardy to England, between 
Cologne and Paris, retains an exceptional importance. 
Much of the significant art—especially architecture—was 
produced within this geographic area, because it appears 
to have been an extraordinarily wealthy area, with enough

funds to attract good artists and to pay for expensive ma- 
terials and buildings. Paris—for much of this period the The role 
home of a powerful and artistically enlightened court— of Paris in 
played an especially important role in the history of Gothic Gothic art 
art.

Early Gothic. At the technical level Gothic architecture 
is characterized by the ribbed vault (a vault in which stone 
ribs carry the vaulted surface), the pointed arch, and the 
flying buttress (normally a half arch carrying the thrust of 
a roof or vault across an aisle to an outer pier or buttress).
These features were all present in a number of earlier, Ro­
manesque buildings, and one of the major 12th- and early 
13th-century achievements was to use this engineering 
expertise to create major buildings that became, in suc- 
cession, broader and taller. How their visual appearance 
changed is easy to see if one compares, for instance, the 
early 13th-century Reims cathedral, in France, with the 
late 1 lth-century Durham cathedral, in England. A broad 
comparison of this sort also brings out the artistic ends 
to which the new engineering means were applied. Skilled 
use of the pointed arch and the ribbed vault made it pos- 
sible to cover far more elaborate and complicated ground 
plans than hitherto. Skilled use of buttressing, especially 
of flying buttresses, made it possible both to build taller 
buildings and to open up the intervening wall spaces to 
create larger Windows. In the 12th Century larger Windows 
produced novel lighting effects, not lighter churches. The 
stained glass of the period was heavily coloured and re­
mained so—for example, at Chartres cathedral—well into 
the 13th Century.

One of the earliest buildings in which these techniques 
were introduced in a highly sophisticated architectural 
plan was the abbey of Saint-Denis, Paris. The east end 
was rebuilt about 1135-44, and, although the upper parts 
of the choir and apse were later changed, the ambulatory 
and chapels belong to this phase. The proportions are not 
large, but the skill and precision with which the vaulting is
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managed and the subjective effect of the undulating chain 
Windows around the perimeter have given the abbey its 
traditional claim to the title “first Gothic building.” The 
driving figure was Suger, the abbot of Saint-Denis, who 
wrote two accounts of his abbey that are infused with his 
personal aesthetic of light as a reflection of the infinite light 
of God. Something similar to what he intended at Saint- 
Denis was attempted soon after at Notre-Dame, Paris, be­
gun in 1163 (the east end was subsequently altered; Figure 
36), and Laon cathedral, begun about 1165 (the east end 
was rebuilt in the early 13th Century; Figure 37). Perhaps 
because of liturgical inconvenience, it later became more 
common to keep firm the architectural divisions between 
the peripheral eastern chapels, as at Reims (rebuilt after a 
fire destroyed the original cathedral in 1210) and Amiens 
(begun 1220) cathedrals, for example. This particular fea­
ture of Saint-Denis did not, therefore, have a very long 
subsequent history.

It is not known what the original 12th-century interior 
elevation of Saint-Denis was like. Elsewhere, though, the 
Problems that followed in the wake of the increasing 
ability to build gigantic buildings are easily seen. Possibly 
the most important one concerns the disposition of the 
main interior elevation. The chief elements are the arcade, 
the tribune (upper gallery set over the aisle and normally 
opening into the church) or triforium galleries (arcaded 
wall passages set above the main arcade) or both, and the 
clerestory. These may be given equivalent treatment, or 
one may be stressed at the expense of the others. Prece- 
dents for almost every conceivable combination existed 
in Romanesque architecture. In a building such as Sens 
cathedral (begun c. 1140), the arcade is given prominence, 
but in Noyon (begun c. 1150) and Laon cathedrals the 
four elements mentioned above are all used, with the result 
that the arcade is comparatively small. Subsequently, the 
arcade came back into prominence with Bourges cathedral 
(begun c. 1195). But one of the most influential buildings 
was Chartres cathedral (present church mainly built after 
1194). There, the architect abandoned entirely the use of 
the tribune gallery, but, instead of increasing the size of 
the arcade, he managed, by a highly individual type of 
flying buttress, to increase the size of the clerestory. This 
idea was followed in a number of important buildings, 
such as the 13th-century Reims and Amiens cathedrals. 
The conception that the content of a great church should 
be dominated by large areas of glazing set in the upper 
parts was influential in the 13th Century.

The decorative features of these great churches were, on 
the whole, simple. In the second half of the 12th Century 
it became fashionable, as at Laon cathedral, to “bind” the 
interior elevation together by series of colonettes, or small 
columns, set vertically in clusters. Again, as at Laon, much 
of the elaborate figured carving of Romanesque buildings 
was abandoned in favour of a highly simplified version of 
the classical Corinthian Capital—usually called a “crocket” 
Capital. Under the influence of Chartres cathedral, win- 
dow tracery (decorative ribwork subdividing the window 
opening) was gradually evolved.

Cistercian There is one group of churches, built for houses of
churches the Cistercian order, that requires separate consideration.

They tend to be similar, but it is often a similarity of 
general simplicity as much as of architectural detail. The 
Cistercian order was bound to ideas of austerity laid down 
by St. Bemard of Clairvaux. During his lifetime these 
ideals were maintained largely through the degree of cen­
tralized control exercised from the head house at Citeaux 
(Burgundy). Thus, many of the Cistercian churches built 
in England, Italy, or Germany seem to have had charac- 
teristics in common with French Cistercian churches. A 
good French example survives at Fontenay (begun 1139). 
These buildings probably encouraged the early dissemina- 
tion of the pointed arch. That they did much more than 
this is doubtful.
If one examines the architecture outside north and north- 

eastem France, one finds, first, that buildings in what 
might be called a Romanesque style continued up to the 
end of the 12th and into the 13th Century and, second, 
that the appreciation of the developments in France was 
often partial and haphazard. In England the most influen­

tial building in the new fashion was the choir of Canter­
bury cathedral (1175-84), which has many of the features 
of Laon cathedral. It is the decorative effects of Laon 
that are used rather than its overall architectural plan, 
however. There is only a rather depressed tribune gallery, 
and the building retains a passage at clerestory level—an 
Anglo-Norman feature that remained Standard in English 
architecture well into the 13th Century. Both in the shape 
of the piers and in the multiplicity of attached colonettes, 
Canterbury resembles Laon. Colonettes became extremely 
populär with English architects, particularly because of 
the large supplies of purbeck marble, which gave any 
elevation a special coloristic character. This is obvious at 
Salisbury cathedral (begun 1220), but one of the richest 
examples of the effect is in the nave of Lincoln cathedral 
(begun c. 1225).

The early stages of architectural development in the 
Gothic period are untidy and have a strong regional 
flavour. During this period in Germany, large buildings 
showing northem French characteristics are few. The 
Church of Our Lady at Trier (begun c. 1235) and the 
Church of St. Elizabeth at Marburg (begun 1235) both 
have features, such as window tracery, dependent on 
northem French example; but the church at Trier is highly 
unusual in its centralized plan, and St. Elizabeth is a “hall 
church” (that is, the nave is virtually the same height as 
the aisles), which places it outside the canon of Contem­
porary French building.

In Spain the two most important early Gothic buildings 
were Burgos (begun 1222) and Toledo (begun 1221) cathe­
drals. Their architects probably knew Reims and Amiens; 
but their models were undoubtedly Bourges and Le Mans 
(begun 1217), since the main intemal architectural feature 
is a giant arcade rather than an extended clerestory. By 
contrast, Scandinavian architects seem to have been influ­
enced, to begin with, by English buildings. Certainly thère 
is a strong English flavour in the 13th-century Trondheim 
cathedral (Norway).

High Gothic. During the period from about 1250 to
(Top) After Dehio and Bezold, (bottom) RIBA, London and University of London

Figure 38: C ross section, elevation, and ground plan of 
Am iens cathedral, France, 1220.
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1300 European art was dominated for the first time by 
the art and architecture of France. The reasons for this 
are not clear, although it seems certain that they are 
connected with the influence of the court of King Louis 
IX (1226-70).

By about 1220-30 it must have been clear that engineer­
ing expertise had pushed building sizes to limits beyond 
which it was unsafe to go. The last of these gigantic build­
ings, Beauvais cathedral, had a disastrous history, which 
included the collapse of its vaults, and it was never com- 
pleted. In about 1230 architects became less interested in 
size and more interested in decoration. The result was 

Rayonnant the birth of what is known as the Rayonnant style (from 
►tyle the radiating character of the rose Windows, which were

one of its most prominent features). The earliest moves in 
this direction were at Amiens cathedral, where the choir 
triforium and clerestory were begun after 1236 (Figure 
38), and at Saint-Denis, where transepts and nave were 
begun after 1231. Architects opened up as much of the 
wall surface as possible, producing areas of glazing that 
ran from the top of the main arcade to the apex of the 
vault (Figure 39). The combination of the triforium gallery 
and clerestory into one large glazed area had, of course, a 
unifying effect on the elevations. It produced an intricate 
play of tracery patterns and instantly unleashed an era 
of intense experiment into the form that these patterns 
should take. Many of the achievements of the Rayon­
nant architects are extremely fine—for instance, the two 
transept facades, begun during the 1250s, of Notre-Dame, 
Paris. The decorative effect of this architecture depends 
not only on the tracery of the Windows but also on the 
spread of tracery patterns over areas of stonework and on 
architectural features such as gables.
In the history of this development, one building deserves 

special mention, the Sainte-Chapelle, Paris (consecrated

1248). This was Louis IX’s palace chapel, built to house 
an imposing collection of relics. It is a Rayonnant build­
ing in that it has enormous areas of glazing. Its form was 
extremely influential, and there were a number of sub- 
sequent “saintes-chapelles”—for instance, at Aachen and 
Riom—that were clearly modeled on the Parisian one.
The interior of the Parisian Sainte-Chapelle is extraordi- 
narily sumptuous (Figure 40). Although the sumptuosity 
itself set new Standards, its characteristics belonged, cu- 
riously, to a past age. The glass is heavily coloured, the 
masonry heavily painted, and there is much carved detail.
One of the characteristics of the second half of the 13th 
Century is that glass became lighter, painting decreased, 
and the amount of carved decoration dwindled. Thus, in 
its chronological context, the Sainte-Chapelle is a Janus- 
like building—Rayonnant in its architecture but, in some 
ways, old-fashioned in its decoration.

Of the many smaller Rayonnant monuments that exist in 
France, one of the most complete is Saint-Urbain, Troyes 
(founded 1262). There, one can see the virtuosity practiced 
by the architects in playing with layers of tracery, setting 
off one “skin” of tracery against another.
In a sense, the Rayonnant style was technically a simple 

one. Depending, as it did, not primarily on engineering 
expertise or on sensitivity in the handling of architectural 
volumes and masses but on the manipulation of geometrie 
shapes normally in two dimensions, the main prerequisites 
were a drawing board and an office.

Most countries produced versions of the Rayonnant 
style. In the Rhineland the Germans began one of the 
largest Rayonnant buildings, Cologne cathedral, which was 
not completed until the late 19th Century. The German 
masons carried the application of tracery patterns much 
further than did the French. One of the most complicated 
essays is the west front of Strasbourg cathedral (planned 
originally in 1277 but subsequently altered and modified).
One feature of Strasbourg and of German Rayonnant 
architecture in general was the application of tracery to Applica- 
spires—at Freiburg im Breisgau (spire begun c. 1330), for tion of 
example, and the spire of Strasbourg that was begun about tracery to 
1399. Few such medieval spires survive (though often they spires 
were completed in the 19th Century).
Of all the European buildings of this period, the most

A.F. Kersting

Figure 40: Interior of Sainte-Chapelle, Paris, consecrated 
1248.
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important is probably the cathedral of Prague (founded in 
1344). The plan was devised according to routine French 
principles by the first master mason, Mathieu d’Arras. 
When he died in 1352, his place was taken (1353-99) by 
Petr Parlér, the most influential mason in Prague and a 
member of a family of masons active in south Germany 
and the Rhineland. Parlér’s building included the start of a 
south tower and spire that clearly continued the traditions 
of the Rhineland. His originality lay in his experiments 
with vault designs, from which stem much of the virtuoso 
achievement of German masons in the 15th Century.

London, too, has Rayonnant monuments. Westminster 
Abbey was rebuilt after 1245 by Henry III’s order, and in 
1258 the remodeling of the east end of St. Paul’s Cathe­
dral began. King Henry was doubtless inspired by the 
work carried out by his brother-in-law, King Louis IX of 
France, at the Sainte-Chapelle and elsewhere. Westmin­
ster Abbey, however, lacks the clear lines of a Rayonnant 
church, mainly because, like the Sainte-Chapelle, it was 
heavily decorated with carved stonework and with colour.
In fact, English architects fora long time retained a liking 

for heavy surface decoration; thus, when Rayonnant trac­
ery designs were imported, they were combined with the 
existing repertoire of colonettes, attached shafts, and vault 
ribs. The result, which could be extraordinarily dense—for 
instance, in the east (or Angel) choir (begun 1256) at Lin­
coln cathedral (Figure 41) and at Exeter cathedral (begun 
before 1280)—has been called the English Decorated style, 
a term that is in many ways an oversimplification. The in­
terim architectural effects achieved (notably the retrochair 
of Wells cathedral or the choir of St. Augustine, Bristol) 
were more inventive generally than those of Contempo­
rary Continental buildings. The inventive virtuosity of the 
masons of Decorated style also produced experiments in 
tracery and vault design that anticipated by 50 years or 
more similar developments in the Continent.
English Decorated was, however, never really a court 

style. Already by the end of the 13th Century, a style of ar­
chitecture was evolving that ultimately developed into the 
true English equivalent of Rayonnant, generally known 
as Perpendicular. The first major surviving statement of 
the Perpendicular style is probably the choir of Gloucester 
cathedral (begun soon after 1330). Other major mon­
uments were St. Stephen’s Chapel, Westminster (begun 
1292 but now mostly destroyed) and York Minster nave 
(begun 1291).

A.F. Kersting

Figure 41: Angel Choir, Lincoln cathedral, England, begun 
1256.

Figure 42: Nave of Santa Croce, Florence, begun 1294.
Alinari— Art Resource/EB Ine.

Spain also produced Rayonnant buildings: León cathe­
dral (begun c. 1255) and the nave and transepts of Toledo 
cathedral, both of which have, or had, characteristics sim­
ilar to the French buildings. But, since the Spanish par- 
tiality for giant arcades (already seen in the earlier parts of 
Toledo and at Burgos) persisted, one can hardly classify as 
French the three major cathedrals of this period: Gerona 
(begun c. 1292), Barcelona (begun 1298), and Palma-de- 
Mallorca (begun c. 1300). They are, in fact, so individual 
that it is difficult to classify them at all, although pecu- 
liarities in the planning and buttressing of the outer walls 
gives them some similarity to the French cathedral of Albi 
(begun 1281).

Toward the end of the Century, the influence of French 
ideas spread northward to Scandinavia, and in 1287 
French architects were summoned to Sweden to rebuild 
Uppsala cathedral.
Italian Gothic (c. 1200-1400). In its development of 

a Gothic style, Italy stood curiously apart from the rest 
of Europe. For one thing, the more obvious develop­
ments of the Italian Gothic style occurred comparatively 
late—in the 13th Century. For another, whereas in most 
European countries artists imitated with reasonable faith- 
fulness architectural styles that were derived ultimately 
from northern France, they seldom did so in Italy. This 
was in part because of geographic and geologie factors. In 
the figurative arts the combined influences of Byzantine 
Constantinople and classical antiquity continued to play 
a far more important role in Italy than in countries north 
of the Alps. Furthermore, Italian architectural style was 
decisively affected by the fact that brick—not stone—was 
the most common building material and marble the most 
common decorative material.

The distinctiveness of Italian art emerges as soon as one 
studies the architecture. Twelfth-century buildings such as 
Laon, Chartres, or Saint-Denis, which appear to have been 
so important in the north, had virtually no imitators in 
Italy. Indeed, buildings with Romanesque characteristics, 
such as Orvieto cathedral (begun 1290), were still being 
built at the end of the 13th Century. The Italians, how­
ever, were not unaware of what, by French Standards, a 
great church ought to look like. There is a sprinkling of 
churches belonging to the first third of the Century that 
have northern characteristics, such as attached (partially 
recessed in the wall) shafts or columns, crocket capitals, 
pointed arches, and ribbed vaults. Some of these were Cis­
tercian (Fossanova, consecrated 1208), others were secular 
(Sant’Andrea, Vercelli; founded 1219). The chief com-
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mon feature of the larger Italian 13th-century churches, 
such as Orvieto cathedral and Santa Croce in Florence 
(begun 1294), was the size of their arcades, which gives 
the interiors a spacious feeling (Figure 42). Yet in detail 
the churches vary from the French pattem in a highly 
individual way.

To the extent that Rayonnant architecture is particularly 
concemed with the manipulation of two-dimensional pat- 
tems, the Italian masons produced their own version of the 
style. In these terms, the facade of Orvieto cathedral (be­
gun 1310), for example, is Rayonnant; the front of Siena 
cathedral was planned as a Rayonnant facade (Figure 43), 
and the Campanile, or freestanding bell tower, of Florence 
cathedral (founded 1334) is Rayonnant to the extent that 
its entire effect depends on marble patteming (which is 
traditionally ascribed to the painter Giotto). Finally, it 
is perhaps legitimate to see Filippo Brunelleschi’s 15th- 
century architecture as a continuation of this tendency—a 
kind of Florentine equivalent, perhaps, to English Perpen­
dicular. But before the 15th Century, Italian architectural 
development never appears to have the logic or purpose 
of northern architecture.
Though the rebuilt Milan cathedral is, in plan and gen­

eral character, Italianate, its decorative character is mainly
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is covered with tracery, which makes Milan cathedral 
more like a Rayonnant building than any other large 
church in Italy.

Late Gothic. During the 15th Century much of the most 
elaborate architectural experiment took place in South­
ern Germany and Austria. German masons specialized in 
vault designs; and, in order to get the largest possible ex- 
panse of ceiling space, they built mainly hall churches (a 
type that had been populär throughout the 14th Century). 
Important hall churches exist at Landshut (St. Martin’s 
and the Spitalkirche, c. 1400), and Munich (Church of 
Our Lady, 1468-88). The vault patterns are created out 
of predominantly straight lines. Toward the end of the 
15th Century, however, this kind of design gave way to
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Figure 44: The interior of G loucester cathedral cloisters, 
England, begun 1337.
A.F. Kersting

SCALA/Art Resource, New York City

Figure 43: Facade of the cathedral of Siena, Italy, 1285-1377.

style developed particularly in the eastern areas of Europe: 
at Annaberg (St. Anne’s, begun 1499) and Kuttenberg (St. 
Barbara’s, 1512).

Such virtuosity had no rival elsewhere in Europe. Nev- 
ertheless, other areas developed distinctive characteristics. 
The Perpendicular style is a phase of late Gothic unique to 
England. lts characteristic feature is the fan vault, which 
seems to have begun as an interesting extension of the 
Rayonnant idea in the cloisters of Gloucester cathedral 
(begun 1337), where tracery panels were inserted into the 
vault (Figure 44). Another major monument is the nave of 
Canterbury cathedral, which was begun in the late 1370s, 
but the style continued to evolve, the application of trac­
ery panels tending to become denser. St. George’s Chapel, 
Windsor (c. 1475-1500), is an interesting prelude to the 
omateness of Henry VII’s Chapel, Westminster Abbey 
(Figure 45). Some of the best late Gothic achievements 
are bell towers, such as the Crossing tower of Canterbury 
cathedral (c. 1500).

In France the local style of late Gothic is usually called 
Flamboyant, from the flamelike shapes often assumed by 
the tracery. The style did not significantly increase the 
range of architectural opportunities. Late Gothic vaults, 
for instance, are not normally very elaborate (one of the 
exceptions is Saint-Pierre in Caen [1518-45], which has 
pendant bosses). But the development of window tracery 
continued and, with it, the development of elaborate fa- 
cades. Most of the important examples are in northem 
France—for example, Saint-Maclou in Rouen (c. 1500- 
14; Figure 46) and Notre-Dame in Alenpon (c. 1500). 
France also produced a number of striking 16th-century 
towers (Rouen and Chartres cathedrals).
The most notable feature of the great churches of Spain 

is the persistence of the influence of Bourges and the par- 
tiality for giant interior arcades. This is still clear in one of 
the last of the large Gothic churches to be built—the New 
Cathedral of Salamanca (begun 1510). By this time, Span- 
ish architects were already developing their own intricate

Flamboy­
ant style
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forms of vaulting with curvilinear patterns. The Capilla 
del Condestable in Burgos cathedral (1482-94) provides 
an elaborate example of Spanish Flamboyant, as does— 
on a larger scaie—Segovia cathedral (begun 1525).

There was a final flowering of Gothic architecture in 
Portugal under King Manuel the Fortunate (1495-1521). 
The fantastic nature of much late Gothic Iberian architec­
ture has won for it the name Plateresque, meaning that 
it is like silversmith’s work. The decorative elements used 
were extremely heterogeneous, and Arabic or Mudéjar 
forms emanating from the south were populär. Ultimately, 
during the 16th Century, antique elements were added, 
facilitating the development of a Renaissance style. These 
curious hybrid effects were transplanted to the New World, 
where they appear in the earliest European architecture in 
Central America.

The end of Gothic. The change from late Gothic to 
Renaissance was superficially far less cataclysmic than the 
change from Romanesque to Gothic. In the figurative 
arts, it was not the great shift from symbolism to realistic 
representation but a change from one soit of realism to 
another.

Architecturally, as well, the initial changes involved dec­
orative material. For this reason, the early stages of Re­
naissance art outside Italy are hard to disentangle from 
late Gothic. Monuments like the huge Franche-Comté 
chantry chapel at Brou (1513-32) may have intermittent 
Italian motifs, but the general effect intended was not very 
different from that of Henry VII’s Chapel at Westminster. 
The Shrine of St. Sebaldus at Nürnberg (1508-19) has the 
general shape of a Gothic tomb with canopy, although 
much of the detail is Italianate. In fact, throughout Europe 
the “Italian Renaissance” meant, for artists between about 
1500 and 1530, the enjolivement, or embellishment, of an 
already rich decorative repertoire with shapes, motifs, and 
figures adapted from another canon of taste. The history 
of the northern artistic Renaissance is in part the story of 
the process by which artists gradually realized that clas- 
sicism represented another canon of taste and treated it 
accordingly.

But it is possible to suggest a more profound character 
to the change. Late Gothic has a peculiar aura of finality 
about it. From about 1470 to 1520, one gets the im-

A.F. Kersting

Figure 45: Interior of Henry VII’s Chapel, Westminster Abbey, 
London, early 16th Century.

Figure 46: West facade of Saint-Maclou, Rouen, Fr., 
c. 1500-14.
Archives Photographiques

pression that the combination of decorative richness and 
realistic detail was being worked virtually to death. Classi­
cal antiquity at least provided an alternative form of art.
It is arguable that change would have come in the north 
anyway and that adoption of Renaissance forms was a 
matter of coincidence and convenience. They were there 
at hand, for experiment.

The use of Renaissance forms was certainly encouraged, 
however, by the general admiration for classical antiquity.
They had a claim to “rightness” that led ultimately to The
the abandonment of all Gothic forms as being barbarous. “rightness”
This development belongs to the history of the Italian Re- of classical
naissance, but the phenomenon emphasizes one aspect of antiquity
medieval art. Through all the changes of Romanesque and
Gothic, no body of critical literature appeared in which
people tried to evaluate the art and distinguish old from
new, good from bad. The development of such a literature
was part of the Renaissance and, as such, was intimately
related to the defense of classical art. This meant that
Gothic art was left in an intellectually defenseless state.
All the praise went to ancient art, most of the blame to 
the art of the more recent past. Insofar as Gothic art had 
no critical literature by which a part of it, at least, could 
be justified, it was, to that extent, inarticulate.

(A.Ma./D.J.Wa.)

The Renaissance

The concept of the Renaissance, whose goal was the re- 
birth or re-creation of ancient classical culture, originated 
in Florence in the early 15th Century and thence spread 
throughout most of the Italian peninsula; by the end of the 
16th Century the new style pervaded almost all of Europe, 
gradually replacing the Gothic style of the late Middle 
Ages. It encouraged a revival of naturalism, seen in Ital-
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ian 15th-century painting and sculpture, and of classical 
forms and ornament in architecture, such as the column 
and round arch, the tunnel vault, and the dome. 
Knowledge of the classical style in architecture was de- 

rived during the Renaissance from two sources: the ruins 
of ancient classical buildings, particularly in Italy but also 
in France and Spain, and the treatise De architectura 
by the Roman architect Vitruvius. For classical antiquity 
and, therefore, for the Renaissance, the basic element of 
architectural design was the order, which was a system of 
traditional architectural units. During the Renaissance five 
orders were used, the Tuscan, Doric, Ionic, Corinthian, 
and Composite, with various ones prevalent in different 
periods. For example, the omate, decorative quality of the 
Corinthian order was embraced during the early Renais­
sance, while the masculine simplicity and strength of the 
Doric was preferred during the Italian High Renaissance. 
Following ancient Roman practice (e.g., the Colosseum 
or the Theatre of Marcellus), Renaissance architects often 
superimposed the order—that is, used a different order 
for each of the several stories of a building—commencing 
with the heavier, stronger Tuscan or Doric order below 
and then rising through the lighter, more decorative Ionic, 
Corinthian, and Composite.

For the Renaissance, proportion was the most important 
predetermining factor of beauty. The great Italian human­
ist and architect Leon Battista Alberti defined beauty in 
architecture as
a Harmony of all the Parts in whatsoever Subject it appears, 
fitted together with such Proportion and Connection, that 
nothing could be added, diminished or altered, but for the 
Worse. (Ten Books on Architecture, trans, by J. Leoni, book 
vi, ch. 2, 1755.)

On the authority of Vitruvius, the Renaissance architects 
found a harmony between the proportions of the human 
body and those of their architecture. There was even 
a relationship between architectural proportions and the 
Renaissance pictorial device of perspective; the Italian 
painter Piero della Francesca said that perspective repre- 
sented objects seen from afar “in proportion according to 
their respective distance.” In fact, it was an Italian Re­
naissance architect, Filippo Brunelleschi, who was the first 
to formulate perspective. The concern of these architects 
for proportion caused that clear, measured expression and 
definition of architectural space and mass that differenti- 
ates the Renaissance style from the Gothic and encourages 
in the spectator an immediate and füll comprehension of 
the building.

The Renaissance was the great moment in the history 
of architecture for the expression of architectural theory. 
Inspired by the rediscovery or reevaluation of the treatise 
by Vitruvius, many architects recorded their theories of ar­
chitecture; some were preserved in manuscript (e.g., those 
of the 15th-century Italian architects Francesco di Giorgio 
and Antonio Filarete), but most were published. Alberti’s 
treatise De re aedificatoria (Ten Books on Architecture),

modeled on Vitruvius, was written in the middle of the 
15th Century and published in 1485. But it was during the 
last three-quarters of the 16th Century that architectural 
theory flourished. The Italians Sebastiano Serlio, Giacomo 
da Vignola, and Andrea Palladio published famous books 
on architecture at that time. Elsewhere, works were pub­
lished by the Frenchmen Jacques Androuet du Cerceau, 
Philibert Delorme, and Jean Bullant; the Fleming Vrede­
man de Vries; the German Wendel Dietterlin; and John 
Shute in England.

EARLY RENAISSANCE IN ITALY (1401-95)
The Renaissance began in Italy, where there was always a 
residue of classical feeling in architecture. A Gothic build­
ing such as the Loggia dei Lanzi in Florence continued 
to use the large round arch instead of the usual Gothic 
pointed arch and preserved the simplicity and monumen- 
tality of classical architecture. The Renaissance might have 
been expected to appear first in Rome, where there was 
the greatest quantity of ancient Roman ruins; but during 
the 14th and early 15th centuries, when the Italians were 
impelled to renew classicism, the political Situation in 
Rome was very unfavourable for artistic endeavour. Flor­
ence, however, under the leadership of the Medici family, 
was economicaily prosperous and politicallv stable.

In 1401 a competition was held among sculptors and 
goldsmiths to design a pair of doors for the old baptistery 
at Florence. The sculptor Lorenzo Ghiberti won, and a 
losing goldsmith, Filippo Brunelleschi, resolving to be the 
leader in one of the arts, then tumed to the study of archi­
tecture. Brunelleschi spent the period between 1402 and

Figure 47: Pazzi Chapel, in the medieval cloister of Santa Croce, Florence, by Filippo 
Brunelleschi, 1429-60. (Left) Exterior; (top right) plan; (bottom right) interior view.
(Top right) From H.W. Janson, H is to r y  o f  A rt, reproduced by permission of Prentice-Hall, Inc.; photographs, Alinari— Art Resource/EB Inc.
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1418 altemately in Florence and Rome. During this time 
he studied mathematics intensively and formulated linear 
perspective, which was to become a basic element of Re­
naissance art. At the same time, Brunelleschi investigated 
ancient Roman architecture and acquired the knowledge 
of classical architecture and ornament that he used as 
a foundation for Renaissance architecture. He was also 
influenced by the local Florentine tradition, which had 
flowered in the l l th  and 12th centuries in the so-called 
Tuscan proto-Renaissance style found in churches such as 
San Miniato al Monte. Brunelleschi’s great opportunity 
came in 1418 with the competition for the completion 
of the duomo, or cathedral, of Florence. The medieval 
architects had intended a great dome over the Crossing 
of the cathedral, but it had never been created, and no 
one knew how to accomplish it. Winning the competition, 
Brunelleschi began the great dome in 1420 (the finishing 
touches were not applied until 1467, after his death).

The Florentine dome still belongs within the Gothic tra­
dition, as it was built with rib construction and a pointed 
arch form, but the introduction of a drum, which made 
the dome more prominent, was to become characteristic 
of the Renaissance dome.
Brunelleschi also produced in Florence other notable 

examples of the Renaissance style. The loggia of the Os- 
pedale degli Innocenti (1419-51) was the first building 
in the Renaissance manner; a very graceful arcade was 
designed with Composite columns, and Windows with 
classical pediments were regularly spaced above each of 
the arches. This style was more fully exploited in the 
church of San Lorenzo (c. 1421 to c. 1460). Using the 
traditional basilica plan, the plan and elevations were or­
ganized on a system of proportions with the height of the 
nave equal to twice its width. All the ornament is classical, 
with Corinthian columns, pilasters, and classical moldings. 
Brunelleschi used almost exclusively the Corinthian order. 
All the moldings, door and window frames, and orders are 
of a soft blue-gray stone (piètra serena) contrasted against 
a light stucco wall. The ornamental features have very 
little projection, being rather lines on a surface. Colour 
was used in Florentine architecture to stress the linear

relationship rather than for overall pattemistic uses (as in 
northem Italian architecture).
The traditional plan for medieval churches was the Latin 

cross plan, as at San Lorenzo; the longer arm of the cross 
formed the nave of the church. During the Middle Ages 
this plan was considered a symbolic reference to the cross 
of Christ. During the Renaissance the ideal church plan 
tended to be centralized; that is, it was symmetrical about 
a central point, as is a circle, a square, or a Greek cross 
(which has four equal arms). Many Renaissance architects 
came to believe that the circle was the most perfect geo­
metrie form and, therefore, most appropriate in dedication 
to a perfect God. Brunelleschi also worked with the cen­
tral plan. In the Pazzi Chapel (1429-60), constructed in 
the medieval cloister of Santa Croce at Florence, the plan 
approaches the central type. On the inside it is actually 
a rectangle, slightly wider than it is deep; at its rear is a 
square bay for the sanctuary, and at the front is a porch. 
There are three domes, a large one over the centre of the 
chapel and small ones over the sanctuary and over the 
centre of the porch on the exterior. Its plan, but not its in­
terior space, resembles a Greek cross. On the exterior the 
large dome is covered by a conical roof with a lantem at 
the top. The porch has a horizontal entablature supported 
by six Corinthian columns but broken in the centre by a 
semicircular arch that centralizes the composition, repeats 
the shape of the dome in the porch behind it, and gives a 
lift to the horizontal facade (Figure 47).

Soon after the commencement of the Pazzi Chapel, 
Brunelleschi began a central-plan church, that of Santa 
Maria degli Angeli (begun 1434) at Florence, which was 
never completed. It was very important because it was the 
first central-plan church of the Renaissance, the type of 
plan which dominates Renaissance thinking. The plan is 
an octagon on the interior and 16-sided on the exterior, 
with a domical vault probably intended to cover the centre.

An outstanding example of secular architecture was 
the Medici Palace (1444-59; now called the Palazzo 
Medici-Riccardi) at Florence by Michelozzo, a follower 
of Brunelleschi (Figure 48, left). Created for Cosimo de’ 
Medici, a great political leader and art patron of Florence,

Brogi— Alinari from Art Resource/EB Inc.

Figure 48: Early Renaissance palaces in Florence.
(Left) Facade of Pa lazzo Medici-Riccardi, by Michelozzo, 1444-59. (Right) Pa lazzo  Rucellai, 
designed by Leon Battista Alberti, 14527-1470?
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the palace was arranged around a central court, the tradi­
tional Florentine palace plan.
Medieval Florentine palaces were built of great rusticated 

blocks of stone, as if they had just been hacked out of 
the quarry, giving the impression of fortification. With 
the Renaissance, some fundamental changes appeared. 
Michelozzo crowned his palace with a massive horizontal 
comice in the classical style and regularized the win­
dow and entrance openings. Even the rustication of the 
stonework was differentiated in each of the three stories. 
The ground floor has the usual heavy rustication; the 
second story is marked by drafted stonework with smooth 
blocks outlined by incised lines; and the third story has 
ashlar stonework with no indications of the blocks. Unlike 
medieval pattemistic rustication, that of the Renaissance, 
which carefully distinguished between the stories, set up a 
logical relationship among them.

This Renaissance treatment of a palace facade was car- 
ried further in the Palazzo Rucellai (14527-1470?) at Flor^ 
ence, following the design of the great architect Alberti 
(Figure 48, right). Classical orders were applied to the 
palace elevation by Alberti, using pilasters of the different 
orders superimposed on the three stories, so that there 
was another relationship established among the differen- 
tiated stones, from the short, strong Tuscan pilaster on 
the ground floor to the tall, decorative Corinthian at the 
top. For Alberti the beauty of architecture consisted of a 
harmonious relationship among the parts, with ornament, 
including the classical orders, being auxiliary to the pro­
portional relationships.
The culmination of Alberti’s style is seen at Mantua in 

the church of Sant’Andrea (begun 1472, completed in the 
18th Century), an early Renaissance masterpiece that was 
to exert much influence on later religious architecture. It 
is important as a brilliant application of the ancient Ro­
man triumphal arch motif both to the facade of a church 
and to its interior articulation. The plan, as completed, 
is a Latin cross with one long arm for the nave flanked 
by side chapels, but the Crossing at the sanctuary end 
was ireated as a central plan with the nave added to it. 
It is unknown whether this plan corresponds to Alberti’s 
intention, for only the nave portion was erected in the 
15th Century. The facade is of square proportion, with a 
wide bay at the centre twice the width of each of the side 
bays. The interior elevation was organized on this same 
altemating system, the so-called rhythmic bay that was to 
be popularized in the early 16th Century by Bramante. 
As a result of this system, there is a close correspondence 
between the interior and exterior composition of Sant’An­
drea (Figure 49).

From Florence the early Renaissance style spread grad­
ually over Italy, becoming prevalent in the second half

of the 15th Century. In the architecture of northem Italy 
there was a greater interest in pattem and colour. Colour 
was emphasized by the use of variegated marble inlays, as 
in the facade of the church of the Certosa di Pavia (begun 
1491) or in most Venetian architecture. The favourite 
building material of northern Italy was brick with terra­
cotta trim and decoration, a combination by means of 
which a pattem of light and dark was created over the 
entire building. On occasions when stone was used, as 
at the Palazzo Bevilacqua in Bologna (c. 1479-84), the 
blocks were cut with facets forming a diamond pattem 
on the facade. This was actually a decorative treatment of 
mstication. Even the classical orders were affected by this 
decorative approach. Classical pilasters often had panels 
of candelabra and arabesque decoration in delicate relief 
on the surfaces of their shafts; the lower third of a column 
was frequently carved with relief sculpture.
Florentine artists, such as Filarete with his project for 

the Ospedale Maggiore at Milan (begun 1457), brought 
classical decoration and a slight knowledge of Renaissance 
architecture to the region of Lombardy. The style was 
transferred to Venice by such Lombard architects as Pietro 
Lombardo and Mauro Coducci. The church of Santa 
Maria dei Miracoli (1481-89) at Venice, with its facade 
faced with coloured marble, is typical of Lombardo’s work 
(Figure 50).

The Venetian palace, as exemplified by the Palazzo 
Comer-Spinelli (late 15th Century) and the Palazzo Ven- 
dramin-Calergi (c. 1500-09), both of which are the work 
of Coducci and both with large and numerous Windows, 
was more open than the palaces found in central Italy 
(Figure 51).

In Rome in the second half of the 15th Century, there 
were several notable Renaissance palaces, principally de- 
rived from the style of Alberti, who spent extensive periods 
in Rome as a member of the papal court. The Palazzo 
Venezia (1455-1503) has a rather medieval exterior, but 
set within the palace is a characteristically Renaissance 
court (1468-71), of which only two sides forming an angle 
were completed. It has been suggested without definite 
proof that Alberti may have fumished the design for this 
court; it at least reveals his influence in its füll under- 
standing of the classical style. The court consists of two 
stories of semicircular arches supported by piers, on which 
are attached superimposed classical half columns, Tuscan 
below and Ionic above. The model for this arcade is the 
ancient Colosseum of Rome. The sense of mass created 
by the heavy piers contrasted with the lighter effect of 
the early Renaissance court typical of Florence, which has 
arches supported on columns. The Palazzo della Cancel- 
leria (1495) shows its dependence upon Alberti’s style in 
its facade, which resembles in part his Palazzo Rucellai in

(Left) Alinari— Art Resource/EB Inc., (right) RIBA, London and University of London

Figure 49: Sant’Andrea, Mantua, by Leon Battista Alberti, begun 1472. (Left) Interior; 
(right) plan.
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Figure 50: Santa Maria dei M iracoli, Venice, by Pietro 
Lombardo, 1481-89.
Alinari— Art Resource/EB Inc.

Florence. The lower story simply has drafted or leveled 
and squared stonework, but the two upper stories have 
rather flat Corinthian pilasters as well as the drafted stone. 
Unlike the Rucellai palace, the bays composed by the pi­
lasters altemate wide and narrow, but this altemation had 
been used by Alberti already in Sant’Andrea at Mantua. 
Alberti’s influence is also visible in the facades of the 
churches of Sant’Agostino (1479-83) and Santa Maria del 
Popolo (rebuilt 1472-77) in Rome.
These examples of the early Renaissance in Rome were 

rapidly approaching the simplicity, monumentality, and

massiveness of the High Renaissance of the early 16th 
Century. Donato Bramante, who was to create this new 
style, was active in Lombardy in northem Italy, but his 
work in Milan, as at Santa Maria presso San Satiro (about 
1480-86), was still in the Lombard early Renaissance 
manner. He was in contact at this time, however, with the 
great Florentine Leonardo da Vinci, who was active at the 
Milanese court. Leonardo was then considering the con­
cept of the central-plan church and filling his notebooks 
with sketches of such plans, which Bramante must have 
studied. When Bramante moved to Rome at the very end 
of the 15th Century, his study of ancient mins—combined 
with the ideas of Leonardo and the growing classicism 
of Roman early Renaissance architecture—resulted in the 
flourishing of the High Renaissance.

HIGH RENAISSANCE IN ITALY (1495-1520)
High Renaissance architecture first appeared at Rome in 
the work of Bramante at the beginning of the 16th Cen­
tury. The period was a very brief one, centred almost 
exclusively in the city of Rome; it ended with the political 
and religious tensions that shook Europe during the third 
decade of the Century, culminating in the disastrous sack 
of Rome in 1527 and the siege of Florence in 1529. The 
High Renaissance was a period of harmony and balance 
in all the arts, perhaps the most classic moment in this 
respect since the 5th Century bc in Greece.

Political and cultural leadership shifted from Florence 
to Rome particularly because of a succession of powerful 
popes who wanted to develop the papacy as a secular 
power. The greatest of all was Julius II (1503-13), who 
was likewise a fabulous patron of the arts. Almost all the 
leading Italian artists were attracted to Rome. With the 
exception of Giulio Romano, none of the important artists 
active in Rome at this time was Roman by birth.
Bramante, the leader of this new manner, had already 

acquired an architectural reputation at Milan. Almost im- 
mediately after his arrival in Rome, in 1499, there was 
an amazing change in Bramante’s work, as he became the 
exemplar of the High Renaissance style and lost his Lom­
bard early Renaissance qualities. The Tempietto (1502), 
or small chapel, next to San Pietro in Montorio, typifies 
the new style. Erected on the supposed site of the martyr- 
dom of St. Peter, the Tempietto is circular in plan, with a 
colonnade of 16 columns surrounding a small cella, or en- 
closed interior sanctuary. The chapel was meant to stand 
in the centre of a circular court, which was likewise to be 
surrounded by a colonnade, so that the whole structure 
was to be self-contained and centralized. The enclosing

Alinari— Art Resource/EB Inc.

Figure 51: Palazzo Vendramin-Calergi, Venice, by Mauro Coducci, c. 1500-09.
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circular court was never erected. The ultimate inspiration 
of the Tempietto was a Roman circular temple, like the 
temples of Vesta at Rome or Tivoli, but so many no­
table changes were made that the Renaissance chapel was 
an original creation. On the exterior it was organized in 
two stories, the Doric colonnade forming the first story. 
Above is a semicircular dome raised high on a drum. The 
present large finial, or crowning ornament, on the dome 
is of a later date and destroys some of the simplicity of 
the massing. Niches cut into the wall of the drum help 
to emphasize the solidity and strength of the whole, as 
does the heavy Doric order that Bramante was so fond 
of—in contrast to Brunelleschi, who had a predilection 
for the omate Corinthian. The monument is very simple, 
harmonious, and comprehensible.

Several churches present the same qualities as the Tempi­
etto on a larger physical scaie. The church of Santa Maria 
della Consolazione (1504-1617) at Todi, probably by Bra­
mante, is likewise centralized in plan, being square with a 
semicircular or polygonal apse opening off each side. The 
mass is built up of simple geometrie forms capped by the 
cylinder of a drum and a slightly pointed dome. On the 
interior the outstanding quality is a sense of quiet, harmo­
nious spaciousness. The Florentine architect Antonio da 
Sangallo the Elder, influenced by Bramante, created his 
church of San Biagio at Montepulciano (1518-29) on a 
Greek cross plan. On the facade in the two recesses of the 
arms of the cross were to rise two towers, the right one 
never completed. Otherwise the massing is similar to that 
of Todi, with dome and drum above. All the moldings 
and ornamental elements were carved with strong projec- 
tion, so that on the interior heavy Roman arches, with 
deep coffers containing rosettes, define the tunnel vaults 
rising over the arms of the church. The churches at Todi 
and Montepulciano are pilgrimage churches or shrines 
and thus have the centralized planning characteristic of 
the martyrium or church built over the tomb of a mar- 
tyr or saint.

Sangallo’s church at Montepulciano reflects Bramante’s 
greatest undertaking, the rebuilding of St. Peter’s in Rome. 
Early in 1505 Pope Julius II began to consider the ques- 
tion of a tomb for himself that would be appropriate 
to his idea of the power and nobility of his position. 
The sculptor Michelangelo soon presented a great project 
for a freestanding tomb, but such a monument required 
a proper setting. The Renaissance artist and biographer 
Giorgio Vasari claimed that the question of an appropri­
ate location for this projected tomb brought to the Pope’s 
mind the idea of rebuilding St. Peter’s, which was in very 
poor condition. Bramante, therefore, prepared plans for a 
monumental church late in 1505, and in April 1506 the 
foundation stone was laid (Figure 52). Bramante’s first 
design was a Greek cross in plan, with towers at the four 
corners and a tremendous dome over the Crossing, in- 
spired by that of the ancient Roman Pantheon but in this 
case raised on a drum. The Greek cross plan being unac- 
ceptable, Bramante finally planned to lengthen one arm

Figure 52: Plan for the Basilica of St. Peter’s, Rome, 1505, by 
Donato Bramante.
From A r t  T h ro u g h  th e  A g e s  by Helen Gardner, Fifth Edition, edited by Horst de la Croix 
and Richard G. Tansey, © 1970 by Harcourt Brace Jovanovich, Inc. and reproduced 
with their permission

to form a nave with a centralized Crossing. At his death in 
1514 Bramante had completed only the four main piers 
that were to support the dome, but these piers determined 
the manner in which later architects attempted the com- 
pletion of the church.
As important as the central-plan churches of this pe­

riod were several notable secular buildings. At the papal 
palace of the Vatican, next to St. Peter’s, Bramante added 
two important features. The great Belvedere court (begun 
1505) was planned to bring together the two disparate 
elements of the older palace attached to the church and 
the Belvedere villa of Innocent VIII on the hill above 
the palace. Bramante gave the new court a neo-antique 
flavour recalling the imperial palaces on the hills of Rome 
and the hippodromus on the Palatine. Terraced up the 
hillside on three levels joined by monumental stairs, it 
was enclosed on the two long sides by arcaded loggias 
with superimposed orders. This large court was completed 
in the later 16th Century with some minor changes, but 
in 1587 the whole concept was destroyed by the building 
of the present Vatican Library across the centre of the 
court. Just before his death, Bramante also began a series 
of superimposed loggias attached to the face of the old 
Vatican Palace looking out over the city and river. As 
completed by Raphael, there are two superimposed ar­
cades with Tuscan and Ionic orders and a colonnade with 
Composite columns. The

The largest palace of the High Renaissance is the Palazzo Palazzo 
Farnese (1517-89) at Rome, designed and commenced by Famese

(Left) Anderson— Alinari from Art Resource/EB Inc., (right) Alinari— Art Resource/EB Inc.

Figure 53: Palazzo Farnese, Rome, by Antonio da Sangallo the Younger and Michelangelo, 
1517-89. (Left) Facade; (right) courtyard.
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a follower of Bramante, Antonio da Sangallo the Younger, 
nephew of the older Sangallo. At Sangallo’s death, in 
1546, Michelangelo carried the palace toward completion, 
making important changes in the third story. On the ex­
terior Sangallo gave up the use of the classical orders as 
a means of dividing the facade into a number of equal 
bays; he used instead a facade more like those of the 
Florentines, but with quoins, or rough-cut blocks of stone 
at the edges of the building, to confine the composition in 
a High Renaissance fashion. The facade is composed in 
proportions as a double square. On the interior the central 
square court is more classical, using superimposed orders. 
Based on the ancient Roman Theatre of Marcellus or the 
Colosseum, the two first floors have an arcade supported 
by rectangular piers against which are half columns. On 
the third story Michelangelo eliminated the arcade and 
used pilasters flanked by half pilasters, which destroyed 
the High Renaissance idea of the careful Separation and 
definition of parts (Figure 53).
One of the most charming buildings of the period is the 

Villa Farnesina (1509-11) at Rome by Baldassarre Peruzzi 
from Siena. Designed for the fabulously wealthy Sienese 
banker Agostino Chigi, the villa was the scene of numerous 
elaborate banquets for the pope and cardinals. A suburban 
villa, the Farnesina was planned in relation to the gardens 
around it with two small wings projecting from the cen­
tral block to flank the entrance loggia. Originally, another 
loggia opened at the side upon the gardens Stretching to 
the bank of the Tiber, but this loggia was later walled 
in. The elevation appears as two stories comparted into 
equal bays by Tuscan pilasters. The neat, reserved quality 
of the present building was originally lightened by painted 
fresco decoration over all the exterior wall surfaces. Other 
important buildings were designed by the painter Raphael, 
such as the Villa Madama (begun 1518) at Rome or the 
Palazzo Pandolfini (begun c. 1516) at Florence.

(D.R.C./D.J.Wa.)

ITALIAN MANNERISM OR LATE RENAISSANCE (1520-1600)
Mannerism is the term applied to certain aspects of artis­
tic style, mainly Italian, in the period between the High 
Renaissance of the early 16th Century and the beginnings 
of Baroque art in the early 17th. From the third decade of 
the 16th Century, political and religious tensions erupted 
violently in Italy, particularly in Rome, which was sacked 
in 1527 by the imperial troops of Charles V. The school 
of Bramante and Raphael, which had produced the High 
Renaissance style, was dispersed throughout Italy as the 
artists fled from devastated Rome. Mannerism appeared

and prevailed in some regions until the end of the 16th 
Century, when the Baroque style developed. Mannerism 
was antithetical to many of the principles of the High Re­
naissance. In place of harmony, clarity, and repose it was 
characterized by extreme sophistication, complexity, and 
novelty. Mannerist architects were no less interested in 
ancient classical architecture than were their predecessors, 
but they found other qualities in ancient Roman archi­
tecture to exploit. In fact, they often displayed an even 
greater knowledge of antiquity than did earlier artists.

For Vasari, as a practicing Mannerist architect, the same 
criteria of stylishness in design could be applied to a build­
ing as to a work of painting or sculpture. Vasari designed 
and built for an educated elite, one that would appreciate 
both his understanding of the rules of Roman architecture 
and the ingenious liberties that he took with these rules. 
Florentine and Roman 16th-century architecture is char­
acterized by a secular clevemess—a building was judged 
on elegance, ingenuity, and variety of form.
The change in style between the High Renaissance and 

Mannerism can be seen in the work of Baldassarre Peruzzi, 
who was active in both periods. Unlike his High Renais­
sance Villa Farnesina, Peruzzi’s design for the Palazzo 
Massimo alle Colonne (about 1535) in Rome shows in- 
dications of Mannerism (Figure 54). The facade of the 
palace was curved to fit the site on which it was erected; 
instead of remaining the passive form it had been in the 
earlier phases of Renaissance architecture, the wall surface 
was beginning to assert itself. The classical order is limited 
to the ground floor of the palace; the upper three stories 
have imitation drafted stonework made of brick covered 
with stucco, inscribed to feign stone coursing. Under these 
three stories in the centre of the facade is a loggia or colon­
nade, which seems of questionable adequacy as a support 
for the apparent load. The second story has rectangular 
Windows crowned by Peruzzi’s usual neat lintei supported 
on volutes, but the Windows of the upper two stories are 
set horizontally with rather elaborate curvilinear moldings 
about them. There is, therefore, no longer a harmonious 
balance among the various stories. The architecture shows 
a greater emphasis on decorative qualities than on the 
expression of structural relationships.

After the resolved classical order and measured harmony 
of Bramante’s High Renaissance buildings, two main, 
though interwoven, directions of Mannerist development 
become apparent. One of these, emanating largely from 
Peruzzi, relied upon a detailed study of antique decorative 
motifs—grotesques, classical gems, coins, and the like— 
which were used in a pictorial fashion to decorate the plane

Alinari— Art Resource/EB Inc.
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Figure 54: Palazzo Massimo alle Colonne, Rome, by Baldassarre Peruzzi, c. 1535.
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of the facade. This tendency was crystallized in Raphael’s 
Palazzo Branconio dell’Aquila (destroyed) at Rome, where 
the regulär logic of a Bramante facade was abandoned 
in favour of complex, out-of-step rhythms and encrusted 
surface decorations of medallions and swags. The detailed 
archaizing elements of this manner were taken up later by 
Pirro Ligorio, by the architects of the Palazzo Spada in 
Rome, and by Giovanni Antonio Dosio.
The second trend exploited the calculated breaking of 

rules, the taking of sophisticated liberties with classical ar­
chitectural vocabulary. Two very different buildings of the 
1520s were responsible for initiating this taste, Michelan­
gelo’s Laurentian Library in Florence (Figure 55) and the

Alinari— Art Resource/EB Inc.

Figure 55: Staircase of the Laurentian Library, Florence, by 
Michelangelo, 1524-71.

Palazzo del Te by Giulio Romano in Mantua (Figure 56). 
Michelangelo’s composition relies upon a novel reassem- 
bly of classical motifs for plastically expressive purposes, 
while Giulio’s weird distortion of classical forms is of a 
more consciously bizarre and entertaining kind. The var- 
ious exterior aspects of the Palazzo del Te provide a suc- 
cession of changing moods, which are contrived so as to 
retain the surprised attention of the spectator rather than 
to present him with a building that can be comprehended 
at a glance. In the courtyard the oddly fractured comice 
sections create an air of ponderous tension, whereas the 
loggia is lightly elegant. Similarly, the illusionistic decora­
tion of the interior runs the full gamut from heavy (if self- 
parodying) tragedy to pretty delicacy. Giulio also created a 
series of contrived vistas, through arches and doors, much 
like that later projected by Michelangelo for the Palazzo 
Farnese in Rome. Such management of scenic effects be­

came one of the hallmarks of later Mannerist architecture.
Increasingly, architecture, sculpture, and walled gardens 

came to be regarded as part of a complex (but not uni- 
fied) whole. In the Villa Giulia (c. 1550-55), the most 
significant secular project of its time, Vasari appears to 
have been in charge of the scenic integration of the var- 
ious elements; Giacomo da Vignola designed part of the 
actual building, while the Mannerist sculptor Bartolom- 
meo Ammanati was largely responsible for the sculptural 
decoration. In spite of the continuous stepped vista, the 
building makes its impact through a succession of diverse 
effects rather than by mounting up to a unified climax. 
There, and in Vasari’s design for the Uffizi Palace (1560), 
the vista seems to have been based upon the supposed 
style of antique stage sets, as interpreted by Peruzzi (Figure 
57). It is not surprising that the Venetian architect Andrea 
Palladio came closest to achieving a fully Mannerist style 
in his Teatro Olimpico at Vicenza, where the receding 
vistas and rich sculptural details create an effect of ex- 
traordinary complexity. Similarly, it is not surprising that 
the greatest of the later Mannerist architects in Florence, 
Bernardo Buontalenti, should have been an acknowledged 
master of stage design. He was employed at the Medici 
court as a designer of grandly fantastic ephemera—mock 
river battles and stage Intermezzi (interval entertain.ments) 
in which elaborate stage machinery effected miraculous 
transformations, figures descending from the clouds to slay 
dragons that spouted realistic blood, followed by music 
and dance all’antica. As a garden designer, Buontalenti 
enriched the traditional formal schemes with entertain­
ing diversions, in which water often played a prominent 
role—either in fountains or in wetting booby traps for the 
strolling visitor. Buontalenti’s buildings possess much of 
this capricious spirit in addition to his brilliantly inventive 
command of fluently plastic detailing.
In their treatment of detail, 16th-century Florentine ar­

chitects inevitably looked toward Michelangelo as their ex­
ample of innovative genius. Michelangelo’s Medici Chapel 
in San Lorenzo (Figure 58) was executed, in Vasari’s opin- 
ion, “in a style more varied and novel than that of any 
other master,” and “thus all artists are under a great and 
eternal Obligation to Michelangelo, seeing that he broke 
the fetters and chains that had earlier confined them to 
the creation of traditional forms.” By Vasari’s time the 
Mannerist quest for novelty had reached a thoroughly self- 
conscious level.

Michelangelo’s later architecture in Rome was more 
restrained than his Florentine works. In 1546 he was 
commissioned to complete St. Peter’s Basilica in Rome, 
succeeding Antonio da Sangallo the Younger. During the 
next 18 years he was able to complete most of his design 
for the church, except the facade and great dome above. In 
plan he retumed to a central-plan church reminiscent of 
Bramante’s first project but with fewer parts (Figure 59). 
Michelangelo’s elevation, still visible at the rear or sides of 
the church, is composed of gigantic pilasters and a rather

James Austin

Figure 56: Palazzo del Te, Mantua, by Giulio Romano, 1525/26-1535.

Complexes 
of architec­
ture, sculp­
ture, and 
gardens

Michel­
angelo’s 
design for 
St. Peter’s



Architecture, The History of Western 945

Figure 57: Uffizi Palace Court, Florence, by Giorgio Vasari, 1560.
Alinari— Art Resource/EB Inc.

high attic story. Between the pilasters are several stories 
of Windows or niches. Unlike the harmonious orders and 
openings of the High Renaissance, these are constricted by 
the pilasters so that a tension is created in the wall surface. 
Michelangelo planned a tremendous semicircular dome 
on a drum as the climax of the composition. Engravings 
of his original project suggest that this dome would have 
been overwhelming in relation to the rest of the design 
(Figure 60). The great central dome was executed toward 
the end of the 16th Century by Michelangelo’s follower, 
Giacomo della Porta, who gave a more vertical expression 
to the dome by raising it about 25 feet higher than a 
semicircle. In the early 17th Century, the Baroque architect 
Carlo Mademo added a large nave and facade to the front 
of the church, Converting it into a Latin cross plan and 
destroying the dominating quality of the dome, at least 
from the exterior front.
Early Mannerism in northem Italy developed out of the 

dissolution of the school of Bramante after 1527. Giulio 
Romano, the chief assistant of Raphael, became court

artist and architect in the city of Mantua. With the works 
of Galeazzo Alessi of Genoa, Leone Leoni of Milan, 
and Sebastiano Serlio of Bologna, Mannerist architecture 
gained a firm hold. In 1537 Serlio began to publish his 
series of books on architecture, in which antiquity was 
examined through Mannerist eyes and a series of pattem- 
book Mannerist designs was provided. Three years later, 
Serlio joined the Italian Mannerist painter Francesco Pri- 
maticcio at Fontainebleau, where he helped to consolidate 
the early acceptance of Mannerist ideals in France. In the 
work of Alessandro Vittoria, the influence of central Italy 
was pronounced. His heavy ceiling moldings are composed 
of classical motifs and bold strapwork. The north’s taste 
for bizarre fancies—such as Vittoria’s fireplace for the 
Palazzo Thiene—was often in advance of that in Rome 
and Florence.

Even Venice proved to be quickly susceptible to the 
clever tricks of Mannerist license. Michele Sanmicheli, a 
pupil of Bramante and Antonio da Sangallo the Younger, 
returned after the sack of Rome to his native town of

SCALA— Art Resource/EB Inc.

Figure 58. The Medici Chapel, the New Sacristy of the church of San Lorenzo, Florence, by 
Michelangelo, 1520-34.
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Figure 59: Plan for the Basilica of St. Peter’s, Rome, by 
Michelangelo.
From A r t  T h ro u g h  th e  A g e s  by Helen Gardner, Fifth Edition, edited by Horst de la 
Croix and Richard G. Tansey, © 1970 by Harcourt Brace Jovanovich, Inc. and 
reproduced with their permission

Verona and later went to Venice, where his architecture 
shows a clear awareness of Giulio Romano’s Mantuan 
experiments. Another prominent architect in Venice was 
the Florentine sculptor Jacopo Sansovino, who also had 
fled to the north from Rome after the sack. Sansovino’s 
architecture, as represented by the Loggetta (1537-40) at 
the foot of St. Mark’s campanile or by the Old Library of 
St. Mark’s (Libreria Vecchia [1536-88]), is rich in surface 
decorative qualities. The library has two stories of arcades; 
it has no basement but merely three low steps, so as to 
match the Gothic Palazzo Ducale opposite it. The upper 
entablature is extremely heavy, equaling half the height of 
the Ionic columns on which it rests. The rich application 
of relief sculpture with no unadomed wall surfaces creates 
this decorative quality, which has only superficial affinities 
with Florentine Mannerism.

This period of free and decorative Mannerism was fol­
lowed by a more restrained classical architecture seen to

perfection in the work of one of the greatest architects 
of the Renaissance, Andrea Palladio. The city of Vicenza, 
not far from Venice, was almost completely rebuilt with 
edifices after his design, including the basilica or town 
hall (1549) and the Loggia del Capitaniato (1571), as well 
as many private palaces. In the varied design of these 
buildings and in numerous villas in the Venetian main­
land around Vicenza, Palladio brilliantly demonstrated 
the versatility of a range of neo-antique formulas. The 
Villa Capra or Rotonda (1550-51; with later changes) is 
magnificent in its simplicity and massing. In the centre 
of a cubelike block (typical of most Palladian villas) is a 
circular hall, and on all four sides are projecting classical 
temple fronts as porticoes, resulting in an absolute classi­
cal symmetry in the plan. In Venice, Palladio built several 
churches, all with the Latin-cross plan and rather similar 
facades (Figure 61). San Giorgio Maggiore (1566-1610) 
has a Roman temple front, on four giant half columns, 
applied to the centre of the facade; abutting the sides are 
two half temple fronts with smaller coupled pilasters. The 
resulting composition suggests the interpenetration of two 
complete temple fronts in a Mannerist way, since the ele­
ments of the composition are less independent than they 
would be in High Renaissance architecture (Figure 62). 
Also typical of Mannerism is the way in which the interior 
space, instead of being classically confined, is permitted to 
escape through a colonnaded screen behind the sanctuary 
into a large choir at the rear. Palladio’s greatest fame rests 
on his treatise I  quattro libri delVarchitettura (1570; Four 
Books on Architecture).
The most important architect of this period in Rome is 

Giacomo da Vignola, who wrote a treatise, Regola delli 
cinque ordini d ’architettura (1562; “Rule of the Five Or­
ders of Architecture”), devoted solely to a consideration of 
the architectural orders and their proportions. Like Palla­
dio’s book, Vignola’s Regola became a textbook for later 
classical architecture.

Of his many buildings the project for the church of II 
Gesü (1568) at Rome, the central church of the Jesuit Or­
der. was very influential on the later history of architecture 
(Figure 63). The plan is a Latin cross with side chapels 
flanking the nave, but the eastern end is a central plan, 
capped by a dome. II Gesü’s plan was imitated throughout 
Europe, but especially in Italy, during the early Baroque 
period of the 17th Century. Vignola built the church ex- 
cept for its facade, which was executed by Giacomo della 
Porta. Della Porta, inspired by Vignola’s original design,

By courtesy of the Metropolitan Museum of Art, New York City, Harris Brisbane Dick Fund, 1941

Figure 60: South elevation of St. Peter’s, Rome, designed by Michelangelo, engraving by 
Dupérac, c. 1540-80, originally published in Lafreri, Speculum, Volume III, Plate 24.
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Figure 61: Plan of San G iorgio Maggiore, Venice, designed 
1565, by Andrea Palladio.
From H.W. Janson, K e y  M o n u m e n t s  o f  th e  H is t o r y  o f  A r t

created a facade concentrated toward its centre, which, 
like the plan, was the prototype for most early Baroque 
facades of the late 16th and 17th Century.

(D.R.C./M.J.Ke./D.J.Wa.)

THE RENAISSANCE OUTSIDE ITALY
France. The Renaissance style of architecture appeared 

in France at the very end of the 15th Century and flour- 
ished until the end of the 16th Century. As in other 
northem European countries and in the Iberian Peninsula, 
the new Renaissance manner did not completely supplant 
the older Gothic style, which survived in many parts of 
France throughout the 16th Century. French Renaissance 
architecture is divided into two periods: the early Renais­
sance, from the end of the 15th Century until about 1530, 
and Mannerism, dating from about 1530 to the end of the 
16th Century.
Early Renaissance. The many invasions of Italy from 

1494 until 1525 by French armies acquainted the French 
kings and nobles with the charms of Renaissance art. 
During the reigns of Louis XII and Francis I, the French 
possessed the city of Milan for the first 25 years of the 
16th Century. It was in Lombardy, therefore, that contact 
was made between French art and the Renaissance, and 
it was the Lombard Renaissance style that appeared in 
France during its early Renaissance.
The new style had a certain prestige since it was imported 

by the nobility and aristocracy, while the middle-class 
burghers continued to support their native Gothic style.

This social difference also applied to the artists themselves. 
The French aristocracy imported Italian architects and 
artists who had been influenced by the Italian Renaissance, 
in which artists were considered to have a higher social 
standing than artisans. The French builders and craftsmen 
who executed the designs of the Italians still belonged to 
the social level of medieval artisans. This created a friction 
between the two groups, which was furthered by French 
resentment of imported foreign artists.
With the exception of a few brief outcroppings of clas- 

sicism in such centres as Marseille and Gailion, French 
early Renaissance architecture was centred in the Loire 
Valley since the Capital of France was at nearby Tours 
during the reign öf Louis XII and the early part of the 
reign of Francis I. Most of the new architecture was 
secular, such as the chäteaü, which was an offshoot of 
the medieval feudal castle combined with the idea of an 
Italian villa. A characteristic example is the chäteau at 
Blois, where two wings in the early Renaissance manner 
replaced parts of the 13th-century chäteau. The first wing, 
erected (1498-1503) for Louis XII, is almost completely 
in the late Gothic Flamboyant style, with high roofs, an 
asymmetrical elevation, and pointed, depressed, and ogee 
arches. The only hint of the Renaissance is the occasional 
use of a bit of classical decoration, such as egg and dart 
molding, mingled with the Gothic. The second wing, built 
(1515-24) by Francis I, is more nearly in the Renaissance 
style. The stmeture remained Gothic with a high roof and 
dormers and the irregulär spacing of the vertical Windows, 
but all the omament was in the classical mode, although 
its handling was often non-classical. Classical pilasters 
were used to divide the elevation into bays, but there is 
no consistency in the proportions of the pilasters. The 
most notable feature of the interior elevation of the wing 
of Francis I is a great octagonal open staircase, five sides 
of which project into the court. Within is a spiral staircase 
set on a continuous tunnel vault that is supported by ra- 
diating piers. On the surface of the piers are panels in low 
relief of arabesque decoration, of a type that is found often 
in Lombard Renaissance architecture. The richness of the 
Lombard style blends very well with Flamboyant Gothic, 
which had always been characterized by intricate and rich 
decoration. The exterior elevation of the wing of Francis 
I consists of a series of open loggias—the two lower ones 
arched, the upper one with a straight entablature—remi- 
niscent of the famous series of loggias just completed by 
Bramante and Raphael at the Vatican Palace in Rome. 
Yet the Italian High Renaissance concept was expressed 
in France in early Renaissance terms with squat pilasters, 
irregularly spaced bays, and somewhat depressed arches.
By courtesy of the Giorgio Cini Foundation, Venice

Figure 62: San G iorgio Maggiore, Venice, by Andrea Palladio, 1566-1610.
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Chambord

Figure 63: Facade of the church of II Gesü, Rome, designed by Giacomo della Porta 
and G iacomo da Vignola, c. 1568-84.
Anderson— Alinari from Art Resource/EB Inc.

The finest example of the early Renaissance style is the 
chäteau, or hunting lodge, erected between 1519 and 1547 
for Francis I at Chambord (Figure 64). The Italian ar­
chitect Bemabei Domenico da Cortona presumably made 
the basic model for the chäteau, but the designs of Italian 
architects were usually executed by French builders (in 
this case Pierre Nepveu), often with many changes. Cham­
bord is a tremendous structure, about 500 feet wide, with 
a plan showing the gradual breakdown of the old castle 
plan. There is a rectangular court surrounded by walls 
with round towers at the corners, but on three sides of 
the court there are only low walls serving as sereens. The 
old donjon, or massive chief tower of medieval castles, 
developed into the chäteau proper as a blocklike building 
with round towers at each corner. The flat passageways 
over the screen walls and on top of the central block were 
intended to form galleries from which the ladies of the 
court could observe the hunt. The plan of the main block 
of the chäteau reveals Italian influence in its symmetrical 
organization on cross axes with a double spiral staircase 
at the centre. In the four corners left by the cross axes are 
four identical apartments, each of which consists of three 
basic rooms (chamber, antechamber, and cabinet); this

form of apartment was from then on the favourite unit of 
French domestic planning.
Typically for this period, the Silhouette and structure 

remained Gothic in elevation with strip Windows, a mul- 
tiplicity of elements, and a general vertical expression.
Ornament, however, is in the classical vocabulary of pi­
lasters, round arches, and at times a geometrie decoration 
consisting of slate panels set in the cream-coloured stone.
Mannerism. From about 1530, Francis I imported nu­

merous Italian artists, such as Rosso Fiorentino (Giovanni 
Battista di Jacopo Rosso), Primaticciö, Serlio, Vignola, 
and Benvenuto Cellini. Most of these artists were follow- 
ers of Michelangelo or Raphael, so that the new period 
of French architecture partook of Italian Mannerism. The 
style that resulted lasted until about 1590 and is some­
times known as the style of Henry II, although it actually 
was produced under five different kings, beginning late in 
the reign of Francis I.

The füll influence of the new Italian style can best be Italian in- 
seen in the chäteau at Fontainebleau. In 1528 Francis fluence at 
I began to make revisions and additions to this me- Fontaine- 
dieval chäteau, the exterior architecture being carried out bleau 
by French builders under Gilles Le Breton. The Italian

Archives Photographiques, Paris

Figure 64: Chäteau at Chambord, Fr., design attributed to Bernabei Domenico da Cortona, 
executed by Pierre Nepveu, 1519-47.
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painter Rosso Fiorentino was placed in charge of the in­
terior decoration of the Gallery of Francis I (c. 1533-45). 
The gallery is a long, narrow room covered by a wooden 
ceiling. On each side of the room is a high dado {i.e., 
the lower section of a wall) of carved walnut with rich 
decoration above of stucco relief sculpture and painting. 
As Rosso was a Mannerist painter, France went directly 
from the early Renaissance style of the Loire chäteaus to 
Mannerism. Rosso, who died in 1540, was succeeded by 
another Italian, Primaticcio, who decorated the ballroom, 
or gallery (1548-56), of Henry II and added the wing 
called the Aile de la Belle Cheminée (1568).
The most important Italian architect to build in France 

was Serlio, who arrived in 1541 to take Rosso’s place as 
court architect. Serlio prepared plans for the rebuilding of 
the royal palace of the Louvre at Paris, but his ideas seem 
to have been töo grandiose for Francis I. He did man­
age to build two chäteaus, the casino of the Cardinal of 
Ferrara at Fontainebleau (1544-46), now destroyed, and 
the chäteau of Ancy-le-Franc (begun 1546) in Burgundy. 
Serlio devoted most of his time to an architectural treatise 
that he had begun in Italy. Various books of the treatise 
were published during his lifetime from 1537 on, but the 
collected work was published after his death with the title 
Tutte Vopere d ’architettura, et prospetiva (1619; “Complete 
Works of Architecture and Perspective”). It was influential 
in spreading the Renaissance style in France, England, 
and the Low Countries.

The influx of Italian artists soon compelled the French 
architects to adopt Renaissance principles of design as well 
as Renaissance ornamental details. Many French archi­
tects began to study the theory of design and often went 
to Italy as the source of the Renaissance style.

After Serlio’s failure with the palace of the Louvre in 
Paris, a French gentleman of the court, Pierre Lescot, 
was ordered to design and build a Renaissance palace to 

Rebuilding replace the medieval castle. Lescot, in collaboration with 
of the the sculptor Jean Goujon, designed a palace set around a
Louvre square court about 175 feet wide. Only two sides, the west

and south, of Lescot’s court were built (1546-51). The 
execution and amplification of this design extended to the 
middle of the 19th Century. The small section carried out 
under Lescot, the Gallery of Francis I, reveals a thorough 
understanding of the principles of Italian design but is 
expressed in French terms. The classical elements are used 
as low-relief surface decoration with little emphasis on 
mass (Figure 65).
The two leading architects of the second half of the 16th 

Century, Philibert Delorme and Jean Bullant, studied in

Rome. Delorme was trained as a builder before going to 
Rome and, therefore, was always interested in the con- 
structive side of architecture as well as in the theory of 
design. About 1547 Delorme was commissioned by the 
mistress of Henry II, Diane de Poitiers, to design her 
chäteau at Anet. The original chäteau (about 1547—52) 
formed three sides of a court closed at the front by a screen 
wall and entrance gateway. Much of the chäteau has been 
destroyed; only the left wing of the house, the screen wall, 
and the chapel that formed part of the right wing survive.
The entrance gateway, which originally contained Cellini’s 
bronze relief of Diana (now in the Louvre), is very Man­
nerist with a complicated superstructure, a semicircular 
arch with raised bands cutting across the moldings, and, 
at the top, a bronze group of a stag that strikes the hour 
with its hoof as the accompanying hounds bay mechan- 
ically. The chapel at Anet has a centralized Greek-cross 
plan with a large circle capped by a dome at the Crossing.
The exterior of the chapel is Mannerist, with the Windows
cutting through the entablature and half pediments abut-
ting the main block. Delorme commenced in 1564 a large
palace called the Tuileries, since it was situated on the
site of tileworks in front of the Louvre. Again, elements
of Mannerism were visible. On the first story Delorme Delorme’s
used his own so-called French order, consisting of Ionic French
half columns and pilasters with decorative bands across order
the shafts, but this order was actually an Italian Mannerist
treatment of the classical order.
Bullant’s architecture was rather like that of Vignola in 

that it was very classical in details but often Mannerist in 
relationships. His early and best-preserved works were for 
Anne, duc de Montmorency and constable of France: part 
of the Chäteau d’Ecouen (about 1555) and the chatelet 
(about 1560) at the Chäteau de Chantilly. The architect 
Jacques Androuet du Cerceau the Elder prepared a two- 
volume set of engravings, Les plus excellents bastiments 
de France (1576-79), which depict the new Renaissance 
16th-century buildings of France, many of which have 
been destroyed or drastically altered. The Mannerist style 
died out in the early 17th Century as slight hints of the 
Baroque style blended with a renewed classicism to form 
gradually the Academie style prevalent in the 17th Century.

Spain and Spanish America. Italian Renaissance deco­
rative elements first appeared in Spanish architecture at 
about the time of the unification of Spain and the ex- 
pulsion of the Moors in 1492. There were three phases 
of Spanish Renaissance architecture: (1) the early Renais­
sance, or Plateresque, from the late 15th Century until 
about 1560; (2) a brief classical period, coexistent with the

Giraudon— Art Resource/EB Inc.

Figure 65: Square court of the Louvre, Paris, by Pierre Lescot, 1546-51.
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Plateresque from about 1525 to 1560; and (3) the Her- 
reran style from 1560 until the end of the 16th Century.
Plateresque. The earliest phase of Renaissance archi­

tecture in Spain is usually called the Plateresque (from 
plat er o, “silversmith”) because its rich ornament resembles 

Tradition silversmith’s work. There has always been a long tradition 
)f in Spain of elaborate decoration, explained in part as an
ïlaborate influence from Moorish art. The Moors possessed almost
jrnamenta- all of Spain during the Middle Ages and left this decorative 
ion heritage to the Spaniards. During the early 16th Century,

minor northem Italian sculptors and artisans, particularly 
from Lombardy and Genoa, were imported into Spain to 
execute tombs and altars for the Spanish nobles and ec- 
clesiastics. These artisans introduced the northern Italian 
Renaissance vocabulary of classical decoration, such as the 
pilaster paneled with arabesques or the candelabrum shaft. 
Spanish architects picked up these elements and applied 
them to their buildings.
The Renaissance Plateresque style is purely one of ar­

chitectural ornament. There was no change in stmeture; 
heavy walls were used with either Gothic ribbed vaults or 
intricately carved wooden ceilings (artesandó) that indi- 
cated Moorish influence. Many of the elements of decora­
tion also preserved the influence of Gothic and Moorish 
art, such as the Flamboyant Gothic pinnacle and pierced 
balustrade or coats of arms and bits of heraldry used as 
ornamental motifs. Richly coloured tiles created decora­
tive patterns on the walls as in Moorish art. The richness 
of the classical decoration imported from northern Italy 
blended effectively with the elements of the Moorish and 
Flamboyant Gothic styles to form the new Plateresque 
style. The luxuriance of its ornament was a fitting expres­
sion of the splendour-loving culture that Spain developed 
as the wealth of the Americas began to pour in during the 
early 16th Century.

In most cases the new Plateresque decoration was con- 
fined to rich spots or panels of ornament around the 
portals and Windows of the buildings. These ornamental 
areas were relieved by large expanses of bare wall, as in the 
facade of the Royal Hospital at Santiago de Compostela 
(1501-11) by Enrique de Egas or his Santa Cruz Hospital 
at Toledo (1504-14).

The greatest centre of the Plateresque style was the 
town of Salamanca, with buildings such as the university 
(about 1516-29) and the Monterey Palace (1539). Per­
haps the most outstanding example of the style is the 
Ayuntamiento, or town hall, of Seville (begun 1527) by 
Diego de Riano, with Lombard paneled pilasters on the 
ground floor and half columns completely covered with 
relief sculpture on the second floor. Also in the Lombard 
manner are the numerous medallions spotted over the 
wäll under the Windows or between the pilasters.

Classical. Although the exuberant Plateresque style lin- 
gered in some regions until about 1560, it was soon su- 
perseded by a much more classical style, which appeared 

The in 1526 in the Palace of Charles V within the Alhambra
Palace of at Granada. The Palace of Charles V was the first Ital-
Charles V ian classical building in Spain, in contrast to Plateresque 

buildings whose classicism was limited to a few elements 
of Italian Renaissance decoration. Charles V, as king of 
Spain and Holy Roman emperor, was the most powerful 
political figure in Europe, dominating Italy, as well as 
Spain, the Low Countries, and Austria. His palace in the 
Alhambra reflected the increasing contact with Italy. De­
signed by the Spaniard Pedro Machuca, who had studied 
in Italy, the Palace of Charles V has never been com­
pleted, although work on it continued throughout most 
of the 16th Century. The palace is square in plan with a 
huge central circular court (100 feet in diameter), which 
was intended for bullfights and toumaments. The plan is, 
therefore, fully Renaissance, being centralized and sym- 
metrical; it is organized on cross-axes formed by the four 
entrances, one in the centre of each side. The facade 
shows a füll understanding of the principles of Italian 
Renaissance design in its superimposition of orders and 
in the altemating rhythm of the triangulär and segmental 
pediments above the Windows of the second story. The 
interior court is surrounded by a colonnade with a similar 
superimposition of Doric and Ionic.

Herreran. The classicism of the Palace of Charles V was 
succeeded by an extremely austere and cold style named 
after the greatest Spanish architect of the 16th Century,
Juan de Herrera. Perhaps more important than the archi­
tect was the social and cultural atmosphere in which the 
Herreran style developed, from about 1560 to the end of 
the 16th Century. Charles V had been a true Renaissance 
prince; his only son, Philip II, who came to the throne in 
1556, was one of the most typical representatives of the 
age of Mannerism as it was manifested in Spain. Philip 
II was morbid and melancholie, a religious fanatic against 
whose strict mie the Low Countries soon rose in revolt, 
beginning the difficulties that gradually dispelled Spanish 
political and cultural power in Europe.

The finest example of the Herreran style illustrates clearly El Escorial 
the change in cultural atmosphere under Philip II. This 
is the palace-monastery of El Escorial (1563-84), which 
Philip II had built as a retreat outside Madrid. It is a great 
contrast to the worldly Palace of Charles V with its tour- 
nament court set in the luxurious, sensuous Alhambra. El 
Escorial was more than a royal palace, as it also contained 
provisions for a monastery and college. A city in itself, El 
Escorial was planned as a tremendous rectangle (675 by 
525 feet), with a large church at the centre.
El Escorial was begun by the architect Jüan Bautista de 

Toledo, who may be responsible for the planning, but the 
execution and architectural style were that of his assistant 
and successor, Herrera. Philip II himself reviewed the 
drawings for the palace, removing anything ornamental or 
ostentatious. On the exterior the architecture is very sim­
ple, a plain wall with a monotonous series of unadomed 
Windows expressing the general monastic character of the 
whole. The only segment of the classical Renaissance style 
on the exterior is at the central portal with two stories 
of giant Doric half columns supporting a triangulär pedi- 
ment. The church, at the centre of the complex, has two 
bell towers and a great dome set on a drum, which sur- 
mount the whole. The austerity is enhanced by the cold, 
gray granite of which El Escorial was built (Figure 66, left).
On the interior a similar severity of manner is indicated 
by the lack of decoration. Except tor the classical Doric 
order, which is the least ornamental of the orders, there 
is no architectural decoration. Plain arches of stone were 
used under the vaults without any coffering. Occasional 
raised panels on the wall surface suggest where Plateresque 
ornament would normally be located, but instead of relief 
sculpture, there are only starkly smooth panels (Figure 
66, right). Even the Doric order was handled severely; 
the pilasters on the interior show no entasis {i.e., an up- 
ward taper of the width of the pilaster to give a sense of 
lightness and to relieve the strict verticals). El Escorial is 
impressive in its size and mass and in the consistency of 
its austerity, but it has a forbidding quality that no other 
building can match. Other examples of Herrera’s design 
are the cathedral of Valladolid (begun 1585, completed in 
the 18th Century) and the court of the Lonja, or Exchange 
(1582-99), of Seville. (D.R.C./D.J.Wa.)

Spanish America. In Spanish America the high quality 
as well as the great quantity of colonial architecture es- 
tablish it as a major contribution of the New World to 
civilization. The zeal and power of the Spanish church 
were abetted by the wealth of the colonies in the construc­
tion of sumptuous ecclesiastical buildings. Skilled Indian 
labour also contributed to the early development oflarge- 
scale programs in both religious and domestic architec­
ture. Types of buildings and styles were Spanish in origin, 
although local conditions produced modifications. In cen- 
tres of European culture, such as Santo Domingo, Mexico 
City, Quito, Lima, and Cuzco, architectural styles were 
contemporary with those in Spain. Medieval traditions 
survived, however, especially in monastic structures; even 
in the 17th Century, late Gothic ribs persisted in the vaults 
of churches. Spanish-Moorish elements (Mudéjar), such as 
wooden ceilings in geometrie patterns, coloured tiles, the 
rectangular frame of an arch (alflz), and the trefoil arch, 
were populär throughout Spanish-American architecture.

In Santo Domingo, Dom. Rep., site of the first Span­
ish settlement, is preserved the earliest cathedral (1523- 
37), which has a superb Renaissance facade and a Gothic
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Figure 66: El Escorial, near Madrid, by Juan de Herrera, 1563-84. (Left) Exterior; (right) 
interior.
Archivo Mas, Barcelona

interior. In Mexico large building campaigns (c. 1550- 
1600) were carried out by Franciscan, Augustinian, and 
Dominican friars. Their monasteries generally have a huge 
vaulted church, cloister, and monastic buildings, all based 
upon Spanish prototypes. The large atrium yard and the 
open chapel (capilla abierta) for outdoor religious services 
are special features developed in America to accommodate 
crowds of Indians, as at Acolman, Cuemavaca, and Hue- 
jotzingo. Portals display a wide variety of styles, including 
medieval and Renaissance elements and occasional In­
dian influences. The largest Mexican cathedrals, those of 
Mexico City (begun 1563) and Puebla (1575-1690), have 
the rectangular basilican plan and other features of the 
Andalusian Renaissance.

Important early monuments of Peru were destroyed by 
earthquakes; the surviving structures, of modest character, 
are found in Ayacucho, on the shores of Lake Titicaca, 
and in Sucre, Bol. Vaulted churches were virtually un- 
known in South America until the 17th Century. In Quito, 
Ecuador, the Franciscan and Dominican monasteries are 
notable for their cloisters and Mudéjar ceilings, and the 
cathedral (1562-72) is an example of Andalusian .Gothic-' 
Mudéjar construction. (H.E.W.)
Portugal. The architecture of Portugal tends to parallel 

the development of Spanish architecture. The Manueline 
style of the late 15th and early 16th centuries, like the 
Plateresque of Spain, is a very decorative mode in which 
small motifs of classical ornament are introduced into 
a local late Gothic style. After the middle of the 16th 
Century, a fully Italianate classical style is visible in the ar­
chitecture of Diogo de Torralva. His cloister in the Cristo 
Monastery (1557-62) at Tornar is composed of the rhyth- 
mic bay of altemating arches and coupled Classical orders 
made populär by Bramante in Italy. The füll projection 
of the superimposed Doric and Ionic columns suggests 
the stolidity of the Italian High Renaissance. During the 
last two decades of the Century the work of the Bolognese 
architect Filippo Terzi presents that austere planarity, seen 
in the church of Sao Vincente de Flora, Lisbon (1582— 
1605), reminiscent of Herrera.
Germany. The burgeoning of Italian Renaissance ar­

chitectural forms in Germany was even slower than in

other northern European countries. Only by the middle 
of the 16th Century was the Renaissance style manifestly 
important, generally in those regions in closest contact 
with Italy, such as southem Germany or the trade route 
along the Rhine River leading from the south to the Low 
Countries. The style lingered in Germany until about the 
middle of the 17th Century. The few hints of classicism in 
Germany prior to the mid-16th Century can be considered 
the early Renaissance phase. They were limited to minor 
architectural monuments, such as the Fugger Chapel in 
St. Anne’s Church at Augsburg (1509-18), which was the 
first Renaissance building in Germany, or they consisted 
of bits of Renaissance decoration attached to Gothic 
structures. An example of the latter is Hartenfels Castle 
(c. 1532-44) at Torgau by Konrad Krebs, which is com- 
pletely medieval in design but has occasional fragments of 
classical ornament applied to the surface. The rear portion 
of the Residence (c. 1537-43) at Landshut is exceptional 
in that its architecture and decoration are fully Italianate, 
but this is explained by the visit in 1536 of Duke Ludwig 
X of Munich to Mantua, where Giulio Romano had just 
completed the Palazzo del Te.

After 1550 Renaissance style architecture in Germany of- Use of 
ten had Mannerist details derived from Italian ornamental Italian 
engravings. German architecture of this period was abun- Mannerist 
dant with medallions, herms (i e., architectural elements omamenta- 
topped by human busts), and caryatids and atlantes (i.e., tion 
human figures used as columns or pilasters). The German 
treatise on the five orders by Wendel Dietterlin, entitled 
Architectura (1598), is filled with such Mannerist orna­
ment. An architectural example is the Otto-Heinrichsbau 
added to the Gothic castle at Heidelberg (bumed by the 
French in 1689). The three tall stories presented the usual 
verticality of northem architecture, but there was an un- 
derstanding of the classical superimposition of the orders 
with Corinthian above Ionic. Nevertheless, there was a 
certain freedom in the treatment of the orders, for a Doric 
frieze was supported by the Ionic pilasters. From Italian 
Mannerism came the rustication of the lower order, the 
use of herms as window mullions, and the caryatids flank- 
ing the portal. Other examples of the German Renaissance 
are the porch of the Rathaus, or Town Hall (1569-73),
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at Cologne by the Dutchman Wilhelm Vemuiken (Figure 
67) and the Friedrichsbau (1601-07), which was added to 
the castle at Heidelberg by Johannes Schoch.

Flanders and Holland. In the Low Countries, Flanders, 
because of trade and finance, was in close communication 
with Italy from the 15th Century. As a result, there are 
slight hints of the Renaissance style in the Flemish archi­
tecture of the early 16th Century, as in the palace of Mar­
garet of Austria, now the Palais de Justice (1507-25), at 
Mechelen (Malines), completed by Rombout Keldermans.

The most important building of the Flemish Renais­
sance style was the Stadhuis, or Town Hall (1561-65), at 
Antwerp, designed by Loys du Foys and Nicolo Scarini 
and executed by Comelis II Floris (originally de Vriendt 
[1514-75]). It was decided to replace Antwerp’s small 
medieval town hall with a large structure, 300 feet long, 
in thé new style, as a reflection of Antwerp’s prosperity 
as the leading northern port of the 16th Century. As with 
many northem buildings, there is a lack of monumental- 
ity, for its physical hugeness is not expressed in the details. 
There is a low basement with a rusticated arcade, which 
was originally used by traders during fairs. Above are two 
Principal stories with superimposition of Doric and Ionic 
pilasters, between which large Windows almost completely 
open each bay (Figure 68).

The advent of the Baroque style early in the 17th Century 
replaced the Renaissance in Flanders much sooner than 
it did in Germany. Among the few examples of the 16th- 
century Renaissance style in Holland were the town hall 
(1597) at Leiden and the town hall (c. 1564) at The Hague.

England. The Renaissance style of architecture made 
a very timid appearance in England during the first half 
of the 16th Century, and it was only from about 1550 
that it became a positive style with local qualities. In 
fact, the Gothic style continued in many parts of England 
throughout most of the 16th Century, and English Renais­
sance architecture was a very original fusion of the Tudor 
Gothic and classical styles. This style flourished until the 
early 17th Century when Inigo Jones created a much 
more Italianate style that gradually replaced the English 
Renaissance style.

During the reign of Henry VIII (1509-47), some ele­
ments of Italian Renaissance decoration were imported by 
England through a few minor Italian artists, such as Pietro 
Torrigiani, who executed the tomb (1512-18) of Henry VII 
in Westminster Abbey. At the great palace of Hampton 
Court, begun by Cardinal Wolsey in 1515 and continued 
by Henry VIII until 1540, a few bits of Italian Renais­
sance decoration have been added, although the stmeture 
is completely in the Tudor manner. On the gateways are 
several terra-cotta medallions by the Italian Giovanni da

Maiano, and there is a symmetry and regularity in the 
plan of the palace that hints of the Renaissance.

The Renaissance style really begins in England in the 
middle of the 16th Century in architecture built for the 
circle of the Lord Protector Somerset, who served as re­
gent after Henry VIIFs death. During the 16th Century 
the patron played a much greater role in the development 
of English Renaissance architecture than did the architect; 
there were almost no professional architects who were 
trained as the Italians were in the theory of design and 
building. Most of the building was executed by mason or 
carpenter designers. A typical example of the role of the 
patron in introducing the Renaissance style of England 
is to be found in the quadrangle that John Caius added 
to Gonville Hall (now Gonville and Caius) at Cambridge. 
Caius had spent a long time in Italy as well as elsewhere 
in Europe. The architecture of the new court was basically 
Tudor Gothic, but Caius planned three gateways in con- 
nection with the court, two of which were in the Italian 
style. The three gates were to mark the progress of the 
student through the university. At the entrance was the 
Gate of Humility (1565), a modest doorway, now in the 
Master’s garden. The Gate of Virtue (after 1565), opening 
into the new quadrangle, is a fine classical portal with 
Ionic pilasters, but with a Tudor Gothic many-centred 
arch for the opening. Finally, the Gate of Honour (1573) 
is a separate tiny triumphal arch leading out toward the 
schools for the final disputation and degree. Caius proba­
bly designed these gates with the aid of the Flemish 16th- 
century architect Theodore dte Have.
There was little religious architecture created in England 

during the 16th Century, in part because of the break of 
Henry VIII with Rome. It is in the great country houses 
of the nobility that the Renaissance style is visible. Sir 
John Thynne, steward to the Lord Protector Somerset, 
designed several notable examples. The finest of these was 
his own house, Longleat (1568-c. 1580), on which he had 
the assistance of the mason Robert Smythson, who was to 
be the leading architect of the late 16th Century. Except 
for the symmetry of the plan, arranged around two courts, 
there was little new in planning at Longleat, lor the Tudor 
house was usually organized about a court. The typical 
English great hall at Longleat was an element derived from 
the hall of the medieval castle and retained in English 
architecture through the 16th Century. The main entrance 
of the house opens directly into one end of the great hall, 
but a low screen at the end of the hall, topped by a mu- 
sicians’ gallery, forms a passageway. In elevation Longleat 
is a long, horizontal building with a wealth of Windows; 
it is one of the most open secular buildings in Europe of 
the 16th Century. There is a rectangular quality about the
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Figure 67: Porch of the Rathaus (Town Hall), Cologne, by Wilhelm Vernuiken, 1569-73.
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Figure 68: Stadhuis (Town Hall), Antwerp, designed by Loys du Foys and Nicolo Scarini and 
executed by Cornelis II Floris, 1561-65.
Fotowerken Frans Claes, Antwerp, © Sabam-Brussels

whole exterior that is characteristic of English architecture; 
it is augmented by the repeated use of the bay window 
unit. There are now three stories on the exterior, with the 
correct classical superimposition of the Doric order on the 
ground floor and Ionic and Corinthian orders above, but 
the third story was probably added after Thynne’s death, 
replacing a pitched roof and dormers (Figure 69, right).

Robert Smythson, who aided Thynne at Longleat, later 
designed and built several notable houses, the finest being 

Wollaton Wollaton Hall (1580-88) near Nottingham. Wollaton has 
Hall a magnificent site on a small hill overlooking a large park.

The plan of the house is a square with four square corner 
towers, resembling a plan in the treatise on architecture by 
Serlio, whose book was influential in English Renaissance 
architecture. The great hall is in the centre of the square; 
it rises an extra story above the whole building. The house 
has a low basement story that contained the kitchens and 
service rooms; it is one of the first buildings to use this 
arrangement, which became common in the history of 
later English and American architecture. On the exterior 
the massing is that of a rectangular block the rectilinear 
quality of which is further emphasized by the numerous 
many-mullioned rectangular Windows (Figure 69, left). 
The decoration is completely classical, with superimposed 
pilasters, round-arched niches, and classical balustrades, 
but it shows touches of Italian Mannerism, which came 
into England primarily from Flanders. The pilasters and 
half columns have raised bands across their middles, and 
the gables crowning the corner towers are decorated with

Flemish strapwork (i.e., bands raised in relief assuming 
curvilinear forms suggestive of leather straps). Other ex­
amples of this style are Hardwick Hall (1590-97) in Der- 
byshire, probably by Smythson; Kirby Hall (about 1570- 
78) in Northamptonshire, perhaps by the mason Thomas 
Thorpe; and Montacute House (1588-1601) in Somerset.

Eastern Europe. Because of the unstable political Sit­
uation in eastern Europe, the appearance there of the 
Renaissance style of architecture is very sporadic and usu­
ally closely dependent upon the ruling Personalities. The 
election in 1458 of Matthias Corvinus as king of Hungary The 
marks the first serious interest in this region in the new patronage 
architectural style. Matthias had translations prepared of of Matthias 
the Contemporary Italian architectural treatises of Filarete Corvinus 
and Alberti and in 1467 invited to Hungary briefly the 
Bolognese architect and engineer Aristotele Fioravanti.
The buildings designed for Matthias, such as his hunting 
lodge of Nyek, have been destroyed. The Bakócz Chapel 
(1507) erected by Cardinal Tarnas Bakócz as his sepul- 
chral chapel at the Cathedral of Esztergom is completely 
Italianate. Built on a Greek-cross plan surmounted by a 
dome, the chapel resembles late 15th-century Florentine 
chapels. Turkish occupation, however, soon delayed the 
adoption of the classical architectural style until the 18th 
Century.
In Russia during the reign of Ivan III the Great (1462- 

1505), as Tatar pressure lessened and Moscow gradually 
assumed importance, there was a brief interest in Western 
cultural developments. Thus, in 1475 Fioravanti, who had

A.F. Kersting

Figure 69: Renaissance architecture in England.
(Left) Wollaton Hall, near Nottingham, by Robert Smythson, 1580-88. (Right) Longleat, 
Wiitshire, probably designed by S ir John Thynne and Robert Smythson, 1568-c. 1580.
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Figure 70: Letohradek, or garden belvedere (summerhouse), 
Prague, 1538-63.
By courtesy of the Ministry of Culture, Prague; photograph, Vladimir Fyman
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been in Hungary earlier, was brought to Moscow. Soon 
Tsar Ivan resolved to rebuild the Kremlin, most of which 
was still of wood. From 1485 to 1516 the Italian architects 
Antonio Solario and Marco Ruffo enclosed the Kremlin 
with brick walls and erected within them the Granovi- 
taya Palace (1487-91). This was a two-story blocklike 
palace with a rusticated exterior, as its name (granovitaya, 
“faceted”) indicates, in the manner of early Renaissance 
palaces of Bologna and Ferrara. Cultural contacts with 
the West then diminished under the impact of rising na- 
tionalism until the reign of Peter the Great in the early 
18th Century.
The Renaissance architectural style appears in Poland un­

der the late Jagiellon dynasty, and especially in the reign of 
Sigismund I (1506-48), whose wife came from the Sforza 
family of Lombardy. The rebuilding of his Wawel Castle 
(1507-36) in Krakow was begun by the Italian Francesco 
della Lore and continued by Bartolommeo Berecci of 
Florence. It presents a blend of local Gothic and 15th- 
century Italian architecture. The great courtyard has three 
stories of loggias; the two lower ones, with semicircular 
arches on squat Ionic columns, suggest the new style, but 
the much taller upper story, with the steep roof supported 
by excessively slender posts, betrays a medieval wooden 
tradition. The mortuary chapel (1517-33) for Sigismund 
attached to the Wawel Cathedral in Krakow, also after the 
design of Berecci, represents one of the richest examples 
of the Italian Renaissance style in central Europe. Square 
in plan, each wall is divided by elaborately carved pilasters 
into a wide central bay for the tombs or altar, flanked 
by narrower bays with statue niches. Above, a coffered, 
semicircular dome rests on a drum with great circular 
Windows. Unlike the other central European countries, 
in Poland Renaissance architecture continued to flourish 
throughout the remainder of the 16th Century. In 1578 
Jan Zamoyski, chancellor of Poland, commissioned the 
Venetian architect Bemardo Morando to design the for- 
tified town of Zamosc following the latest Italian ideas. 
The resultant town with Street arcades resembles those of 
northem Italy.
The shift from the Gothic style to the Renaissance in 

Bohemia is visible in the architecture of the leading late 
15th-century architect in Prague, Benedikt Ried. The in­
terior of his Vladislav Hall, Prague (1493-1510), with its 
intertwining ribbon vaults, represents the climax of the 
late Gothic; but as the work on the exterior continued, the 
ornamental features of Windows and portals are classical. 
Religious architecture continued in the Gothic mode, and 
most secular architecture was local in style with only a 
slight influence from the Italianate Renaissance. A few

minor royal commissions were more classical, such as 
the Letohradek (1538-63), or garden belvedere (summer­
house), at Prague for Queen Anne, wife of Ferdinand I, 
with its delicate exterior arcade (Figure 70). The nearby 
tennis court (1565-68), designed by Bonifaz Wolmut, is 
in a heavier classicism expressed by the alternation of 
engaged Ionic half columns with deeply recessed arched 
openings. Several castles or large houses like that at 
Opocno (1560-67) or of Bucovice (1566-87), designed 
by the Italian Pietro Ferrabosco, had spacious courtyards 
with arcades on classical columns. (D.R.C./DJ.Wa.)

Baroque and Rococo

Baroque and late Baroque, or Rococo, are loosely de- 
fined terms, applied by common consent to European art 
of the period from the early 17th Century to the mid- 
18th Century.
Baroque was at first an undisguised term of abuse, prob­

ably derived from the Italian word barocco, which was 
a term used by philosophers during the Middle Ages to 
describe an obstacle in schematic logic. Subsequently, this 
became a description for any contorted idea or involuted 
process of thought. Another possible source is the Por- 
tuguese word barroco, with its Spanish form barrueco, 
used to describe an irregulär or imperfectly shaped pearl; 
this usage still survives in the jeweler’s term baroque pearl.
The derivation of the word Rococo is equally uncertain, 

though its source is most probably to be found in the 
French word rocaille, used to describe shell and pebble 
decorations in the 16th Century. In the 18th Century, how­
ever, the scope of the word was increased when it came 
to be used to describe the mainstream of French art of 
the first half of the Century; Neoclassical artists used it as 
a derogatory term. Fundamentally a style of decoration, 
Rococo is much more a facet of late Baroque art than an 
autonomous style, and the relationship between the two 
presents interesting parallels to that between High Renais­
sance and Mannerist art. (P.C.-B./D.J.Wa.)

During the Baroque period (c. 1600-1750), architecture, 
painting, and sculpture were integrated into decorative 
ensembles. Architecture and sculpture became pictorial, 
and painting became illusionistic. Baroque art was es- 
sentially concemed with the dramatic and the illusory, 
with vivid colours, hidden light sources, luxurious ma- 
terials, and elaborate, contrasting surface textures, used 
to heighten immediacy and sensual delight. Ceilings of 
Baroque churches, dissolved in painted scenes, presented 
vivid views of the infinite to the worshiper and directed 
him through his senses toward heavenly concerns. Sev-
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enteenth-century Baroque architects made architecture a 
means of propagating faith in the church and in the state. 
Baroque palaces expanded to command the infinite and 
to display the power and order of the state. Baroque space, 
with directionality, movement, and positive molding, con- 
trasted markedly with the static, stable, and defined space 
of the High Renaissance and with the frustrating conflict 
of unbalanced spaces of the preceding Mannerist period. 
Baroque space invited participation and provided multi­
ple changing views. Renaissance space was passive and 
invited contemplation of its precise symmetry. While a 
Renaissance statue was meant to be seen in the round, a 
Baroque statue either had a principal view with a preferred 
angle or was definitely enclosed by a niche or frame. A 
Renaissance building was to be seen equally from all sides, 
while a Baroque building had a main axis or viewpoint 
as well as subsidiary viewpoints. Attention was focused 
on the entrance axis or on the central pavilion, and its 
symmetry was emphasized by the central culmination. A 
Baroque building expanded in its effect to include the 
square facing it, and often the ensemble included all the 
buildings on the square as well as the approaching streets 
and the surrounding landscape. Baroque buildings domi- 
nated their environment; Renaissance buildings separated 
themselves from it.
The Baroque rapidly developed into two separate forms: 

the strongly Roman Catholic countries (Italy, Spain, Por­
tugal, Flanders, Bohemia, Southern Germany, Austria, and 
Poland) tended toward freer and more active architec­
tural forms and surfaces; in Protestant regions (England, 
the Netherlands, and the remainder of northem Europe) 
architecture was more restrained and developed a sober, 
quiet monumentality impressive in its refinement. In the 
Protestant countries and France, which sought the spirit 
through the mind, architecture was more geometrie, for­
mal, and precise—an appeal to the intellect. In the Roman 
Catholic south, buildings were more complex, freer, and 
done with greater artistic license—an appeal to the spirit 
made through the senses.

Treatises on the orders and on civil and military archi­
tecture provided a theoretical basis for Baroque architects. 
While many 16th-century architects published treatises on 
architecture or prepared them for publication, major 17th- 
century architects published very little. Two fragmentary 
volumes by Francesco Borromini appeared years after his 
death, and Guarino Guarini’s major contribution (though 
he brought out two volumes on architecture before he 
died) did not appear until well into the 18th Century. Other 
Italian publications tended to be repetitions of earlier ideas 
with the exception of a tardily published manuscript of Te- 
ofilo Gallaccini, whose treatise on the errors of Mannerist 
and early Baroque architects became a point of departure 
for later theoreticians.
In France, Francois Blondel and Augustin d’Aviler pub­

lished notes for lectures given at the Academy of Archi­
tecture, but the most important publications were those 
of Fréart de Chambray and Claude Perrault. Perrault at- 
tacked established Italian theory. Other notable French 
works included writings by René Ouvard, André Félibien, 
Pierre Le Muet, and Julien Mauclerc. In England, Sir 
Henry Wotton’s book was an adaptation of Vitruvius, 
and Balthazar Gerbier’s was a compendium of advice for 
builders. Among the notable 17th-century German publi­
cations were books by Georg Boeckler, Josef Furttenbach, 
and Joachim von Sandrart.

During the period of the Enlightenment (about 1700 
to 1780), various currents of post-Baroque art and ar­
chitecture evolved. A principal current, generally known 
as Rococo, refined the robust architecture of the 17th 
Century to suit elegant 18th-century tastes. Vivid colours 
were replaced by pastel shades; diffuse light flooded the 
building volume; and violent surface relief was replaced 
by smooth flowing masses with emphasis only at isolated 
points. Churches and palaces still exhibited an integration 
of the three arts, but the building structure was lightened 
to render interiors graceful and ethereal. Interior and exte­
rior space retained none of the bravado and dominance of 
the Baroque but entertained and captured the imagination 
by intricacy and subtlety.

In Rococo architecture, decorative sculpture and paint­
ing are inseparable from the structure. Simple dramatic 
spatial sequences or the complex interweaving of spaces of 
17th-century churches gave way to a new spatial concept.
By progressively modifying the Renaissance-Baroque hor- Concept 
izontal Separation into discrete parts, Rococo architects of Rococo 
obtained unified spaces, emphasized structural elements, space 
created continuous decorative schemes, and reduced col­
umn sizes to a minimum. In churches, the ceilings of side 
aisles were raised to the height of the nave ceiling to unify 
the space from wall to wall (Church of the Carmine, Turin,
Italy, 1732, by Filippo Juvarra; Pilgrimage Church, Stein- 
hausen, near Biberach, Ger., 1728, by Dominikus Zim­
mermann; Saint-Jacques, Luneville, Fr., 1730, by Germain 
Boffrand). To obtain a vertical unification of structure 
and space, the vertical line of a supporting column might 
be carried up from the floor to the dome (e.g., church 
of San Luis, Seville, Spain, begun 1699, by Leonardo de 
Figueroa). The entire building was often lighted by numer­
ous Windows placed to give dramatic effect (Schloss Brühl, 
near Cologne, Balthasar Neumann, 1740) or to flood the 
space with a cool diffuse light (Pilgrimage Church, Wies,
Ger., Zimmermann, 1745).

ORIGINS AND DEVELOPMENT IN ROME
The work of Carlo Mademo in Rome represented the first 
pure statement of the principles that became the basis 
of most of the architecture of the Western world in the 
17th Century. A northern Italian, Mademo worked most 
of his life in Rome where, about 1597, he designed the 
revolutionary facade of the church of Santa Susanna-(Fig­
ure 71). Roman church facades in the late 16th Century 
tended to be either precise, elegant, and papery thin or 
disjointed, equivocal, and awkwardly massive. Maderno’s 
Santa Susanna facade is an integrated design in which 
each element contributes to the central culminating fea­
ture. Precision and elegance were relinquished to gain vi- 
tality and movement. Disjointed and ambiguous features 
were suppressed to achieve unity and harmony. A tow- 
ering massiveness obtained by an increased surface relief

Alinari— Art Resource/EB Inc.

Figure 71: Facade of Santa Susanna, Rome, by Carlo 
Maderno, c. 1597.
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and quickened rhythm of architectural members toward 
the centre replaced the papery-thin walls and hesitant 
massiveness of the 16th Century. Vertical unification was 
achieved by breaking the entablature at similar places on 
both stories and by repeating pilasters and columns at 
both levels. Mademo also conceived the facade as part 
of an integrated unit, including the two-story church and 
one-story associated areas to either side, and thereby gave 
form to the Baroque desire to associate buildings, Street 
facades, and squares in a continuous whole.

The basic premises of the early Baroque as reaffirmed 
by Mademo in the facade and nave of St. Peter’s, Rome 

\esthetic (1607), were: (1) Subordination of the parts to the whole to
Drinciples achieve unity and directionality; (2) progressive alteration 
3f early of pilaster rhythm and wall relief to emphasize massive- 
Baroque ness, movement, axiality, and activity; and (3) directional 
irchi- emphasis in interiors through diagonal views and culmi-
[ecture nating light and spatial sequences (Figure 72).

The three great masters of the Baroque in Rome were 
Gian Lorenzo Bemini, Francesco Borromini, and Pietro 
da Cortona. Bemini, also a brilliant sculptor, designed 
both the baidachin (an ornamental canopy-like stmeture) 
with bronze spiral columns over the grave of St. Peter 
(1624-33) and the vast enclosing colonnade (begun 1656) 
that forms the piazza of St Peter’s. He was responsible 
also for the facade of the Palazzo Chigi-Odescalchi (1664), 
a model for later urban palaces, and the exquisite oval 
church of Sant’Andrea al Quirinale (1658-70), the epit- 
ome of richly coloured marble-encrusted church interiors.

In contrast to Bemini, Borromini preferred monochro- 
matic interiors. The buildings of Borromini, who came 
from northem Italy, are characterized by their inventive 
transformations of the established vocabulary of space,

Figure 73: San Carlo alle Quattro Fontane, Rome, by 
Francesco Borromini, 1634-41.
Alinari— Art Resource/EB Inc.

light, and architectural elements in order to increase the 
content of their work. Borromini’s works, composed of 
fluid and active concave and convex masses and sur­
faces (San Carlo alle Quattro Fontane, 1634-41; Figure 
73), contain spaces that are intricate, geometrically de- 
rived irregulär ovals, octagons, or hexagons (Sant’Ivo della 
Sapienza, 1642-60). His late palace facade for the College 
of the Propagation of the Faith (1646-67) was a bold and 
vigorous essay that became a major source for Rococo 
architects in the early years of the 18th Century.

Pietro da Cortona’s early design for the Villa del Pigneto, 
near Rome (before 1630), was derived from the ancient 
Roman temple complex at Palestrina, Italy, and decisively 
altered villa design; his San Luca e Santa Martina, Rome 
(1635), was the first church to exhibit fully developed high 
Baroque characteristics in which the movement toward 
plasticity, continuity, and dramatic emphasis, begun by 
Maderno, achieved fruition. Pietro’s reworking of a small 
square in Rome to include his facade of Santa Maria della 
Pace (1656-59) as an almost theatrical element is a cogent 
example of the Baroque insistence on the participation of 
a work in its environment.

In the early years of the 18th Century in Rome, parallel 
to the development of Rococo in France, renewed interest 
in the work of Borromini was shown by Alessandro Spec- 
chi in his Ripetta Gate (1704), and by Filippo Juvarra, a 
gifted, if unorthodox, pupil of Carlo Fontana, in his early 
architectural projects and scene designs. Italian Rococo 
developed out of this new interest in Borromini. In Rome 
the Rococo developed further with the so-called Spanish 
Steps (1723) by Francesco de Sanctis; the facade of Santa 
Maria della Quercia (begun 1727) and Piazza Sant’Ignazio 
(1727) by Filippo Raguzzini; and, in Piedmont, Santa 
Caterina, Casale Monferrato (1718) by Giovanni Battista 
Scapitta.

NATIONAL AND REGIONAL VARIATIONS
Italy. Architects in northem Italy, notably Guarino 

Guarini, Filippo Juvarra, and Bemardo Vittone, developed 
a Baroque style of great stmctural audacity. Guarini’s San 
Lorenzo (1668-80) and Palazzo Carignano (1679), both
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in Turin, have swelling curvilinear forms, terra-cotta con­
struction, exposed structural members, and intricate spa­
tial compositions that show his relation to Borromini and 
also represent significant developments in the relationship 
between structure and light. Juvarra’s Palazzo Madama, 
Turin (1718-21), has one of the most spectacular of all 
Baroque staircases, but the true heir to Guarini was Vit- 
tone. To increase the vertical effect and the unification 
of space in churches such as Santa Chiara, Bra (1742), 
Vittone raised the main arches, eliminated the drum, and 
designed a double dome in which one could look through 
spherical openings puncturing the inner dome and see the 
outer shell painted with images of saints and angels: a 
glimpse of heaven.

Spain. Spanish Baroque was similar to Italian Baroque 
but with a greater emphasis on surface decorations. Alonso 
Cano, in his facade of the Granada cathedral (1667), and 
Eufrasio López de Rojas, with the facade of the cathedral 
of Jaén (1667), show Spain’s absorption of the concepts 
of the Baroque at the same time that it maintained a 
local tradition. The greatest of the Spanish masters was 
José Benito Churriguera, whose work shows most fully the 
Spanish Baroque interest in surface texture and decorative 
detail (Figure 74). His lush omamentation attracted many 
followers, and Spanish architecture of the late 17th Century 
and early 18th Century has been labeled Churrigueresque. 
Narciso and Diego Tomé, in the University of Valladolid 
(1715), and Pedro de Ribera, in the facade of the San Fer­
nando Hospital (now the Municipal Museum) in Madrid 
(1722), proved themselves to be the chief inheritors of 
Churriguera.
The outstanding figure of 18th-century Spanish architec­

ture was Ventura Rodriguez, who, in his designs for the 
Chapel of Our Lady of Pilar in the cathedral of Saragossa 
(1750), showed himself to be a master of the developed 
Rococo in its altered Spanish form; but it was a Fleming, 
Jaime Borty Miliä, who brought Rococo to Spain when 
he built the west front of the cathedral of Murcia in 1733.

Robert Frerck/Odyssey Productions

Figure 74: Facade of the church of San Esteban, Salamanca, 
by José  Benito Churriguera, 1693.

Flanders. Roman Catholicism, political Opposition to 
Spain, and the painter Peter Paul Rubens were all respon- 
sible for the astonishing full-bodied character of Flemish 
Baroque. Rubens’ friends Jacques Francart and Pieter 
Huyssens created an influential northem centre for vigor- 
ous expansive Baroque architecture to which France, En­
gland, and Germany tumed. Francart’s Béguinage Church 
(1629) at Mechelen (Malines) and Huyssens’ St. Charles 
Borromeo (1615) at Antwerp set the stage for the more 
fully developed Baroque at St. Michel (1650) at Louvain, 
by Willem Hesius, as well as at the Abbey of Averbode 
(1664), by Jan van den Eynde.

Holland. Seventeenth-century architecture in Holland, 
in contrast, is marked by sobriety and restraint. Pieter 
Post, noted for the Huis ten Bosch (1645) at The Hague 
and the Town Hall of Maastricht (c. 1658), and Jacob van 
Campen, who built the Amsterdam Old Town Hall (1648; 
now the Royal Palace), were the principal Dutch architects 
of the 17th Century. After the middle of the Century, Dutch 
architecture exerted influence on architecture in France 
and England. Dutch colonial architecture was especially 
evident in the 17th and 18th centuries in the Hudson 
River Valley of North America and the Dutch West Indies 
(notably Willemstad on the island of Curagao).

France. Salomon de Brosse’s Luxembourg Palace (1615) 
in Paris and Chäteau de Blérancourt (1614), northeast of 
Paris between Coucy and Noyon, were the bases from 
which Franpois Mansart and Louis Le Vau developed 
their succession of superb country houses.
Mansart was the more accomplished of the two architects, 

and his Orléans wing of the Chäteau de Blois (1635) in 
the Loire Valley and Maisons-Laffitte, near Paris (1642), 
are renowned for their high degree of refinement, subtlety, 
and elegance. Mansart’s church of Val-de-Gräce (1645) in 
Paris and his designs for the Bourbon mausoleum (1665) 
established the full Baroque in France; it was a rich, sub- 
tle Baroque that was quiet in its strength and restrained 
in its vigour.

Le Vau was Mansart’s only serious competitor, and in 
1657, with his Chäteau de Vaux-le-Vicomte, near Paris, 
he fired the imagination of Louis XIV and of his finance 
minister Jean-Baptiste Colbert. Vaux, though exhibiting 
certain Dutch influences, is noted for its integration of 
Le Vau’s architecture with the decorative ensembles of 
the painter and designer Charles Le Brun and the gar­
den designs of landscape architect André Le Nótre. By 
serving as a model for Louis XIV’s Palace of Versailles, 
the complex at Vaux was perhaps the most important 
mid-century European palace. Le Vau showed a sensi- 
tivity to Italian Baroque architecture that was unusual 
in a French architect, and his College of Four Nations 
(1662; now the Institute of France) in Paris owes much 
to the Roman churches of Santa Maria della Pace by 
Pietro da Cortona and Sant’Agnese in Agone (1652-55) 
in the Piazza Navona by Borromini and Carlo Rainaldi. 
Le Vau, Le Nótre, and Le Brun began working at Ver­
sailles within a few years of their success at Vaux, but the 
major expansion of the palace did not occur until after 
the end of the Queen’s War (1668). At Versailles, Le Vau 
showed his ability to deal with a building of imposing 
size. The simplicity of his forms and the rich, yet re­
strained, articulation of the garden facade mark Versailles 
as his most accomplished building. Le Nótre’s inventive 
disposition of ground, plant, and water forms created a 
wide range of vistas, terraces, gardens, and wooded areas 
that integrated palace and landscape into an environment 
emphasizing the delights of continuity and Separation, of 
the infinite and the intimate. Upon Le Vau’s death, Jules 
Hardouin-Mansart, grandnephew of Frangois, succeeded 
him and proved himself equal to Louis XIV’s desires by 
more than trebling the size of the palace (1678-1708). 
Versailles became the palatial ideal and model throughout 
Europe and the Americas until the end of the 18th Cen­
tury. A succession of grand palaces was built, including 
the following: Castle Howard and Blenheim Palace by Sir 
John Vanbrugh in England; the Residenz of Würzburg, 
Ger. (1719), by Neumann; the Zwinger in Dresden, Ger. 
(1711), by Matthäus Daniel Pöppelmann; the Belvedere, 
Vienna (1714), by Johann Lukas von Hildebrandt; the
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Figure 75: Dome des Invalides, Paris, by Jules 
Hardouin-Mansart. c. 1675.
Leo de Wys Inc./J. Messerschmidt

Royal Palace at Caserta, Italy (1752), by Luigi Vanvitelli; 
and the Royal Palace (National Palace) at Madrid (1736), 
by Giovanni Battista Sacchetti.

Hardouin-Mansart’s Dome des Invalides, Paris (c. 1675), 
is generally agreed to be the finest church of the last half 
of the 17th Century in France (Figure 75). The correctness 
and precision of its form, the harmony and balance of its 
spaces, and the soaring vigour of its dome make it a land­
mark not only of the Paris skyline but also of European 
Baroque architecture.

After Nicolas Pineau retumed to France from Russia, he, 
with Gilles-Marie Oppenordt and Juste-Aurèle Meissonier, 
with their increasing concern for asymmetry, created the 
füll Rococo. Meissonier and Oppenordt should be noted 
too for their exquisite, imaginative architectural designs, 
unfortunately never built (e.g., facade of Saint-Sulpice, 
Paris, 1726, by Meissonier).

Origins of The early years of the 18th Century saw the artistic cen- 
the Rococo tre of Europe shift from Rome to Paris. Pierre Lepautre, 
style working under Hardouin-Mansart on the interiors of the

Chäteau de Marly (1679), invented new decorative ideas 
that became the Rococo. Lepautre changed the typical late 
17th-century flat arabesque, which filled a geometrically 
constructed panel, to a linear pattem in relief, which was 
enclosed by a frame that determined its own shape. White- 
and gold-painted 17th-century interiors (the central salon 
of the palace at Versailles) were replaced by vamished 
natural-wood surfaces (Chäteau de Meudon, Cabinet ä la 
Capucine) or by painted pale greens, blues, and creams 
(Cabinet Veit, Versailles, 1735). The resulting delicate 
asymmetry in relief and elegant freedom revolutionized 
interior decoration and within a generation exerted a 
profound effect on architecture. Architects rejected the 
massive heavy relief of the Baroque in favour of a light 
and delicate, but still active, surface. Strong, active, and 
robust interior spaces gave way to intricate, elegant but 
restrained spatial sequences.

England. The late designs of Inigo Jones for Whitehall 
Palace (1638) and Queen’s Chapel (1623) in London intro- 
duced English patrons to the prevailing architectural ideas 
of northem Italy in the late 16th Century. Although he was 
influenced heavily by 16th-century architects such as Pal­
ladio, Serlio, and Vincenzo Scamozzi, Jones approached 
the Baroque spirit in his late works by unifying them with 
a refined compositional vigour. Sir Christopher Wren pre- Wren as a 
sented English Baroque in its characteristic restrained but Baroque 
intricate form in St. Stephen’s, Walbrook, London (1672), architect 
with its multiple changing views and spatial and struc­
tural complexity. Wren’s greatest achievement, St. Paul’s 
Cathedral, London (1675-1711), owes much to French 
and Italian examples of the Baroque period; but the plan 
shows a remarkable adaptation of the traditional English 
cathedral plan to Baroque spatial uses (Figure 76). Wren is 
notable for his large building complexes (Hampton Court 
Palace, 1689, and Greenwich Hospital, 1696), which, in 
continuing the tradition of Inigo Jones, paved the way 
for the future successes of Sir John Vanbrugh. Van- 
bmgh’s Castle Howard in Yorkshire (1699) and Blenheim 
Palace in Oxfordshire (1705) mark the culmination of the 
Baroque style in England.
Even in England, reflections of an interest in continu- 

ous curvilinear form inspired by Borromini and Bemini 
may be seen in isolated examples such as St. Philip, Bir­
mingham (1710), by Thomas Archer.
Central Europe. A stable political Situation in central 

Europe and the vision of Rudolf II in Prague in the 
late 16th and early 17th centuries created an intellectual 
climate that encouraged the adoption of new Baroque 
ideas. The Thirty Years’ War and the defense against the 
encroachments of the expanding French and Ottoman

Perfecta Publications Ltd.; photograph, Sydney W. Newbery

Figure 76: West facade of St. Pau l’s Cathedral, London, by Sir 
Christopher Wren, 1675-1711.
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Figure 77: Interior of the church of the Benedictine abbey at Ottobeuren, Ger., by Johann 
Michael Fischer, begun 1744.
Angelo Hornak

empires, however, absorbed all of the energies of central 
Europe. The fully developed Baroque style appeared in 
Germany, Austria, Bohemia, and Poland after 1680 but 
flourished only after the end of the debilitating War of the 
Spanish Succession (1714). In the late 17th and early 18th 
centuries, Germany and Austria tumed for their models 
principally to Italy, where Guarini and Borromini exerted 
an influence on Johann Bernhard Fischer von Erlach and 
Johann Lucas von Hildebrandt. The third Austrian master, 
Jakob Prandtauer, on the other hand, came from a local 
stonemason tradition and worked primarily for monastic 
orders. Fischer von Erlach’s University Church in Salzburg 
(1696) is particularly noteworthy and shows direct Italian 
inspiration, while the Karlskirche, Vienna (1715), demon- 
strates his original, mature phase. Hildebrandt’s Belvedere

K. Scholz/H. Armstrong Roberts, Inc.

Figure 78: Smolny Cathedral, Leningrad, by Bartolomeo 
Rastrelli, 1748-55.

palace in Vienna and Prandtauer’s superbly sited Abbey 
of Melk overlooking the Danube (1702) are among their 
most notable works.
In Bohemia the developed, or high, Baroque was heralded 

by the work of a French architect, Jean-Baptiste Mathey, 
who carried both Roman and French ideas to Prague from 
Rome in 1675. The Bavarian Christoph Dientzenhofer, 
however, transformed architecture in Prague and Bohemia 
with his boldly conceived buildings in the high Baroque 
style (Prague, nave of St. Nicholas, 1703, and Bfevnov, 
Benedictine church, 1708).
The spectacular Rococo of central Europe, Germany, 

and Austria, which by 1720 had begun to influence Ital­
ian architecture, grew out of a fusion of Italian Baroque 
and French Rococo. Its chief monuments are to be found 
in the Roman Catholic regions. Johann Michael Fischer, 
Balthasar Neumann, the brothers Cosmas Damian and 
Egid Quirim Asam, and Dominikus Zimmermann were 
the most accomplished of the native architects, while the 
Frenchmen Francois de Cuvilliés, Philippe de La Guêpière, 
and Nicolas de Pigage made the most important foreign 
contributions to mid-century architecture in Germany.
Fischer’s austere, dignified facade of the church at 

Diessen (1732) and his masterpiece of integrated painting, 
decorative stucco, sculpture, and architecture, the Bene­
dictine abbey of Ottobeuren (1744), are landmarks of the 
Bavarian Rococo (Figure 77). Neumann’s joyous, airy Ro­
coco Pilgrimage Church at Vierzehnheiligen (1743) and 
his later, more restrained Benedictine abbey at Neresheim 
(1745) characterize the increasing influence of classicism 
in Germany. In the north, in Berlin, Georg Wenzeslaus 
von Knobelsdorff altemated between Rococo (Potsdam, 
Sanssouci, 1745) and neo-Palladian classicism (Berlin, 
Opera House, 1741). Two influential country houses, La 
Guêpière’s Solitude, near Stuttgart (1763), and Cuvilliés’s 
Amalienburg, Munich (1734), exquisitely graceful and re- 
fined, are examples of French influence in Württemberg 
and Bavaria. (H .A .M ./D .J.W a.)

Russia. The Baroque appeared in Russia toward the 
end of the 17th Century. The Russians imaginatively trans­
formed its modes into a clearly expressed national style 
that became known as the Naryshkin Baroque, a delightful 
example of which is the Church of the Intercession of the 
Virgin at Fili (1693) on the estate of Boyarin Naryshkin, 
whose name had become identified with this phase of the 
Russian Baroque.
Western Europeans brought the prevailing Baroque styles 

characteristic of their own countries, but the very different 
artistic and physical setting of St. Petersburg produced 
a new expression, embodying Russia’s peculiar sense of 
form, scaie, colour, and choice of materials. The trans­
formed Baroque eventually spread all over Russia and,
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with its vast register of variations, developed many re­
gional idioms.

A French architect, Nicolas Pineau, went to Russia 
in 1716 and introduced the Rococo style to the newly 
founded city of St. Petersburg (e.g., Peter’s study in Peter- 
hof, before 1721). The Rococo in Russia flourished in St. 
Petersburg under the protection of Peter I and Elizabeth. 
Peter’s principal architect, Gaetano Chiaveri, who drew 
heavily on northem Italian models, is most noted for the 
library of the Academy of Sciences (1725) and the royal 
churches of Warsaw and Dresden. Bartolomeo Rastrelli 
was responsible for all large building projects under the 
reign of Elizabeth, and among his most accomplished de­
signs in St. Petersburg (now Leningrad) are the Smolny 
Cathedral (Figure 78) and the turquoise and white Winter 
Palace. (A .Vo./H .A .M .)
Colonial architecture in the Americas. North America. 

The colonial architecture of the United States and Canada 
was as diverse as the peoples who settled there: English, 
Dutch, French, Swedish, Spanish, German, Scots-Irish. 
Each group carried with it the style and building customs 
of the mother country, adapting them as best it could to 
the materials and conditions of a new land. Thus, there 
were several colonial styles. The earliest buildings of all 
but the Spanish colonists were medieval in style: not the 
elaborate Gothic of the great European cathedrals and 
manor houses but the simple late Gothic of village houses 
and bams. These practical stmctures were well adapted to 
the pioneer conditions that prevailed in the colonies until 
about 1700, and few changes were needed to adapt them 
to the more severe climate. The styles were frank expres- 
sions of functional and structural requirements, with only 
an occasional bit of ornament. So far as is known, no 
single new structural technique or architectural form was 
invented in the North American colonies.

There were seven reasonably distinct regional colonial 
styles: (1) the New England colonial, visible in almost 
100 surviving 17th-century houses, was predominantly of 
wood construction with hand-hewn oak frames and clap- 
board siding; its prototypes are to be found chiefly in the 
southeastem counties of England. (2) The Dutch colo­
nial, centring in the Hudson River Valley, western Long 
Island, and in northem New Jersey, made more use of 
stone and brick or a combination of these with wood; its 
prototypes were in Holland and Flanders. The style per- 
sisted in this region until after the American Revolution. 
(3) The Swedish colonial Settlement, established in 1638 
along the lower Delaware River, was of short duration 
but contributed the log cabin (in the sense of a stmeture 
with round logs, notched at the corners and with protrud- 
ing ends) to American architecture. (4) The Pennsylvania

colonial style was late in origin (the colony was not 
founded until 1681) and rapidly developed into a sophis­
ticated Georgian mode, based on English precedents. A 
local variant, often called Pennsylvania Dutch, evolved in 
the southeastem counties where Germans settled in large 
numbers after 1710. (5) The Southern colonial flourished 
in Maryland, Virginia, and the Carolinas. Story-and-a-half 
brick houses, sometimes with large projecting end chim- 
neys and decorative brick masonry, prevailed. (6) The 
French colonial, stemming from medieval French sources, 
evolved in Canada in the Maritime Provinces and the St. 
Lawrence Valley. The earliest impressive stmeture was the 
Habitation of the French explorer Samuel de Champlain, 
built at Port Royal, N.S., in 1604. Most of the surviv­
ing early houses of New France are to be found in the 
province of Quebec. The French settled the Great Lakes 
and Mississippi regions by the late 17th Century and intro­
duced the Quebec style. Far to the south, Louisiana was 
established as a colony in 1699, and New Orleans became 
the Capital in 1718. There grew up a distinctive regional 
style in the close-packed streets of the Vieux Carré of New 
Orleans and in the quiet plantations of the bayou coun­
try. (7) The Spanish colonial style in the United States 
extended geographically and chronologically from St. Au­
gustine in 1565 to San Francisco in 1848. The five great 
mission fields were in Florida, New Mexico (from 1598), 
Texas, Arizona (both from 1690), and California (from 
1769). Unlike other colonial styles, which were essentially 
medieval, the Spanish colonial followed the Renaissance 
and Baroque styles of Spain and Mexico.

The architectural style of the 18th Century in England 
and in the English colonies in America was called Geor­
gian. There are slight differences in usages of the term in 
the two countries. In England, Georgian refers to the mode 
in architecture and the allied arts of the reigns of George 
I, II, and III, extending from 1714 to 1820. In America, 
Georgian refers to the architectural style of the English 
colonies from about 1700 to the American Revolution in 
the late 1770s. Formal and aristocratie in spirit, it was at 
first based on the Baroque work of Sir Christopher Wren 
and his English followers; but after 1750 it became more 
severely Palladian. Typically, houses were of red brick 
with white-painted wood trim. Interiors had central halls, 
elaborately tumed stair balustrades, paneled walls painted 
in warm colours and white piaster ceilings. All of these 
features were new to the colonies in 1700. Some of the 
earliest Georgian buildings were at Williamsburg, Capital 
of Virginia from 1699 to 1780 (Figure 79); other notable 
examples are Independence Hall, Philadelphia (1745), and 
King’s Chapel, Boston (1750). The style was followed by 
the Federal style, 1780-1820. (Hu.M.)

By courtesy of Colonial Williamsburg, Williamsburg, Virginia

Figure 79: Carter’s Grove, near Williamsburg, Va., attributed to Richard Taliafero, c. 1750-55.
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Spanish South America. The architecture of the first 
half of the 17th Century in Spanish America preserves the 
late classical style of Jüan de Herrera, the 16th-century 
Spanish architect of El Escorial. Herreran austerity, for ex- 
ample, also characterizes San Agustin and Santo Domingo 
in Puebla, Mex., as well as the facade of the cathedral.

Most impressive is the cathedral (1598-1654) of Cuzco, 
Peru, rectangular in plan and Herreran in its sobriety 
except for the early Baroque portal. The Jesuit church 
in Cuzco, whose handsome facade was designed in 1664 
by Diego Martinez de Oviedo, constituted the first late 
Baroque architecture in the Americas. The city abounds 
in handsome churches and palaces, built of Andean stone 
in the second half of the 17th Century, and it is in many 
respects unrivaled in America. At Lima, the rebuilding of 
the monastery of San Francisco (1657-c. 1673) brought a 
new wave of Mudéjar influence in the geometrie designs 
of the plasterwork. The main portal (1674) of the church 
inaugurated in that city the late Baroque type of facade, 
closely resembling a carved altarpiece.
In Bolivia the chief architectural centre was Sucre, where 

Gothic vaults persisted; but otherwise both religious and 
domestic buildings adhered to simple classical designs. 
The Jesuit church of St. Ignatius (c. 1625-50) in Bogota, 
Colom., owes its Italianate classicism to an Italian archi­
tect, the Jesuit priest Father Coluccini. The greatest mas- 
terpiece of Jesuit architecture in North and South America 
is, however, the church La Compania, in Quito. There 
the Mudéjar pattems, which stand out in gold against 
a red background, make the interior (1605-89) of the 
church unforgettably sumptuous. More provincial though 
extremely colourful Mudéjar interiors are characteristic 
of the monastic churches of Tunja, Colom. Due to the 
splendid designs of its monastic buildings, Quito stands 
with Cuzco as one of the major schools of architecture in 
South America.
The first stage of Baroque architecture in Spanish Amer­

ica is generally distinguished by richly sculptured facades, 
whereas the interiors often remain sober settings for re- 
splendently carved and gilded altarpieces. The late Baroque 
altar of spiral columns (Salomonica) was imported from 
Spain about 1650-60. lts translation into stone on the 
facade of a church first occurred (1697-1704) in South 
America in Our Lady of La Merced at Lima, to be fol- 
lowed by San Agustin there and by three churches in 
Cajamarca, Peru.

In this period there appeared in Southern Peru and Bo­
livia a school of architectural decoration characterized by 
native Indian contributions in the primitive manner of 
carving and in the introduction of non-European orna­
ment. The crossbred style is known as mestizo because

it, like the people, is compounded of European and na­
tive Indian stock. Evidences of Indian contribution are 
also found in Mexico throughout the colonial period, 
and there exist parallel phenomena in Central America. 
The first examples of the independent Peruvian-Bolivian 
style are preserved in Arequipa, Peru, where the facade 
(1698) of the Jesuit church La Compania is carved like 
a stone tapestry. Other examples of mestizo style are the 
church of Santiago at Pomata, Peru (c. 1690-1722), San 
Lorenzo (1728-44), and the Jesuit church La Compania 
(1700-07) at Potosi, Bol., and San Francisco (1753-72) at 
La Paz, Bol.
Argentina lay in the outer periphery of the Spanish 

colonies, and its early architecture consisted of provincial 
chapels of rubble and adobe, with the exception of the 
Jesuit monastery La Compania (1654-71) at Córdoba. 
In the 18th Century, two Italian Jesuit architects, Blanco 
and Primoli, established the spacious style of the Italian 
Baroque in the Jesuit estates of Alta Gracia and Santa 
Catalina near Córdoba and in the church of Our Lady of 
Pilar at Buenos Aires.

Baroque architecture reached its climax in Mexico with 
lavishly carved facades in which the tapering pilaster (es- 
ti'pite) was a distinguishing feature. Introduced in Mexico 
City in the Metropolitan Sacristy facade (1749-68) under 
the architect Lorenzo Rodriguez (Figure 80), it spread 
rapidly and appeared in La Santisima, in the Jesuit semi- 
nary at Tepotzotlän, in the churches of Guanajuato, and 
elsewhere. The school of Puebla maintained independence 
in producing an extraordinary array of brilliantly coloured 
exteriors of glazed tiles, both in churches and in count- 
less palaces. The varied geometrie contours of doorways, 
Windows, and roof levels created picturesque effects in 
Mexican buildings of this period.

Throughout Spanish America, cities were designed and 
built on a gridiron plan, with a rectangular plaza in the 
centre and the covered sidewalks {portales) of Mediter- 
ranean tradition. Houses, large or small, were arranged 
about a central patio. Handsome domestic buildings exist 
throughout the region; notable were those in Mexico City 
and Puebla; in South America at Tunja, Potosi, Lima, 
and Cuzco. Many remarkable civil edifices, such as the 
customhouse and viceregal palace, survive in Mexico City, 
whereas elsewhere only the royal mint at Potosi, Bol. 
(1753—73), and the government palace (1764) in Antigua, 
Guat., are comparable in architectural importance. Span­
ish colonial architecture came to an abrupt end with the 
triumph of Neoclassicism (1800).

Brazil. The architecture, language, and culture of Por­
tugal were transplanted to Brazil, which was the only 
major area of non-Spanish origin throughout Latin Amer-

Archivo Mas, Barcelona

Figure 80: Facade of the Metropolitan Sacristy, Mexico City, by Lorenzo Rodriguez, 1749-68.
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ica. Unlike the unified Spanish settlements, the first cities 
were built upon hills in medieval style. Little of impor- 
tance survives from the 16th Century, when buildings were 
mostly of wattle and palm thatch.

The Jesuits carried to Brazil the first significant ecclesias- 
tical style, a severe and undecorated architecture (Olinda, 
1592). With variations, it persisted in Brazil until 1750. 
Plans are rectangular with square sanctuary and sacristy 
directly behind, and basilican structures are few. Long lat­
eral chapels parallel with the nave are an unusual feature, 
derived from Portugal. Vaults and domes are rare, and 
decoration is limited to the occasional use of imported 
blue glazed tiles.

Salvador, the viceregal Capital until 1763, had the closest 
ties with Lisbon; and its architecture reflected Contempo­
rary Portuguese models. A former Jesuit church, now the 
cathedral of Sao Salvador (1657-72), has a late Mannerist 
facade of stone in two principal stories, decorated with 
Doric pilasters and topped by a large attic story. The 
prominent Windows in the second story are typical of Por­
tuguese and Brazilian ecclesiastical and domestic design.

The more exotic Brazilian church facades began to make 
their appearance in the 18th Century; great volutes over 
the centres between square towers created extraordinarily 
ingenious effects. This development can be traced in the 
facades at Sao Salvador, Deodoro, Penedo, Olinda, Joäo 
Pessoa, and elsewhere, in a series of Franciscan churches 
that feature arched open porticos, three Windows in the 
second story, and fantastic volutes crowning the top.

In the last period of Brazilian colonial architecture (1750- 
1822) the court style of Lisbon took hold in Belém and 
the new viceregal Capital (1763) at Rio de Janeiro. The 
neo-Palladian church of the Candelaria (1775) there is the 
most important monument in the early Neoclassical style. 
The Rococo was, however, still well entrenched, and in 
the mining country of Minas Gerais it found its most orig­
inal expression after 1750. There the great sanctuary of 
the Bom Jesüs de Matozinhas at Congonhas do Campo is 
approached by terraces, a provincial version of the shrines 
at Braga and Lamego in Portugal (Figure 81). The oval 
and octagonal plans, which earlier had been introduced at 
Rio and Recife, reached a new development in Säo Pedro 
dos Clérigos at Mariana and in the double oval plan of the 
Rosario at Ouro Prêto (1785), where they are combined 
with round towers and curving facades. Curving exteriors 
in various forms in the Franciscan churches at Ouro Prêto 
(1766) and Säo Joäo del Rei, designed by Aleijadinho 
(Antonio Francisco Lisboa), and in other monuments es- 
tablished the keynote of this late period.

Extreme decorative luxuriance characterized the altars 
and church fumishings in the 18th Century, and often the

walls of chapels and churches were overlaid with carved 
ornament. Rio, Salvador, and Minas Gerais became the 
chief centres of interiors in which gilding, spiral columns, 
late Baroque ornament, and illusionistic painting com­
bined to create extraordinary decorative ensembles. An 
equal flowering of late Rococo ornament distinguished 
portals, Windows, and profiles of both ecclesiastical and 
domestic buildings. (H.E.W.)

URBAN DESIGN
17th Century. The basic rational principles of Renais­

sance urban design—geometrie order, gridiron or single 
focus radial plans, primary and dispersed activity centres, 
and restricted and unlimited vistas—as stated early in the 
Renaissance by the 15th-century Italian architects Filarete, 
Alberti, and Francesco di Giorgio, remained basic to 17th- 
century thought. Only in the New World—in the Utopian 
religious settlements that were founded by dissident sects 
in the American colonies—were there new cities planned 
as agrarian communities composed of closely spaced but 
freestanding houses that seemed to reject both medieval 
and Renaissance urban-design theories.

By the middle of the 17th Century, new organizational 
principles, developed in France by Le Nótre in garden 
design (Vaux-le-Vicomte and Versailles), replaced the dif- 
fuseness of Renaissance urban design with a more highly 
integrated radial axial scheme, with multiple subordinate 
radial focuses at locations of significant activities that gave 
overall coherent form to an entire city. A city form that 
disclosed the hierarchical interrelationship of functions 
and portions of a city reinforced prevailing concepts of 
hierarchical social and political order. The fusion of form 
and content had the effect of transforming the concept of 
a city and continues to be feit to the present day.

In the late 16th Century in Rome the major Street pattem 
was largely the creation of Domenico Fontana, who, under 
Pope Sixtus V in the years just before 1600, imposed an 
avenue plan that linked all the major pilgrimage churches. 
The avenues were laid out over the most direct routes, re- 
gardless of the terrain; and at the focal points (i.e., piazzas 
in front of the major monuments) obelisks were erected. 
Fontana’s emphasis on communication routes and gath- 
ering spaces became the model for most later large-scale 
urban designs or renovations, such as Wren’s plan for 
London, submitted after the Great Fire of 1666. This un- 
executed proposal showed a series of avenues linking the 
major religious and commercial centres superimposed on 
a rational gridiron plan.

The regularized residential city square received its great- 
est development in France with the planning of the royal 
squares. The Parisian Place des Vosges (1605), with its

From Brazil Builds by Goodwin and Kidder Smith

Figure 81: Statues of the 12 prophets, soapstone sculpture by Aleijadinho, 1800-05, on the 
terraces of the sanctuary of Bom Jesüs de Matozinhas (attributed to Aleijadinho, 1780), 
Congonhas do Campo, Braz.
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well-proportioned facades, shadowed arcades, and bal- 
anced colour scheme, was the beginning of a series that 
culminated with the circular Place des Victoires (1685) 
and the Place Vendöme (1698), both in Paris. Italian city 
squares tended to be either open, grand, and monumental 
(St. Peter’s Square, Rome) or intimate, formally provoca- 
tive, and spatially exciting (Santa Maria della Pace, Rome).

18th Century. Urban design in the 18th Century placed 
greater emphasis on unity and direction through the Subor­
dination of lesser parts to the whole. Entire cities were laid 
out on regularized multiaxial schemes (e.g., Washington, 
D.C., 1792, by Pierre L’Enfant); the spaces between the ra- 
diating avenues were subdivided either geometrically or on 
a gridiron pattem. New principles calling for a sequence 
of different spatial experiences were also introduced, as in 
the plan for Nancy, Fr. (1752-55), by Emmanuel Héré de 
Corny. In Italy outstanding examples of the new style are 
the splendid oval Piazza SantTgnazio, Rome (1727), by 
Filippo Raguzzini; and the grand military quarter of Turin 
(1716), by Juvarra. Notable among the many English 
examples of planned urban development in this period 
are St. James’s Square, London (1726), and the Circus 
(1754) and the Royal Crescent (begun 1767), Bath, by 
John Wood the Elder and the Younger. In Reims, Fr., the 
solemn Place Royale (1756) by the engineer J.G. Legendre 
is notable, but the finest example of an 18th-century large, 
urban pedestrian square may be the Place Louis XV (now 
the Place de la Concorde), Paris (1755), by Jacques-Ange 
Gabriel. On the banks of the Seine, in its original design, 
it served as a focal point for the gardens of the Louvre, for 
the Street which led to the Church of the Madeleine, and 
for three radiating streets of the Champs-Élysées.

(H.A.M.)

Classicism, 1750-1830
ORIGINS AND DEVELOPMENT
The classicism that flourished in the period 1750-1830 is 
often known as Neoclassicism, in order to distinguish it, 
perhaps unnecessarily, from the classical architecture of 
ancient Rome or of the Renaissance. In the 18th Century, 
modern classicism was described as the “true style,” the 
word Neoclassical being then unknown. The search for 
intellectual and architectural tmth characterized the pe­
riod. Stylistically this began with an onslaught on Baroque 
architecture, which—with its emphasis on illusion and 
applied ornament—was feit to be manifestly üntruthful. 
As early as the 1680s the French architect Claude Perrault 
had undermined the Renaissance concept of the absolute 
right of the orders. According to Perrault, the proportions 
of the orders had no basis in absolute tmth but were the 
result of fancy and association. The consequent attempt 
to discover a new basis for architectural reality took many 
forms, from archaeology to theory.

Essentially representing a new taste for classical serenity 
and archaeologically correct forms, 18th-century classi­
cism manifested itself in all the arts. It corresponded to a 

Charac- new attitude toward the past that began to be perceptible 
teristics of about 1750. In Europe it represented a reaction against 
the Neo- the last phase of the Baroque and was symptomatic of a 
classical new philosophical outlook. As the Baroque was the style 
movement of absolutism, so Neoclassicism corresponded loosely with 

the Enlightenment and the Age of Reason. Coincidental 
with the rise of Neoclassicism and exerting a formative 
and profound influence on the movement at all stages was 
a new and more scientific interest in classical antiquity. 
The discovery, exploration, and archaeological investiga- 
tion of classical sites in Italy, Greece, and Asia Minor were 
crucial to the emergence of Neoclassicism.
Neoclassicism, in its nostalgia for past civilizations and 

its attempt to re-create order and reason through the 
adoption of classical forms, was, paradoxically, also a 
Romantic movement. Prompted by feeling as well as by 
reason, architects interested themselves as much in the 
picturesque aspects of nature and objects in nature (such 
as mins) as in rational procedures. While superficially 
opposite, Neoclassicism and Romanticism share the same 
roots. Two movements as different as the Greek Revival 
and the Gothic Revival were essentially alike, sharing, at

least in their earlier phases, similar motivations and even 
compositional expressions and equally reflecting the mood 
of the age that created them.

The term Romantic Classicism has been used by some 
20th-century art historians to describe certain aspects of 
Neoclassical architecture. This widening of the term ad- 
mits non-Greco-Roman forms and the many attempts 
to imitate Chinese, Moorish, Indian, Egyptian, and, of 
course, Gothic buildings.

The emergence of the Science of archaeology was in- 
dicative of a new attitude to the past in which separate The role of 
and distinct chronological periods could be distinguished. classical ar- 
This sense of a plurality of valid styles replaced the older chaeology 
conception of classical Rome as the unique object of ven- 
eration. An important architectural corollary of this idea, 
which was to spring into prominence in the 19th Century, 
was the notion of a modern style of building. Just as the 
past could now be interpreted and re-created by the study 
of a diverse range of monuments, each now seeming to be 
uniquely characteristic of its own particular moment in 
time, so it was thought possible that a mode of building 
reflecting the present, a mode recognizable by future ar- 
chaeologists as uniquely representative of their own time, 
might be created.
Numerous events beginning in the second decade of the 

18th Century, when English tourists began to visit Italy to 
experience, explore, and collect fragments of its antique 
past, herald this new and increasing interest in archaeol­
ogy. As early as 1719, Bernard de Montfaucon, a French 
antiquarian, began to publish his 10-volume Antiquité ex- 
pliquée. It was an immediate success. Excavations at the 
newly discovered ancient cities of Pompeii and Hercu­
laneum (discovered in 1719) began in 1748 and 1738, 
respectively. The publication of the Comte de Caylus’s 
Recueil d ’antiquités, which began to appear in 1752, was 
another landmark. Influential plates of Roman antiquities 
drawn by Giovanni Battista Piranesi first appeared in 1743, 
the year of publication of the Prima parte di architettura.
A steady stream of similar works followed from Piranesi’s 
workshop, among them the Antichitä romane (1748), the 
Carceri (c. 1745), Della magnificenza ed architettura de’
Romani (1761), and the Parere su Varchitettura (1764).
The first of a long and significant list of publications of 
measured drawings and picturesque views of Roman and 
Greek antiquities was Robert Wood’s Ruins o f Palmyra 
(1753), which was followed in 1757 by the same author’s 
Ruins o f Balbec and by the Ruins o f the Palace o f the 
Emperor Diocletian at Spalatro in Dalmatia, written in 
1764 by the English Neoclassical architect and designer 
Robert Adam.

At the same time a significant interest in Greek antiq­
uities was emerging along with a growing belief in the 
superiority of Greek over Roman that was to result in 
a Greek Revival in architecture. At about this time the 
6th-century Greek ruins at Paestum in Southern Italy and 
in Sicily began to attract the attention of visitors. The 
Paestum sites were first described by the Italian artist 
Domenico Antonini in 1745. In 1750 the French architect 
Jacques-Gabriel Soufflot visited Paestum. The following 
year Giuseppe Maria Pancrazi’s Antichitä siciliane ap­
peared, and in 1769 the architect Gabriel-Pierre-Martin 
Dumont’s Ruines de Paestum was published. The pic­
turesque qualities of these Greek temples, with their heavy 
baseless columns broken and overgrown with romantic 
Vegetation, prompted those interested in architecture to 
venture farther afield and to explore the Greek mainland 
and Asia Minor. The first book with detailed illustrations 
of Greek monuments to be published was the Frenchman 
Julien-David LeRoy’s Ruines des plus beaux monuments 
de la Grèce (1758). This was followed by The Antiquities 
o f Athens by two English architects, James Stuart and 
Nicholas Revett, which appeared in three parts in 1762,
1789, and 1795.
The pursuit of Greek architecture had as one incentive Ration- 

the pursuit of primitive truth and thus of an inherent alism in 
rationalism. This line of thought had been developed early archi- 
in the 18th Century and was popularized by a French Je- tecture 
suit, Marc-Antoine Laugier, whöse Essai sur Varchitecture 
appeared in French in 1753 and in English in 1755. Ad-
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vocating a return to rationalism and simplicity in building 
and taking the primitive hut as his example of the funda­
mental expression of human needs, Laugier was both re- 
acting against the excesses of the Rococo period and laying 
the theoretical groundwork for Neoclassicism. He did not 
advocate copying Greek forms, with which he was proba- 
bly unacquainted, but argued that all forms not having a 
structural or functional purpose should be eliminated. The 
actual imitation of Greek architecture developed slowly, 
though the idea of the superiority of Greek over Roman 
architecture was established by Johann Joachim Winckel- 
mann’s Gedanken über die Nachahmung der griechischen 
Werke in der Malerei und Bildhauerkunst (1755; Reflec- 
tions on the Painting and Sculpture o f the Greeks).
The centre of international Neoclassicism was Rome, a 

gathering place, from the 1740s on, for talented young 
artists from all over Europe. Virtually every figure who 
was to play a significant role in the movement passed 
through that city. Piranesi arrived in 1740, Anton Raphael 
Mengs in 1741, Robert Adam in 1754, Winckelmann in 
1755, the French painter Jacques-Louis David in 1755, 
and the Italian sculptor Antonio Canova in 1779. Al- 
though it was Rome, the cradle of Italian antiquities, that 
provided the stage, the leading actors in the Neoclassical 
drama were French, German, or English; very little was 
contributed by Italians to this new movement. The cen­
tre of activity was the French Academy, where winners 
of the academy’s coveted Prix de Rome went to study 
the monuments firsthand and to be exposed to the artis- 
tic life of the Italian Capital. The projects produced by 
French Prix de Rome winners are characterized by their 
grandeur of scale; strict geometrie Organization; simplicity 
of geometrie forms; Greek or Roman detail; dramatic use 
of columns, particularly to articulate interior spaces and 
create urban landscapes; and a preference for blank walls 
and the contrast of formal volumes and textures. The 
same qualities describe Neoclassical architecture as it was 
to emerge throughout Europe and in America.

NATIONAL AND REGIONAL VARIATIONS
Great Britain. In England the Palladianism of archi­

tects such as Lord Burlington, Colen Campbell, and their 
followers, beginning in the 1720s, had already marked a 
turning away from the Baroque style of Wren’s successors 
Vanbrugh and Nicholas Hawksmoor and the adoption of 
a simpler and more restrained style. As early as 1715 the 
new spirit was discemible in Campbell’s introduction to 
the first volume of his Vitruvius Britannicus. Advocating 
the judgment “truly of the Merit of Things by the Strength 
of Reason,” his heroes were Vitruvius, Palladio, and Inigo 
Jones; his villains, the architects of the Italian Baroque: 
“The Italians can no more now relish the Antique Simplic­
ity.” The works of Bemini and Carlo Fontana are “affected 
and licentious”; for Borromini, “who has endeavoured to 
debauch Mankind with his odd and chimerical beauties,” 
he feels only disgust. By 1731 Burlington’s Assembly 
Rooms at York, based on Palladio’s reconstruction of an 
Egyptian hall, was fully Neoclassical. Similarly, William 
Kent’s entrance hall at Holkham Hall, Norfolk, begun in 
1734 and reminiscent of a Roman basilica, would not in a 
European context seem out of date 50 years later. Despite 
these early essays by Burlington and his circle, the next 
generation of English designers remained conservatively 
in the Palladian mold and showed little interest in the 
architecture of Greece and Rome.

By mid-century the atmosphere was beginning to change, 
and two events of 1758 marked the birth of English Neo­
classical architecture: the erection of a Greek Doric garden 
temple in the grounds of Hagley Park, Worcestershire, by 
James (“Athenian”) Stuart and the retum to England of 
the 30-year-old Robert Adam.
Adam, the son of a leading Scottish Baroque architect, 

William Adam, arrived in London fresh from four years 
in Italy, his head full of Roman ruins and Renaissance 
arabesques, his style of drawing and composition bearing 
the telling marks of his friendship with Piranesi and the 
French draftsman Charles-Louis Clérisseau. Essential to 
the Adam style, that mode of decoration and planning 
that was to effect a revolution in English taste, was the

notion of freedom. Absorbing a variety of influences rang­
ing from the Palladianism of the Burlington-Campbell 
school and the decorative elements and spirit of France to 
the archaeology of Italy, Greece, and Asia Minor, Adam 
re-created and recombined the elements of architecture 
in a way that was wholly new—and wholly Neoclassical. 
His executed works consisted mainly of the remodeling 
of existing houses, the most important of which were 
Osterley Park, Middlesex (1761-80); Syon House, Middle- 
sex (1762-69); and Kenwood House, Hampstead, London 
(1767-69). At Kedleston Hall, Derbyshire (c. 1765-70), 
he completed James Paine’s plan and added a garden 
front in which the central portion (centrepiece) is clearly 
derived from an ancient Roman triumphal arch, the first 
use of this form in domestic architecture. This use of an- 
tique forms in a new context is a recurring characteristic 
of Neoclassical architecture. Adam’s planning, to which 
he devoted considerable attention, was based on a variety 
of contrasting room shapes, each geometrie in itself and 
contained within an overall geometrie plan yet creating a 
sense of movement, variety, and surprise. Such play with 
shapes and spaces was to characterize Neoclassical plan­
ning, particularly in France.
But the Adam revolution was over by 1780, and a new 

mood, one closer to that exemplified by Stuart’s small 
Doric temple at Hagley, was taking its place. Now it 
was “noble simplicity” and “antique grandeur” that were 
sought after, and Horace Walpole, that weather vane of 
fashion, was writing how sick he was of “gingerbread” and 
“snippets of embroidery.”
Of the next generation the leading architects were George 

Dance the Younger, Henry Holland, and James Wy- 
att. Dance’s Newgate Prison, London (1769; demolished 
1902), was among the most original English buildings of 
the Century, a grim, rusticated complex combining the 
romantic drama of Piranesi with the discipline of Palladio 
and the Mannerist details of Giulio Romano in an imag­
inative paradigm of Neoclassicism. Holland was architect 
to the Prince of Wales and his most important work in this 
capacity was the extensive remodeling of Carlton House 
begun in 1783, a refined and elegant whole with a joint 
debt to Adam and to France and a simplicity that pleased 
Walpole. Wyatt, tremendously successful and busy, was 
equally at home in his own classical idiom, a stripped 
derivative of the Adam style, as in Gothic. There was 
no contradiction, for Wyatt’s Gothic, like that of Adam 
before him, was classical in all but its details with cloisters 
substituted for arcades and battlements for balustrades.

By 1800 nearly all English architecture reflected the Neo­
classical spirit. Sir John Soane, pupil of the younger Dance 
and architect to the Bank of England, developed a highly 
personal style characterized by a Stripping down and linear 
abstraction of the classical elements, use of archaeological 
detailing such as the Greek key pattem, and the creation 
of dramatic interior space by toplighting. Totally original, 
his work invites comparison with the projects of Boullée 
and Ledoux in France.

After 1800 the interest in revival of Greek forms intensi- 
fied and the stream of buildings based either wholly or in 
part on Greek models continued well into the 19th Cen­
tury. One of the earliest was William Wilkins’ Downing 
College, Cambridge (1806-11), with details closely copied 
from the Erechtheum on the Acropolis at Athens. Foliow- 
ing this were Sir Robert Smirke’s Covent Garden Theatre 
(1809), London’s first Greek Doric building; Wilkins’ 
Grange Park, Hampshire (1809), a monumental attempt 
to cram an English country house into the form of a 
Greek temple; Smirke’s vast Ionic British Museum (1824- 
47); and St. Pancras Church (1819-22) by William and 
Henry William Inwood, with a portico and two caryatid 
porches based on the Erechtheum and an octagonal töwer 
based on the ancient Athenian Tower of the Winds. The 
design of Regent Street and Regent’s Park (with its palatial 
terraces) by John Nash in the second decade of the 19th 
Century exemplifies the kind of town planning associated 
with the mood of Neoclassicism, a combination of formal 
elements with the picturesque (Figure 82).
Both Ireland and Scotland produced significant Neoclas­

sical buildings. In Dublin, James Gandon’s Four Courts
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Figure 82: Cumberland Tefräce, Regent’s Park, London, by John Nash, 1826-27.
A.F. Kersting

(1786-96), with its shallow saucer dome raised on a high 
columnar drum with echoes of Wren’s St. Paul’s Cathedral, 
and his Custom House (1781-91) owe joint allegiance to 
the Palladianism of Sir William Chambers and Contempo­
rary French Neoclassicism. Edinburgh, the “Athens of the 
North,” experienced a particularly tenacious Greek Re­
vival. Among its monuments are the Royal High School 
(begun 1825) by Thomas Hamilton and the Royal Institu­
tion (now the Royal Scottish Academy) by William Henry 
Playfair. David Hamilton built the Royal Exchange (now 
Stirling’s Library), Glasgow (1829-30), in a style showing 
the Greek influence, and the revival in that city remained 
strong well into the 19th Century, culminating in the work 
of Alexander (“Greek”) Thomson, whose Caledonia Road 
Free Church (1856-57) is among the finest monuments of 
Neoclassical architecture in Scotland.

France. In France a reaction against the Rococo style 
began in the 1740s. Never very satisfactory for exterior 
architecture, the Rococo nevertheless had considerable ap- 
peal as a decorative program, reaching its height in the 
work of Meissonier and Oppenordt. A dogmatic classicism 
in architecture had been a serious consideration in France 
as early as 1671 when Louis XIV’s Royal Academy of 
Architecture was formed. The style, produced for Louis 
XIV, adopted the richness and grandeur of the Roman 
Baroque while modifying its more dramatic excesses by 
a rational application of le bon goüt (“good taste”). A 
cornerstone of rationalism already had been laid in 1714 
with the publication of the French theorist the Abbé de 
Cordemoy’s Nouveau traité de toute Varchitecture (1714; 
“New Treatise on All Architecture”). Reaction against 
the Rococo crystallized in the writings of Charles-Nicolas 
Cochin and in the lectures of the Comte de Caylus at 
the Royal Academy of Painting and Sculpture in 1747. 
Along with the return to nature and reason, the twisting 
curvilinear forms of the Rococo were seen to work against 
nature. The same desire for truth to nature accounted for 
the growing preference in France for the informal land­
scape gardens of the English.
The Essai sur Varchitecture of Laugier provided a rational 

alternative to the Rococo and formed the theoretical basis 
for Neoclassicism in France and in the rest of Europe. 
Already by mid-century a new interest in archaeology, 
Rome, and antiquity had been established.

A significant architectural event marking a reaction 
against the Baroque was the design of a new facade for 
the important Paris church of Saint-Sulpice in 1733 by 
Giovanni Nicolo Servandoni, who manifested a new taste

for sobriety. His project for Saint-Sulpice represented a 
break with the Roman Baroque tradition of church fa­
cades deriving from Giacomo da Vignola’s Gesü church, 
Rome (1568), and still being used in Paris at Saint-Roche 
(by Robert de Cotte) in 1735. Servandoni’s design derived 
inspiration from Roman basilicas, from Perrault’s Louvre 
colonnade, and from Wren’s St.'-Paul’s. In execution the 
design lost its central pediment and arches. Superimposed 
open colonnades were substituted and the two lateral tow­
ers were built to different designs, the north one being 
completed only in 1777 by Jean-Frangois-Thérèse Chal- 
grin. Nevertheless, the new restraint and classicism that 
pervades Servandoni’s facade was a portent of what was 
to come.

The work of Jacques-Ange Gabriel, director of the 
Academy of Architecture from 1735, is a successful com- 
promise between the new rationalism of the 18th Century 
and the French classical tradition of the 17th Century. In 
1757 he began the Place de la Concorde in Paris, with 
its twin palaces (Hotel de Crillon and the Admiralty) that 
boast columnar facades inspired by Perrault’s great east 
front of the Louvre (begun 1667). Despite his many ma­
jor public works, Gabriel is probably best known for his 
enchanting Petit Trianon, built at Versailles in 1761-64 
for Louis XV and Madame de Pompadour (Figure 83). 
Classically restrained and elegant, this subtle cubic com- 
position achieves a timeless gravity that seems beyond the 
compass of stylistic terms such as Baroque or Neoclassical.

The leading Neoclassical architect was Jacques-Germain 
Soufflot, who was in Italy in the 1750s and was the 
first French architect to study the Greek ruins at Paes­
tum. Soufflot’s great building was the church of Sainte- 
Geneviève (now the Panthéon), Paris (1757-90), a domed 
cruciform edifice combining the new taste for antique 
grandeur and simplicity with a structural rationalism, the 
off spring of the marriage of a Roman temple and a Gothic 
cathedral. A crucial Neoclassical building that owes noth­
ing to the Baroque, Soufflot’s church nevertheless is not 
purely antique in character, as its dome is derived from 
Wren’s St. Paul’s and it has a Roman rather than a Greek 
temple front.
A second Parisian church already fully Neoclassical in 

feeling is Chalgrin’s Saint-Philippe-du-Roule of 1768-84. 
Saint-Philippe, inspired by early Christian basilicas, is re- 
markably pure, with an Ionic colonnade separating nave 
from aisles. The nave terminates in a semicircular apse 
and is covered with a coffered Roman barrel vault. The 
exterior is a model of simplicity in the antique taste with

Importance 
of Soufflot
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Figure 83: Le Petit Trianon, Versailles, Fr., by Jacques-Ange 
Gabriel, 1762.
Giraudon— Art Resource/EB Ine.

a Roman Doric portico framed against the cubic mass of 
the wall. Similar and of about the same date (1764-70) is 
Louis-Fran^ois Trouard’s church of Saint-Symphorien at 
Versailles, again basilical with a Roman Doric portico.

A most remarkable and original architect of the Revo- 
Joullée’s lutionary period was Étienne-Louis Boullée, whose work 
mginality before 1780 was in the style of his contemporaries but
)f design who after that date produced a number of curious and

revolutionary projects. Of his several Paris townhouses, or 
hotels, the Hotel de Monville of about 1770 and the Hotel 
de Brunoy of 1772 deserve mention. The formèr has a 
central facade featuring giant lonic pilasters divided by 
sculptured panels and the latter a giant lonic colonnade 
flanked by arcaded wings forming the three-sided court 
{cour d ’honneur). Boullée’s project for a cenotaph to Sir 
Isaac Newton based on a pure spherical form (c. 1780) 
is an example of that formalistic aspect of Neoclassicism 
that sought pure geometry and simplicity.
Other Neoclassical architects of the pre-Revolutionary 

period were Marie-Joseph Peyre, whose Livre d ’architec- 
ture of 1765 was influential in publicizing the type of work 
being produced by French students in Rome; Charles de 
Wailly, who was an important teacher and, with Peyre, 
was the architect of the Paris Odéon; Jacques Gondoin, 
architect of the School of Medicine (1769-76), which, 
with its Corinthian temple portico and Roman-inspired 
amphitheatre covered by a coffered half dome and lit from

a half oculus (a round opening in the top of a dome), was 
one of the most advanced interiors of its date anywhere; 
Jacques-Denis Antoine, winner of the competition for the 
new Mint (Hotel des Monnaies); and Victor Louis, whose 
theatre at Bordeaux (1772-80) with its Roman colonnade 
and vaults set the model for Neoclassical theatres. All had 
stüdied in Rome.

The boldest innovator in the world of French Neoclassi­
cal architecture was Claude-Nicolas Ledoux. Like Boullée 
he designed a number of buildings between 1765 and 1780 
in which he attempted to reconcile the traditional elements 
of French classicism with the new spirit of the antique. 
Among these were the Chateau de Benouville, Calvados 
(1768-75), and the Hotel de Montmorency, Paris (c. 1770- 
72), both of which feature lonic colonnades with straight 
entablatures and are somewhat English in feeling. More 
original were the Pavilion at Louveciennes of 1771 for 
Madame du Barry, which again invited comparison with 
contemporary English villas and with the Petit Trianon, 
and the Hotel Guimard of 1772. The theatre at Besan- 
gon, with its cubic exterior and interior range of baseless 
columns stylistically derived from those at Paestum, dates 
from 1775-84.
But it is for later projects, such as the royal saltworks 

at Arc-et-Senans (1775-79), with their simplified forms, 
and the highly original series of barrières (tollgates) for 
Paris (1784-89), that ensure to Ledoux his central role 
in the evolution of Neoclassical and, indeed, of modem 
architecture. The Barrière de la Villette, consisting of a tall 
cylinder rising out of a low square block with portieoes of 
heavy, square Doric piers, exhibits all the essentials of the 
style: megalomania, geometry, simplicity, antique detail, 
formalism, and stylophily (use of many columns). Even 
more influential were the unexecuted projects by Ledoux 
published in his Architecture considérée sous le rapport de 
Vart, des moeurs et de la législation (“Architecture Con- 
sidered with Respect to Art, Customs, and Legislation”) 
in 1804, which contains his ideal city of Chaux, a plan 
for a whole city with buildings in which symbolism and 
abstraction are carried to new heights (Figure 84).

The revolutionary Neoclassicism of Ledoux resulted in 
few monuments. It was the Paris of Napoleon that saw the 
erection of the most conspicuous examples of the style, in- 
tended to symbolize in stone the grandeur of the Emperor. 
The two architects associated with this transformation of 
Paris were Charles Percier and Pierre-Frangois Fontaine, 
who were responsible for the extensive planning scheme 
at the beginning of the 19th Century that included the me 
de Castiglione, the me and Place des Pyramides, and the 
me de Rivoli. The Are du Carrousel was built to their 
designs in 1806-08 and the grander Are de Triomphe by 
Chalgrin and Jean-Armand Raymond in 1806-35 (Figure 
85). Conspicuous in Napoleonic Paris was an imposing

By courtesy of the Institute for the Arts, Rice University, Houston

Figure 84: “Perspective View of the City of Chaux,” engraving after Claude-Nicolas Ledoux by 
Berthault, 1773-79. 32.7 X  48.7 cm.

Innovative 
Neoclas­
sicism of 
Ledoux



Architecture, The History of Western 967

^ * 1 , ■ >  ........ V_

*  *  *  *  <* **' *» W  . V  " ^ '■ s

Figure 85: Are de Triomphe, Paris, by Jean-Frangois-Thérèse Chalgrin and Jean-Armand 
Raymond, 1806-35.
EDI Studio, Barcelona
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Corinthian temple, the Church of the Madeleine, begun 
in 1806 by Pierre-Alexandre Vignon and completed in 
1842 (Figure 86). Similar in scale and effect were the Paris 
Bourse (1808—15) by Alexandre-Théodore Brongniart and 
the Chamber of Deputies of 1806-51 by Bemard Poyet 
(now the National Assembly).

Italy. Italy was the centre from which Neoclassicism 
emanated in the sense that Neoclassicism would be 
unimaginable without Rome. The remains of antiquity on 
Italian soil, many of which were by the 18th Century ro- 
mantically overgrown and half buried, inspired all artists 
and architects. Yet Italian architects were followers rather 
than initiators of international Neoclassicism. One of the 
most important formative influences on the movement 
was Piranesi, whose etchings of Roman ruins transformed 
those antique fragments into sublime romantic composi- 
tions. Piranesi was in the forefront of Roman activity, 
and through his acquaintance with the foreign architects 
and patrons who visited the Italian Capital he helped to 
crystallize the growing taste for Neoclassicism. Juvarra’s 
designs for a tomb for the King of France (1715?) served 
as a source for Piranesi in his design for the Piazza of 
the Knights of Malta in Rome (c. 1765). In the church of 
Santa Maria del Priorato, Piranesi incorporated classical 
references that were to greatly influence the succeeding 
generation of architects.

In the field of pure theory a Venetian, Carlo Lodoli, was 
an important early advocate of functionalism whose ideas 
are known through the writings of Francesco Algarotti, the 
Saggio sopra l ’architettura (1753) and Lettere sopra Var- 
chitettura (beginning 1742). Lodoli’s theories were similar 
to those of Laugier, requiring that every part of a building 
derive from necessity and that architecture be true to the 
nature of materials, and tolerating no useless ornament. 
The theories of Francesco Milizia contained in his Principi 
d’architettura civile of 1785 were similar.
The tradition of the Baroque was of course strong in Italy 

and lingered on throughout the 18th Century in many parts 
of what was still an agglomeration of independent States. 
Early tendencies toward Neoclassicism appear in the late 
work of Luigi Vanvitelli; for example, the Castelluccio 
Reale (1774) in the park at Caserta, an octagonal structure 
with a round superstructure. Other barometers of the new 
taste were the Villa Albani, Rome (completed c. 1760), 
built by Carlo Marchionni to house a collection of ancient 
marbles formed by Cardinal Alessandro Albani; and the 
new Pio-Clementino Museum at the Vatican (1776-81), 
the work of Michelangelo Simonetti.

Early in the 18th Century Italy had experienced a fertile 
Palladian revival, and a number of buildings based on

the Pantheon model were built, among them Tommaso 
Temanza’s church of Santa Maria Maddalena in Venice 
in 1748. Palladianism was a significant element in much 
Italian Neoclassical architecture.
Giacomo Quarenghi, who was to work in Russia for 

Catherine II, built the monastery of Santa Scolastica, Subi- 
aco (1774-77), with a barrel-vaulted nave characteristic 
of the new taste. In 1787 the first baseless Greek Doric 
columns in Italy appeared in the Chiesetta di Piazza di 
Siena in the gardens of the Villa Borghese, Rome, de- 
signed by Mario Asprucci, 20 years after Stuart’s temple at 
Hagley. Also Greek was the Gymnasium, in the Botanie 
Garden, Palermo (1789-92), built by Léon Dufoumy, who 
had been a pupil of LeRoy and Peyre.

Neoclassical buildings after 1800 were more numerous, 
and a few examples illustrate the character and range of 
the movement. Peter von Nobile’s Sant’Antonio, Trieste 
(1826-49); Luigi Cagnola’s Rotunda, Ghisalba (1834); 
and Giovanni Antonio Selva’s Canova Temple, Possagno 
(1819-33), all took the Pantheon as their starting point. 
Cagnola also built the Ionic Ticinese Gate, Milan (1801— 
14), and the Arch of Sempione, Milan (1806-38), a Ro­
man triumphal arch similar to the contemporary Parisian 
Are du Carrousel. Luigi Canina’s Greek propylea, or gate- 
way, at the entrance to the Villa Borghese (1827-29); Carlo 
Barabino’s Doric Teatro Carlo Felice, Genoa (1826-28); 
and Giuseppe Japelli’s meat market at Padua (1821) using 
the unfluted Paestum order, all exemplify the continuing 
taste for Greek forms. Japelli was also the architect of the 
Pedrocchi Café, Padua (1816-42), which, with its Doric 
and Gothic exteriors and equally eclectic interiors is a 
remarkable extravaganza.

The greatest achievement in urban planning of the period 
was the design of the Piazza del Popolo in Rome (1813— 
31) by Giuseppe Valadier, a great open space with three 
diagonal avenues leading off it.

Spain and Portugal. In Spain the leading Neoclassical 
architect was Juan de Villanueva, who studied in Rome 
and returned to Spain in 1705 with a style similar to that 
evolved by the leading contemporary French and English 
architects. His buildings include three villas; the Casita de 
Arriba (1773) and the Casita de Abajo (1773), both at El 
Escorial, and the Casita del Principe at El Prado (1784). 
His major building was the Prado, Madrid (1785-87). In 
Portugal the destruction of Lisbon by earthquake in 1755 
necessitated rebuilding, most of which was carried out by 
military engineers. The Ajuda Palace (begun 1802) by the 
Italian Manuel Fabri is Neoclassical; and in Oporto, the 
Hospital of Santo Antonio with a vast Doric portico was 
designed by the English architect John Carr.
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Figure 86: The Church of the Madeleine, Paris, begun in 1806 by Pierre-Alexandre 
Vignon, completed 1842.
Giraudon— Ari Resource/'EB inc.

Germany. The Louis XVI style of mid-18th Century 
France was taken to Germany by the many French archi­
tects who worked there, such as Philippe de La Guêpière 
(Mon Repos, near Ludwigsburg, 1760-64, and La Soli- 
tude, Stuttgart, 1763-67). Many German patrons were also 
Anglophiles, including Prince Franz of Anhalt-Dessau, for 
whom the talented architect Friedrich Wilhelm von Erd- 
mannsdorff created the schloss and park at Wörlitz, near 
Dessau (1766-90). Schloss Wörlitz was directly inspired 
by English Palladian country houses such as Claremont, 
Surrey; and Erdmannsdorff laid out the park with a range 
of exotic garden buildings around a lake, recalling con­
temporary English gardens such as Stourhead and Stowe. 
The association of such naturalistic gardens with ideals of 
political liberty is underlined by the presence at Wörlitz 
of the remarkable Rousseau Island, which was planted 
with poplars in 1782 in imitation of the island on which 
Rousseau was buried in the celebrated landscaped garden 
at Ermenonville in France.

King Frederick William II of Prussia (reigned 1786-97) 
decided to make Berlin a cultural centre dominated by 
German artists. Among the architects he called to Berlin 
were Carl Gotthard Langhans and David Gilly, who, with 
Heinrich Gentz, created a severe but inventive style in the 
1790s that was indebted to Ledoux as well as to Winck- 
elmann’s call for a return to the spirit of ancient Greek 
architecture. The great early monument of the Berlin 
school was the Brandenburg Gate (1789-93) by Langhans. 
Distantly inspired by the propylaea on the Acropolis in 
Athens, it was the first of the ceremonial Doric gateways 
to rise in modern Europe. The Greek Revival in Germany 
was linked with the growth of Prussian nationalism and 
imbued with the supposed moral virtues of the Doric 
order. Key buildings in this stern geometrie style include 
the Berlin Mint (1798), by Gentz, and the Vieweg House, 
Brunswick (1800-07), by David Gilly. Gilly also founded a 
school of architecture in Berlin, where both Karl Friedrich 
Schinkel and Leo von Klenze received formative train­
ing. The apogee of German Neoclassical architecture can 
be traced in the work of three brilliant designers: David 
Gilly’s son, Friedrich, and the latter’s disciples, Schinkel 
and Klenze.

Friedrich Gilly built little, dying in 1800, but left some 
remarkable designs that justify his central place in German 
Neoclassicism. His project for a monument to Frederick 
the Great (1797) consisted of a raised Greek Doric temple 
on a geometrie substructure surrounded by obelisks and 
set in a vast open space (Figure 87). This caught the 
imagination of German architects as a Symbol of Prussian 
nationhood during the humiliating occupation of Berlin 
by Napoleon in 1806-13. It was in those years that Gilly’s 
pupil Schinkel was active as a designer of theatre sets and 
as a Romantic painter. Schinkel, who was named state

architect in 1815 by Frederick William III, transformed 
Berlin with a series of monuments in a rationalist Greek 
style, beginning with the New Royal Guardhouse (1816— 
18). His Schauspielhaus (theatre and concert hall) of 
1818-26 is essentially a grid of trabeated elements framing 
glazed openings. The modern flavour of this construction, 
which, according to Schinkel, derived from the Choragic 
Monument of Thrasyllus in Athens, has contributed to 
Schinkel’s popularity as an architect in the 20th Century.

Schinkel’s next major work in Berlin, the Old (Altes) 
Museum (1823-33), is important as an early example of 
a national museum built in order to educate the public. 
With its long but undemonstrative Ionic colonnade, it is 
comparable to Smirke’s contemporary British Museum. 
Indeed, in 1826 Schinkel made an important tour of 
France and, more particularly, of Britain to collect infor- 
mation on the display of paintings. The detailed diary he 
kept on his tour shows that what interested him most was 
the architecture and technology of the Industrial Revo­
lution in Britain. On his return to Berlin he designed a 
number of buildings in which he incorporated the new 
methods of fireproof construction he had seen in England. 
The most important of these was the School of Archi­
tecture (1831), with walls of red brick omamented with 
glazed violet tiles, Windows of unpainted terra-cotta, and 
internal construction of iron beams and brick cap vaults. 
For Schinkel, who was not a pure functionalist, the poetry 
of architecture was as important as it was for Soane in 
England. Thus the facades of the School of Architecture 
were ornamented with carved terra-cotta panels depicting 
the history and symbolism of architecture.

As part of his concem for poetry in architecture, Schinkel 
was also keenly aware of the need to relate buildings to 
their settings. He gave beautiful expression to this in the 
1820s in a number of asymmetrical but classical villas—for 
example, Schloss Charlottenhof at Sanssouci, for Crown 
Prince Frederick William, and Schloss Glienicke, near 
Potsdam, for his younger brother, Prince Charles. Schinkel 
developed this theme on a more extravagant scale in two 
unexecuted palaces of the 1830s, one on the Acropolis in 
Athens for the King of Greece and one at Orianda on 
the Black Sea for the Empress of Russia. The coloured 
lithographs that he subsequently published of these gor- 
geous polychromatic dream-palaces are among the greatest 
Products of the 19th-century Romantic imagination.

Klenze, who had studied in Paris with Durand and 
Percier and had visited Italy, developed Munich into a 
monumental souvenir of the Grand Tour for his patron, 
Ludwig I of Bavaria. The result was an extraordinarily 
successful transformation of a minor court city into a 
great cultural Capital that was intended to be the Florence 
of the 19th Century. Klenze laid out a wide new Street, 
the Ludwigstrasse, which he lined with palaces and public
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Figure 87: Project fo r a  monument to Frederick the Great by Friedrich Gilly, 1797.
Dr. Franz Stoedtner
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buildings. The program was widely adopted in the expan- 
sion of European capitals, notably Vienna, later in the 
19th Century.
More eclectic than Schinkel, Klenze created a living 

museum of styles in Munich, including his noble Sculp­
ture Gallery (Glyptothek, 1816-30), with its Greek Ionic 
portico; his Leuchtenberg Palace (1816), modeled on the 
Palazzo Famese in Rome; and his Königsbau (1826-35) 
at the Residenz, which was an echo of the Pitti Palace 
in Florence. Klenze’s Sculpture Gallery, commissioned by 
the future Ludwig I, has some claim to be regarded as the 
first public museum ever erected solely for the display of 
sculpture. With no examples to follow, Klenze produced a 
novel plan with galleries around the four sides of a square 
courtyard. In accordance with the desire of both patron 
and architect to make the building a total work of art, its 
interiors were decorated with (now destroyed) stuccowork 
and frescoes that were stylistically related to the exhibits 
they contained. This decoration mounted in richness from 
the first rooms, which contained Egyptian sculpture, to 
the final gallery, which exhibited Roman sculpture.

Scandinavia and Finland. Neoclassical taste was intro- 
duced into Denmark and Sweden between 1750 and 1790 
by French designers such as Louis Le Lorrain, Nicolas- 
Henri Jardin, and Louis-Jean Desprez. In Denmark, 
Jardin’s pupil Caspar Frederik HarsdorfF built the austere 
royal mortuary chapel of Frederick V in Roskilde cathe- 
dral (1774-79), while in Sweden Desprez was responsible 
for the Botanical Institute, Uppsala (1791-1807), with 
a Greek Doric portico. The Danish architect Christian 
Frederik Hansen, a pupil of HarsdorfF, tumed the me- 
dieval and Baroque city of Copenhagen into a Neoclassical 
Capital. He built the town hall, court house, and prison 
(1803-16) and the Church of Our Lady (1810-29), with 
its Boullée-inspired interior. Schinkel’s example in Berlin 
was followed by Hansen’s pupil Heinrich Grosch, who 
provided Christiania (Oslo), the new Capital of Norway, 
with a series of Greek Revival public buildings. Perhaps 
the finest example of this classical urban planning is in 
Helsinki, established as Capital of Finland in 1812. Begin- 
ning in 1818, Johan Ehrenström and Carl Engel created a 
monumental group of the Lutheran Cathedral flanked by 
the Senate, University, and University Library.

Poland. Stanislaw II August Poniatowski, king of Poland 
from 1764 to 1795, brought the Louis XVI style of con­
temporary France to the Royal Castle in Warsaw in a 
series of interiors designed by Dominik Merlini and Jan 
Chrystian Kamsetzer in 1776-85. Merlini also designed 
the Lazienki Palace at Ujazdöw near Warsaw (1775-93) 
for the King, while Szymon Bogumil Zug brought Neo­
classicism to ecclesiastical architecture in his Lutheran 
Church, Warsaw (1777-81), modeled on the Pantheon. 
Zug also designed Arkadia (1777-98), one of the many 
Picturesque gardens in Poland. Laid out on the Radziwill 
family estate of Nieborow, the garden contains numerous 
romantic buildings. After 1815, Warsaw was rebuilt as a 
model Neoclassical city with major public buildings by 
Merlini’s pupil Jakub Kubicki and the Italian architect 
Antonio Corazzi.

Russla. The leading role played by Russia in the pro- 
duction of early Neoclassical architecture was almost en- 
tirely due to Catherine II. Under her aegis St. Petersburg

was transformed into an unparalleled museum of Neo­
classical buildings as advanced as contemporary French 
and English work. As in other countries, the new taste 
for antique simplicity represented a reaction against the 
excesses of the Rococo, which in Russia had its apotheosis 
in the work of Bartolomeo Francesco Rastrelli.

Two foreign architects played important roles: a Scots- 
man, Charles Cameron, whose most extensive work was 
at Tsarskoye Selo in the style invented by Robert Adam 
and who was responsible for introducing the first correct 
Greek Doric column and entablature in Russia in the 
circular Temple of Friendship at Pavlovsk (1780); and 
an Italian, Giacomo Quarenghi, who arrived in Russia in 
1780 and built for Catherine the Palladian English Palace 
at Peterhof (1781-89).

The two leading Russian architects were Vasily Ivanovich
J. Allan Cash

Figure 88: Main gate to the Admiralty, St. Petersburg (now 
Leningrad), by Andreyan Dmitriyevich Zakharov, 1806-15.
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Bazhenov and Ivan Yegorovich Starov, both of whom 
studied in Paris under de Wailly in the 1760s, bringing 
back to Russia the most advanced Neoclassical ideas. 
Bazhenov designed the new Arsenal in St. Petersburg 
(1765) and prepared unexecuted designs for the Kamenni 
Ostrov Palace (1765-75) and for a new Kremlin. Starov 
designed a country house for Prince Gagarin at Nikol- 
skoye (1774-76), the new cathedral of the Trinity, St. 
Petersburg (1776), and the influential prototype of Rus- 
sian country houses, the Tauride Palace (1783-88), for 
Grigory Potemkin, Catherine’s lover. The Tauride Palace 
consisted of a central-domed and porticoed central block 
connected by narrow galleries to large wings.

Under Catherine’s grandson, Alexander I (reigned 1801- 
25), the Russian version of the Empire style flourished. 
The great monument of this later period was the St. Pe­
tersburg Bourse (1804-16) by Thomas de Thomon, a vast 
peripteral (surrounded by a row of columns) edifice. An- 
drey Nikiforovich Voronikhin, also a pupil of de Wailly, 
was architect of the Kazan Cathedral, St. Petersburg 
(1801-11), and Andreyan Dmitriyevich Zakharov built 
the Admiralty (1806-15) in the same city (Figure 88).

United States. Neoclassical architecture thrived in the 
United States throughout the 19th Century, and exam- 
ples of it exist in nearly every major c ity ; The analogy 
with imperial Rome and later (after the War of Greek 
Independence, 1821-32, in particular) with the grandeur 
and political ideals of Periclean Athens strengthened the 
case for the adoption of Roman and Greek architectural 
models in the United States. In 1785 Thomas JefFerson 
planned the Virginia State Capitol with the Frenchman 
Charles-Louis Clérisseau, taking as his model the ancient 
Roman Maison-Carrée at Nimes. It was to be the first 
public building in the modem world directly based on an 
antique temple. JefFerson’s own house at Monticello, in 
Virginia, featured a central-domed space and was indebted 
to ancient Roman villas as well as to Palladianism and to 
modem French and English domestic design (Figure 89). If 
Monticello echoed the private agrarian retreat of classical 
statesmen as described in the writin^s of Cicero and the 
younger Pliny, the University of Virginia at Charlottesville 
(1817-26) was an example of Jefferson’s effort to educate 
the public of the new United States. He conceived the 
campus as an academie village of extraordinary charm 
and novelty in which a central Pantheon-like rotunda, 
containing a library, stands at the head of a grassy open 
space flanked by two lines of small templelike pavilions, 
which are linked by colonnades.
In Boston, the Massachusetts State House, designed 

1787-88 and built 1795-98 by Charles Bulfinch, derived 
from English Neoclassical models. By far the most gifted 
architect working in the United States in these years was

Benjamin Latrobe. Latrobe was born in England, where 
he was trained by the innovative architect Samuel Pepys 
Cockerell. He evidently became familiar with the radical 
work of Dance, Soane, and Ledoux and of engineers such 
as John Smeaton. In 1796 he went to the United States, 
where he worked as the first fully professional architect 
and eventually became known as the father of the Ameri­
can architectural profession. A characteristic early building 
is his Bank of Pennsylvania (1798-1800), in Philadelphia, 
which was then the largest American city and was, in­
deed, the U.S. Capital from 1790 to 1800. The bank is a 
novel reinterpretation of ancient temple architecture, with 
a Greek Ionic portico at each end but no classical order 
on its long side walls. It was also fireproof, being the first 
American building to be vaulted in masonry throughout. 
The shallow top-lit saucer dome in the central banking 
hall recalls the work of Soane, as does Latrobe’s Ro­
man Catholic Cathedral at Baltimore (1805-18). Drawing 
on the Pantheon and on Soufïlot’s Sainte-Geneviève, the 
cathedral contains a dome resting on segmental arches 
perhaps inspired by Soane’s interiors at the Bank of En­
gland. Latrobe’s most poetic and inventive work is a series 
of interiors at the Capitol in Washington, D.C., which he 
executed in his capacity as surveyor of public works, a 
Position to which JefFerson appointed him in 1803. The 
Supreme Court Chamber (1815-17), with its stränge lobed 
vault resting on stunted Doric columns, suggests a search 
for a new architecture, as do the capitals of com (maize) 
and tobacco leaves that he invented for use in other parts 
of the building. JefFerson responded warmly to Latrobe’s 
attempt to symbolize in architecture the values oF the 
newly founded republic. (S.M i./D .J.W a.)

Spanish America and Brazil. In the Caribbean, Neo­
classical influences are evident in the Post Office of 1770- 
92 and the Government House of 1776-92 in Havana, 
Cuba, both attributed to the architects Pedro de Medina 
of Cadiz and Femändez Trevejos of Havana.

From about 1780 Neoclassicism began to replace the 
ornamental Churrigueresque style in Mexico. The leading 
Neoclassical architects were the Spaniard Manuel Tolsa 
and two Creoles, Eduardo Tresguerras and José Damian 
Ortiz de Castro. Among the most distinguished Mexican 
examples of Neoclassicism are the School of Mines (1797- 
1813) in Mexico City by Tolsa and the church of El 
Carmen at Celaya (1803-07) by Tresguerras. Many of the 
Mexican missions in California were designed with Neo­
classical features.

Neoclassical architecture was built throughout South 
America, but especially in Brazil, Argentina, Uruguay, and 
Chile, where initially many of the most important Neo- 
classicists were French: Prosper Catelin in Buenos Aires, 
Auguste-Henri-Victor Grandjean de Montigny in Rio de

De Wys, Inc.

Figure 89: Monticello, Charlottesville, Va., by Thomas Jefferson, 1770-1809.
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Janeiro, and Francois Brunet de Baines in Santiago. The 
Palace of the Mint (1788-99) in Santiago, one of the finest 
Neoclassical buildings in South America, was conceived, 
not by an architect designing in the French tradition, 
but by an Italian, Joaquin Toesca, who had worked in 
Madrid with Francisco Sabatini, an Italian whose archi­
tecture was stylistically transitional between the Baroque 
and Neoclassicism. (Ed.)

Gothic revival, c. 1730-c. 1930
ORIGINS AND DEVELOPMENT
The architectural movement most commonly associated 
with Romanticism is the Gothic Revival, a term first used 
in England in the mid-19th Century to describe buildings 
being erected in the style of the Middle Ages and later 
expanded to embrace the entire Neo-Gothic movement. 
The date of its beginning is not easy to pinpoint, for, 
even when there was no particular liking for Gothic, con- 
servatism and local building practices had conditioned its 
use as the style for churches and collegiate buildings. In 
its earliest phase, therefore, Gothic Revival is not easily 
distinguished from Gothic survival.
The first clearly self-conscious imitation of Gothic archi­

tecture for reasons of nostalgia appeared in England in 
the early 18th Century. Buildings erected at that time in 
the Gothic manner were for the most part frivolous and 
decorative garden omaments, actually more Rococo than 
Gothic in spirit. But, with the rebuilding beginning in 
1747 of the country house Strawberry Hill by the English 
writer Horace Walpole, a new and significant aspect of 
the revived style was given convincing form; and, by the 
beginning of the 19th Century, picturesque planning and 
grouping provided the basis for experimentation in archi­
tecture. Gothic was especially suited to this aim. Scores 
of houses with battlements and turrets in the style of a 
castle were built in England during the last years of the 
18th Century.
With developing archaeological interest, a new and more 

eamest tum  was given to the movement—a turn that co- 
incided with the religious revivals of the early 19th Century 
and that manifested itself in a spate of church building in 
the Gothic style. Only toward the middle of the Century 
were the seriousness and moral purpose that underlay 
this movement formulated as a doctrine and presented to 
architects as a challenge to the intellect. Augustus Charles 
Pugin, in England, was the first to codify the principles 
of the Gothic Revival. Far more persuasive and influen- 
tial exponents, however, were Eugène-Emmanuel Viollet- 
le-Duc in France and John Ruskin in England, who 
gave to the movement a moral and intellectual purpose. 
The second half of the 19th Century saw the active and 
highly productive period of the Gothic Revival. By then, 
the mere imitation of Gothic forms and details was its 
least important aspect; architects were intent on creating 
original works based on the principles underlying Gothic 
architecture and deeply infused with its spirit.
Another contribution that the Gothic Revival made to

architecture was the encouragement of freedom and hon- 
esty of structural arrangement. Structural elements could 
be provided as and where they were needed. There was 
no need for dissimulation. French architects, in particular 
Viollet-le-Duc, who restored a range of buildings from the 
Sainte-Chapelle and Notre-Dame in Paris to the whole 
town of Carcassonne, were the first to appreciate the ap- 
plicability of the Gothic skeleton structure, with its light 
infilling, to a modern age, and the analogy was not lost on 
subsequent architects at a time when the steel frame was 
emerging as an important element of structural engineer­
ing. Functionalism and structural honesty as ideals in the 
Modem movement were a legacy of the Gothic Revival.
Not surprisingly, the Gothic Revival was feit with most 

force in those countries in which Gothic architecture itself 
was most in evidence—England, France, and Germany. 
Each conceived it as a national style, and each gave to it 
a strong and characteristic twist of its own.

NATIONAL AND REGIONAL VARIATIONS
Great Britain. A Gothic Revival was in a sense initiated 

early in England during the late 16th Century under the 
influence of Elizabethan and Jacobean notions of chivalry 
and again between 1620 and 1630 under the impetus of 
William Laud’s Anglicanism; but it is in the Gothic ex- 
perimentalism of the late 17th Century, particularly that of 
Wren’s circle, in which seeds of a Gothic Revival can be 
discemed. Although buildings erected at these times imi- 
tated Gothic forms, none of them were revivalist in spirit. 
The Gothic Revival was largely conditioned by literary 
theory and practice. Although it had antecedents, the so- 
called ‘Revolution of taste” in the mid-18th Century was 
most clearly marked by publication of Richard Hurd’s 
Letters on Chivalry and Romance (1762) and Thomas 
Percy’s Reliques o f Ancient English Poetry (1765). Thomas 
Gray, especially in his poems of the 1750s and, later, in 
his letters, was the first major poet to seek inspiration 
in a “Gothic” past—not only medieval but Celtic and 
Icelandic. Thomas Warton, poet and critic, acquired his 
interest in the Middle Ages from architecture and, in his 
work on medieval English cathedrals and churches, con­
nected the literary aspect of the Gothic Revival with the 
work that was begun by a group of antiquaries in the late 
17th Century and that was continued into the 18th.
The transition from a survival to a revival phase of 

Gothic architecture took place almost imperceptibly. Curi- 
ously enough, it was Vanbrugh, England’s great exponent 
of the Baroque spirit, who made the first successful at- 
tempt to evoke sensations of the medieval past. In 1717 
he built a house for himself at Greenwich, near London, 
that was intended to conjure up a “castle air.” It is a 
simple, robust, brick building that relies for its effect on 
slender proportion rather than detail. But it is an isolated 
work of its kind.

Only toward the end of the 18th Century did “pic­
turesque” take on a precise meaning, affecting the planning 
and the forms of English architecture, but, from the late 
17th Century onward, isolated gardens and estates were

A.F. Kersting

Figure 90: Strawberry Hill, Twickenham, Middlesex, Eng., by Horace Walpole with William 
Robinson and others, 1749.
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laid out to take advantage of the irregularity of landscape, 
resulting in compositions that approximated those in the 
paintings of such 17th- and 18th-century artists as Claude 
Lorrain, Salvator Rosa, and Gaspard Poussin—hence, the 
denomination of the style as Picturesque. It was William 
Kent, in response to the literary ideal of “naturalness” of 
such writers as Sir William Temple, Joseph Addison, and 
Alexander Pope, who was first acclaimed for fashioning 
the Picturesque landscape that was to be made famous in 
the 18th Century by Lancelot (“Capability”) Brown and 
who introduced occasional buildings into it, often in a 
Gothic style, to serve as a focus of interest. There were, 
however, other precursors, notably Vanbrugh and Charles 
Bridgeman.

Kent first used the fanciful Rococo Gothick that was to 
become characteristic of the 18th Century in 1732, on a 
gateway in the Clock Tower at Hampton Court. He also 
reconstructed the Tudor buildings of Esher Lodge between 
1729 and 1733, introducing ogee arches and quatrefoil 
openings. These he used again in the late 1730s in the 
Temple of the Mill at Rousham, Oxfordshire, where he 
laid out one of the first irregulär gardens. The ornamen­
tal character of the Gothic Revival was thus established 
from the start, and it was popularized as such within a 
few years by Batty Langley, author of Gothic Architecture 
Improved by Rules and Proportions (1742). Pretensions to 
archaeological accuracy appear in two churches built in 
1753 by Henry Keene—that at Shobdon, Herefordshire, 
and a charming, though now derelict, octagonal church at 
Hartwell, Buckinghamshire. An ardent admirer of Gothic, 
Keene had begun Gothicizing Arbury Hall, Warwickshire, 
as early as 1748. It was to the amateurs Sanderson Miller 
and Horace Walpole, however, that the credit for a full- 
scale domestic Gothic Revival was due.

Miller, a Warwickshire squire, began about 1744 by in- 
serting pointed arches in the south front of his Tudor 
house at Radway, Warwickshire. Later, he put up a gar­
den omament in the form of a mock Gothic castle at 
nearby Edgehill, the idea of which became fashionable 
and made a reputation for him as a designer of Gothic ex- 
travaganzas. His most significant work was Lacock Abbey, 
Wiltshire, the symmetrical, flattened facade of which is 
thinly decorated with Gothic motifs. Walpole’s Gothic, 
though apparently as lighthearted, was more serious in 

Strawberry intent. When, in 1747, he decided to rebuild his house, 
Hill Strawberry Hill, Twickenham, Middlesex (Figure 90), he

proposed to reflect faithfully in its architecture his tastes 
for topography, history, and heraldry. He formed a “com- 
mittee on taste” to advise him on the design. Among 
the members were the amateur archaeologists Richard 
Bentley and John Chute, both of whom provided designs. 
The architect responsible for the execution of most of the 
work was William Robinson. During the early phase of 
building, alterations and interior decorations were made 
in a pretty, decorative style, with a freedom unhampered 
by any serious archaeological study. Nor was there any 
real feeling for medieval composition in the massing of 
the elements. But in 1761, when a vast circular tower 
was added to the Southwest corner of the house, Walpole 
gave evidence of a deliberate attempt to achieve an asym- 
metrical, picturesque composition. The west of the house 
was more freely grouped. Finally, in 1776, James Essex, 
probably the most eamest Gothicist of the period, inserted 
the Beauclerc Tower between the west end and the round 
tower, making the whole the first and most determined 
example of a large-scale Picturesque composition.
The fortuitous appearance and the deliberate irregular­

ity of Strawberry Hill were exploited in many late 18th- 
century buildings. The most extravagant and sensational 

Fonthill of all Gothic Revival buildings was Fonthill Abbey (1796- 
Abbey 1806), Wiltshire, designed by James Wyatt primarily as a 

landscape feature for the arch-Romantic William Beckford 
(Figure 91). The great central tower collapsed in 1807, and 
most of the building has today disappeared; but, in John 
Rutter’s Delineations o f Fonthill (1823), it is still possible 
to perceive something of the grotesquely spectacular qual- 
ity that made this building, for a short time, notorious. 
Although many classical architects, including Sir William 

Chambers and Robert Adam, applied Gothic details to

Figure 91: Fonthill Abbey, Wiltshire, Eng., designed by James 
Wyatt, 1796-1807. Engraving by T. Higham, 1823, from 
Delineations of Fonthill by John Rutter.
J.R. Freeman & Co. Ltd.

the exterior of their country houses (and Adam was even 
employed at Strawberry Hill), they displayed no great in­
terest in the style and always retained strict symmetry of 
composition. George Dance used it more thoughtfully and 
originally in his occasional Gothic buildings—the facade 
of the Guildhall (1789), London; Cole Orton Hall (1804- 
08), Leicestershire; Ashbumham Place (1813-17), Sussex; 
and the churches of St. Bartholomew-the-Less (1789), 
London, and Micheldever (1808), Hampshire.

Walpole’s innovation assumed real significance only to­
ward the end of the Century, after the theory of the 
Picturesque was evolved and publicized by Richard Payne 
Knight and Uvedale Price. Already Knight had given 
architectural form to his ideas of rugged, irregulär, and 
apparently “natural” composition in Downton Castle, 
Herefordshire, near Ludlow (1774-78). This was the first 
irregularly planned castellated (castle-style) building with a 
classical interior. It inspired a vast range of such buildings. 
John Nash is the best known and most proficient expo­
nent of the style. Starting with his own house, East Cowes 
Castle, on the Isle of Wight, in about 1798, he exploited 
the deliberate irregularity of plan and Silhouette afforded 
by the castellated style; from Caerhayes (1808), Cornwall, 
in the south, to Ravensworth Castle (1808), Durham, in 
the north, Nash dotted England (and also Ireland) with 
Picturesque castles, houses, and ornamental cottages all of 
vaguely Gothic or Italianate inspiration.
Sir John Soane attempted the Gothic style on at least 

three occasions—at Port Eliot (1804-06), Cornwall, at 
Ramsey Abbey (1804-06), Huntingdonshire, and for the 
library at Stowe (1805-07), Buckinghamshire—but, like 
his master Dance, strongly influenced by the French Neo­
classical theorists Cordemoy and Laugier, he attempted 
to distill the effects of Gothic rather than to imitate the 
style. His suspended arches and his clustered ribs rising 
sheer from the floor and continuing around the vault are, 
ultimately, of Gothic inspiration.

The great change that occurred at the beginning of the 
19th Century, when the Gothic Revival moved from a 
phase of sentimental and picturesque attraction to one of 
greater archaeological exactitude, was determined largely 
by the research and publications of antiquarians. In the 
Itinerarium Curiosum of 1725 William Stukeley first intro­
duced plans, in addition to topographical views, of Gothic 
buildings; but it was not until 1753, with the publication 
of Francis Price’s Salisbury, that sectional drawings were 
included. Knowledge was but slowly accumulated, and 
active, enterprising scholars appeared only toward the end 
of the 18th Century. Foremost of these was John Carter, 
author of The Ancient Architecture o f England (1795 and 
1807), in which Gothic details were more faithfully and ac-
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curately recorded than in any earlier publication. Thomas 
Rickman designated the various styles of medieval archi­
tecture in An Attempt to Discriminate the Styles o f En­
glish Architecture (1817), and the French refugee Augustus 
Charles Pugin, who was first employed by Nash, produced 
a series of meticulously measured details in Specimens 
o f Gothic Architecture (1821-23). The great popularizer 
of Gothic archaeology was John Britton, who diffused a 
knowledge of the medieval buildings of Great Britain with 
two series of books, The Architectural Antiquities o f Great 
Britain (1807-26) and The History and Antiquities of the 
Cathedral (Churches o f England) (1814-35).
For many years architecture, however, lagged far behind 

scholarship. Buildings continued to be put up in an ef- 
fete, decorative, and unconvincing Gothic style. Dozens 
of castellated houses were built during the first decades of 
the Century. The first successes of Smirke—Lowther Castle 
(1806-11), Westmorland, and Eastnor Castle (c. 1810-15), 
Herefordshire—were in this style. The most spectacular 
was Windsor Castle, by James Wyatt’s nephew, Sir Jeffry 
Wyatville, who began the remodeling in 1824. Gothic was 
also employed in collegiate work. William Wilkins built 
the screen and hall at King’s College, Cambridge, between 
1824 and 1827, and Rickman and Henry Hutchinson 
added New Court to St. John’s College, Cambridge, be­
tween 1827 and 1831. But Gothic was to be most widely 
used—and even exploited—for church architecture, not 
because it was thought more appropriate than classical 
architecture but because it was cheaper.

The Church Building Act of 1818, providing for the 
expenditure of £1,000,000 on churches, emphasized once 
more Gothic as the ecclesiastical style. It was the discov- 
ery by the commissioners responsible for the spending of 
this money (together with an additional £500,000 voted 
in 1824) that a Gothic church cost less to build than 
a Neoclassical one with its requisite stone portico that 
determined the widespread utilization of the Gothic style. 
The first significant church to which the commissioners 
contributed, St. Luke’s (1820-24), Chelsea, London, by 
James Savage, was splendidly vaulted in Bath stone, but 
meanness as well as meagreness progressively controlled 
the design of their churches. Of the 612 churches built for 
the commissioners, more than 550 were Gothic or some 
related style.
Gothic was established as a national style when, in 1836, 

the commissioners for the rebuilding of the Palace of 
Westminster (Houses of Parliament) accepted a Gothic 
design by Sir Charles Barry. This was to be the first 
public building of any consequence in the style. Barry 
had already experimented with Gothic in no less than 
nine churches—the best known being St. Peter’s (1824- 
26), Brighton—and had built King Edward’s Grammar 
School (1833-37) in Birmingham in the Gothic style. His 
great and elaborate Palace of Westminster, however, is 
not a convincing essay in Gothic composition. The plan 
is formal, the facade to the river altogether symmetrical, 
and the detail repetitive. But it derives a Picturesque ef­
fect from the placing and proportioning of its two towers, 
St. Stephen’s (Big Ben), halfway along the north face, 
and the squatter Victoria tower, in the west facade. In 
England the Palace of Westminster was not imitated— 
though in Budapest it was formally commemorated in 
Imre Steindl’s Parliament House (1883-1902). Work at 
Westminster was completed slowly and was finished only 
after Barry’s death. By then the Gothic Revival had been 
put on an altogether different footing, paradoxically, by 
the man who was responsible for all the Gothic details of 
both the King Edward’s Grammar School and the Palace 
of Westminster, Augustus Welby Northmore Pugin, son 
of the author of Specimens o f Gothic Architecture.
A Roman Catholic convert, the younger Pugin was in- 

tent to show that Gothic was an expression of the Catholic 
spirit and thus the only form of architecture properly 
suited to its ritual. In his book Contrasts (1836) he also 
sought to show that architecture reflects the state of the 
society by which it is built: The society of the Middle Ages 
was good; therefore, Gothic architecture was good. In The 
True Principles o f Pointed or Christian Architecture (1841) 
he first laid down firm principles for the Victorian Gothic

Revival. Architecture, he held, should be honest in its ex­
pression. Every feature of a building should be essential to 
its proper functioning and construction, and every feature 
of this construction should be frankly expressed. Architec­
ture was to be judged by the highest Standards of morality. 
Such concepts are a part of Pugin’s French heritage; they 
were commonplace in 18th-century France, but Pugin’s 
ideals came as a revelation to British architects and gave to 
the Gothic Revival a wholly new seriousness of purpose.
Most of the buildings in which Pugin attempted to give 

form to his ideas were built between 1837 and 1844. His 
first church of any consequence was St. Mary’s (1837— 
39), Derby; his most influential were St. Wilfrid’s (1839— 
42), Hulme, Manchester, and St. Oswald’s (1840-42), Old 
Swan, Liverpool. But all three—like most of his other 
buildings and even his own favourite, St. Augustine’s 
(1845-51), built near his house at Ramsgate, Kent— 
though solid and broadly proportioned and far more con- 
vincingly imbued with the Gothic spirit than earlier build­
ings, are not successful as works of architecture. Pugin 
was too much concemed with the minutiae of medieval 
detail. When incomplete in their detail and fumishing, 
his churches are grim; fully and expensively finished, as 
at St. Giles’s (1841-46), Cheadle, Cheshire, they appear 
overexquisite.

Pugin’s doctrines were taken up by the Anglican re- 
formers, the Tractarians of Oxford and the Camdenians 
of Cambridge. The Ecclesiological Society, into which the 
Camden Society was transformed in 1845, so successfully 
aroused the liturgical enthusiasm of the clergy that most 
architects employed by the established Church of England 
in the years that followed were subject to the most doctri­
naire of disciplines. Numerous architects were castigated by 
the critics of the Ecclesiologist, though Richard Cromwell 
Carpenter—who in 1838 had applied Neo-Tudor details 
to Lonsdale Square in Islington, London—was consis- 
tently upheld for the “correctness” of his work, as were 
those far more original and competent architects William 
Butterfield and John Loughborough Pearson. Pearson’s 
masterpiece was St. Augustine’s (1870-80), Kilburn Park 
Road, London.

Figure 92: All Saints’ Church, Margaret Street, London, by 
William Butterfield, 1849-59.
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Butterfield is remembered today chiefly for the poly- 
chromy of his collegiate work at Keble College (1866-86), 
Oxford, and Rugby School (1868-86), but he was respon- 
sible for a range of simple, though no less rigorous and 
emphatic, country parsonages and churches in Yorkshire, 
culminating in the group at Baldersby St. James (1855— 
61), and those bold, ruthless, and highly idiosyncratic 
churches, St. Matthias’ (1849-58), Stoke Newington, Lon­
don; St. Alban’s (1859-63), off Holbom, also in London; 
St. Augustine’s (1864-66), Penarth, near Cardiff, and 
All Saints’ (1865-74), Babbacombe, Devon. Butterfield 
brought a new vigour to the Gothic Revival. The building 
that first gave evidence of his power and originality was 
All Saints’, Margaret Street, London, designed in 1849 
and largely completed by 1852 (Figure 92). This church 
was sponsored by the Ecclesiological Society. But it is not 
its liturgical correctness that makes it so important in the 
history of the Gothic Revival. From the pavement to the 
top of the tower, the church was built in bands of black 
and red brickwork, setting a fashion for “structural poly- 
chromy.” Intemally, marbles and tiles were used to cover 
all surfaces, giving them a rich coloration. Butterfield be­
came famous for his polychromy.

This taste for polychromatic decoration was initiated, 
encouraged, and sustained by the greatest apologist of the 
Gothic Revival, the critic John Ruskin. In 1849 he pub- 
lished The Seven Lamps o f Architecture in time to influ- 
ence Butterfield at All Saints’, Margaret Street. Ruskin’s 
Stones o f Venice appeared between 1851 and 1853; and 
within a few years architects throughout England were 
adapting the details and colour combinations of Italian, 
especially Venetian Gothic, architecture for myriad clients 
who had been enraptured by Ruskin’s mellifluous descrip- 
tions and high-sounding sanctions for a Gothic Revival. 
Like Pugin and the Camdenians, he judged Gothic to be 
a style with a firm moral basis.

By the middle of the 1850s, Gothic had become the 
established mode for church architecture in Great Britain, 
but it was also considered appropriate to many other types

of architecture. In the prodigiously productive decades 
that followed, the style was applied by a host of indus- High 
trious and competent architects to many buildings that Victorian 
had no medieval precedents. The most active practition- Gothic 
ers of Gothic were Sir George Gilbert Scott and George 
Edmund Street. Both were busy restorers of medieval 
cathedrals and churches, but they found time to build 
a great number of new buildings in the Gothic style.
Scott designed no less than 800. His first success was the 
Martyrs’ Memorial (1841) in Oxford; others included the 
Albert Memorial (1862-72), Hyde Park, London; Glas­
gow University (1866-71); and the vast and picturesque 
Midland Hotel (1867-74) at St. Pancras Station, London 
(Figure 93, left). He firmly established the supremacy of 
England as arbiter in the Gothic Revival by winning a 
competition in 1844 for the Church of St. Nicholas (1844- 
63), Hamburg. Street, who was trained by Scott, designed 
about 260 original buildings, starting with a number of 
small churches and schools in Cornwall, an outcrop of 
churches in Oxfordshire, Buckinghamshire, and Berkshire, 
and another in Yorkshire. His churches vary in style, from 
the elaborate, decorative polychromy of St. James-the- 
Less (1858-61), Thomdike Street, London, through the 
more forcefully detailed style of St. Philip and St. James’s 
(1860-62), Oxford, to the bare barn of St. George’s (1861),
Oakengates, Shropshire. His most famous and probably 
his noblest work was a secular building, the Law Courts,
London, competed for in 1866 but not begun until 1874 
and completed only after his death in 1882 (Figure 93, 
right). His influence was exerted through both his archi­
tecture and his famous publication Brick and Marble in 
the Middle Ages (1855).
The other great secular work of the Gothic Revival,

Manchester Town Hall, was won in competition in the 
same year as the Law Courts, 1866, and begun in 1869.
The designer was Alfred Waterhouse, an architect almost 
as active as Street but one who was responsible for 
very few churches. Waterhouse demonstrated conclusively 
that, because of its flexibility, Gothic was not only suit-

Figure 93: English secular architecture in the Gothic Revival style. 
(Left) Midland Hotel at St. Pancras Station, London, by Sir George 
Gilbert Scott, 1867-74. (Right) Law Courts, London, by George 
Edmund Street, 1874-82.
By courtesy of (left) The Architectural Review; photographs, (left)
De Burgh Galwey, (right) J. Allan Cash from Rapho/Photo Researchers— EB Inc.
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able but was virtually the only revival style applicable to 
the design of the large and complex buildings required 
by Victorian administration and institutions. A master 
planner, he first achieved fame as a result of a compe­
tition for the Manchester Assize Court (1859-64); then 
followed the ingenious Town Hall (1869-77) and later 
Owens College (1870-98), also in Manchester. For Oxford 
he designed Balliol College (1867-69); for Cambridge, the 
Union (1865-67), Gonville and Caius Colleges, started in 
1870, and buildings at Pembroke College (1871-72). His 
vast London buildings include the Natural History Mu­
seum (1873-81), the Prudential Assurance building (1879, 
1899-1903), and University College Hospital (1897-1906).
Though Scott, Street, and Waterhouse dominated the 

mature phase of the Gothic Revival, they were not always 
responsible for the most interesting and experimental work 
of the period. William Burges (1827-81) designed St. Fin- 
bar’s Church of Ireland Cathedral in Cork (1863-76) in a 
curious 12th-century French style. In 1865, at Cardiff Cas­
tle in Wales, he began to interpret medieval architecture 
with merry and decorative freedom. The interiors of this 
building and of Castell Coch, built 10 years later, are a 
riot of decoration. His friend Edward William Godwin, on 
the other hand, was more restrained; he built two small, 
neat town halls in the Gothic style, one at Northampton 
(1861-64), the other at Congleton (1864-67), Cheshire. 
Other notable Gothicists were George F. Bodley, who of- 
ten employed the artist William Morris and his associates, 
including the painters Ford Madox Brown and Sir Edward 
Burne-Jones, to decorate his churches; and Philip Webb, 
who had himself been a pupil with Morris in the office of 
Street and was to build for Morris the Red House (1859— 
60) at Bexleyheath near London. Little in this building is 
overtly Gothic—rather, it is intended to evoke the solid- 
ity and sound craftsmanship of medieval architecture, an 
ideal he had adopted from a greatly neglected architect, 
William White, and one that was to be taken up later by 
Richard Norman Shaw.

The Gothic Revival survived into the 20th Century, 
though largely for ecclesiastical architecture. Truro Cathe- 

20th-cen- dral, Cornwall, was built in 1880-1910 from designs by 
tury British J.L. Pearson. After his death in 1897, it was completed 
Gothic by his son, Frank Loughborough Pearson, as was his 

last work, Brisbane Cathedral, Australia, the construction 
of which did not begin until 1901. Similarly, Sir Giles 
Gilbert Scott, the grandson of Sir George Gilbert Scott, 
maintained the family tradition by designing a cathedral 
for Liverpool in 1903 in a Gothic style; this magnificent 
building was completed in 1978. Stephen Dykes-Bower 
made extensive additions in a late Gothic style to Bury St. 
Edmunds cathedral (1960-70).
Scott, Butterfield, and Carpenter all supplied designs for 

churches in the British Commonwealth, but their designs 
were often modified and slowly executed: Butterfield’s 
Anglican cathedral, St. Paul’s, in Melbourne, Australia, 
although designed in 1847 and begun in 1850, was not 
finished until 1934. The direct influence of the English 
leaders on colonial Gothic was thus small, and numerous 
churches built in the British dominions during the second 
half of the 19th Century were mostly in a meagre, unin- 
spired Gothic mode.
France. In France a taste for medieval legend survived 

into the 16th Century in aristocratie circles and was nur- 
tured not only by the literary works of the Italian Renais­
sance poets Ludovico Ajiosto and Torquato Tasso but also 
by books on heraldry and blazonry by humanist scholars. 
More remarkable as evidence of conscious, widespread, 
and continuing populär interest in the Middle Ages—and 
especially in Gothic building—were topographical studies 
and guidebooks published from the middle of the 16th 
Century onward. The Gothic tradition of building contin- 
ued, especially in ecclesiastical circles, far into the 18th 
Century. But it was largely survival rather than revival. 
French admirers of Gothic architecture regarded it primar- 
ily as a challenge to the intellect. The architects Delorme 
in the 16th Century and Derand in the 17th analyzed the 
construction of the Gothic vault. They were quick to ap- 
preciate it as a highly efficiënt and economical framework 
of columns and ribs, supporting the webs of the vaults

(which they regarded as no more than infilling panels 
carrying no thrust) and counterbalanced by buttresses and 
flying buttresses—as something, indeed, of a structural 
scaffold. It was this structural elegance that early 18th- 
century enthusiasts of Gothic, such as Cordemoy, sought 
to infuse into contemporary architecture. In the Nouveau 
Traité de toute Tarchitecture (1706) Cordemoy proposed 
that a new, honest, and economical architecture might be 
arrived at by abstracting the principles of Gothic construc­
tion and applying them in a perfectly regulär classical way.
There was no question of reviving the Gothic style; interest 
in Gothic was to be altogether transmuted into classical 
terms. The building of the church of Sainte-Geneviève 
(now known as the Panthéon) in Paris, designed in a 
style confirming the Neoclassical ideal but on principles 
derived from Gothic architecture, gave a new impetus to 
the study of Gothic construction. French architects were 
imbued with a rational appreciation of Gothic that was 
without parallel.

Although there was a native French vogue in the 18th 
Century for the medieval literature of the troubadours, it 
was the intrusion of English ideas that prompted more 
authentic representations of the medieval world in stage 
settings and history paintings after 1772. Certainly, the 
Gothic taste in architecture was conditioned by the intro- 
duction of the informal landscape garden. By 1781 there 
were a number of English gardens in France with mock- 
Gothic pavilions, and, during the last two decades of the 
Century, many more were built. But the frivolous, light- 
hearted “Gothick” of 18th-century England never took 
hold in France; the French made virtually no attempt to 
imitate, let alone rival, the splendours of Strawberry Hill 
and Fonthill Abbey.

To the Revolutionaries at the end of the 18th Century,
Gothic architecture seemed a Symbol of the vested power 
of the aristocracy and the church, and many buildings 
were wantonly destroyed. Yet, populär interest in the pic­
turesque charms of Gothic architecture was sustained and 
even intensified by such men as Alexandre Lenoir, who 
in 1795 turned the largest of the Paris depots for plün­
dernd works of art, the Petits-Augustins (now the Ecole 
des Beaux-Arts), into the Museum of French Monuments.
Here, by clever juxtaposition and subtle lighting, the Mid­
dle Ages seemed to be endowed with an aura of magie. By 
suggesting a relationship between a chivalric past and the 
actual forms of Gothic sculpture and architecture, Lenoir 
coloured the imagination of a whole generation of Roman­
tics. The great Romantic writer Frangois-René, vicomte 
de Chateaubriand, was fascinated by Lenoir’s collection.
Indeed, a celebrated chapter on Gothic architecture in 
Chateaubriand’s Le Génie du christianisme (1802; “The 
Genius of Christianity”), in which Gothic is not only Gothic as 
taken as the Symbol for the old French Catholic spirit a Symbol 
but also is traced beyond, through the forests of Gaul, of the old 
to nature itself, was directly inspired by Lenoir’s work. French 
Inevitably, a Romantic Gothic image was popularized in Catholic 
the years that followed; Romantic playwrights, novelists, spirit 
and painters were seduced by the charms of Gothic. Even 
antiquarians succumbed to the Romantic myth, and from 
1810 onward a spate of populär guidebooks and studies of 
Gothic architecture was published.
In spite of a few Gothic-inspired fantasies and an ar­

chaeological interest in medieval architecture that found 
expression in the Neo-Romanesque church of Saint-Paul 
(1835) at Nimes by Charles-Auguste Questel, architecture 
remained a virtually impregnable stronghold until after 
1840, when a hard core of Gothic Revivalists began to 
emerge. This was composed of consistent medievalists 
who were stirred primarily by archaeological pretensions.
Stimulated by the activity of English scholars in Nor­
mandy, they patiently studied the medieval remains of 
that region and slowly forged the Science of French Gothic 
archaeology. An equally important aspect of the Gothic 
Revival was inaugurated by the great Romantic author 
Victor Hugo, when he published in 1831 Notre-Dame de 
Paris, the explicit purpose of which was the glorification 
of Gothic as a national and Catholic style of architecture.
But it was the Protestant statesman Francois Guizot who 
first gave real impetus to those ideas promoted by Hugo.
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In 1830 he inaugurated the organization that seven years 
later became the Commission on Historical Monuments.

All the serious, acceptable architects of the Gothic Re­
vival were amateur archaeologists, and they acknowledged 
an archaeological Standard of taste. They designed from 
the first in the 13th-century style, and nearly all had re- 
stored at least one Gothic building before they undertook 
to build anything new. The patronage of the Commission 
on Historical Monuments and later of the Diocesan Build­
ings Service (formed in 1848), for which thousands of 
medieval buildings were restored and enlarged, was thus 
of enormous importance in furthering the aims and the 
technical skill of the Gothic Revivalists. The men who 
sustained the Gothic Revival were almost all taught by the 
commission’s leading architects, Jean-Baptiste Lassus and 
Viollet-le-Duc. Lassus trained Viollet-le-Duc first on the 
restorations in Paris of Saint-Germain-rAuxerrois (1838) 
and the Sainte-Chapelle (1842). In 1844 they were both 
appointed to restore Notre-Dame de Paris and to build a 
new sacristy in the Gothic style; this was regarded as an 
official sanction for the Gothic Revival. But, although a 
picturesque revival of Gothic had already been initiated in 
the provinces, official sanction for a full-scale revival was 
not easily accorded. The members of the French Academy, 
faithful to Neoclassical ideals, were firmly against it.
In 1844 the north tower of the abbey church of Saint- 

Denis, begun under Suger in 1135, was found to be in 
danger of collapse. All Gothic Revivalists were aghast. 
Adolphe-Napoléon Didron, editor of the Annales arché- 
ologiques and propagandist for the Gothic Revival, tact- 
lessly accused the Council of Civil Buildings, which was 
charged with the approval of all building plans in France, 
of irresponsibility. Its members, mainly academicians, re- 
taliated by arbitrarily stopping the construction of three 
churches in the Gothic style that Didron had acclaimed in 
his joumal. Didron then launched a counteroffensive; he 
demanded a public inquiry into the restoration of Saint- 
Denis. Under threat of this inquiry, which was powerfully 
supported by the prefect of the Seine district, Barthelot 
Rambuteau, the council was forced to approve the plans 
for Sainte-Clotilde in Paris by Franz Christian Gau, plans 
that they had held up for more than four years. It became 
a cause célèbre. A furious pamphlet war followed, from 
which the Gothic Revivalists emerged triumphant, and in 
1852 Didron estimated that 200 neo-Gothic churches had 
been built or were in the process of construction. But the 
victory was short-lived. Sainte-Clotilde, as completed by 
Gau and his successor Théodore Ballu in 1857, was an 
anomalous expression of revivalist ideals. Didron disliked 
it intensely, and the dispute caused many admirers of 
Gothic architecture to reflect seriously on the merits of a 
Gothic Revival.

Lassus went on to build Saint-Nicolas (1848) at Moulins, 
Saint-Pierre at Dijon (1852), and Saint-Jean-Baptiste-de- 
Belleville (1854) in Paris. Viollet-le-Duc constructed Saint- 
Gimer (1853-57) at Carcassonne, the church of Nouvelle 
Aude (1855) and Saint-Denys-de 1’Estrée (1860-67) at 
Saint-Denis; he restored the Chateau de Pierrefonds (1858- 
70) to a state of colourful medieval splendour for Louis- 
Napoleon; and, in his Dictionnaire raisonné de Varchitec- 
ture francaise (1854-68; “Analytical Dictionary of French 
Architecture”) and the Dictionnaire raisonné du mobilier 
francaise (1858-75; “Analytical Dictionary of French Fur- 
niture”), together running into 16 volumes, he provided 
the vital visual and intellectual inspiration required to 
sustain the Gothic movement. But he was by no means a 
convinced revivalist. All but one of his secular works are 
in an uneasy Renaissance mode. He determined to think 
his way beyond the Romantic attractions of the Gothic 
style. Pursuing the inquiries of 18th-century theorists, he 
envisaged an architecture of the 19th Century that would 
be based on the rational System of construction and com­
position that he recognized to be embodied in Gothic but 
would in no way imitate its forms and details. Architecture, 
he thought, should be the clear expression in 19th-century 
materials of 19th-century structural and functional needs. 
He was unable to accept the challenge of his own ideas. 
Both he and his disciples—Paul Abadie, Émile Boeswill- 
wald, Eugène-Louis Millet, Maurice Ouradou, Anatole

de Baudot, Édouard Corroyer, Félix Naijoux, and Éd- 
mond Duthoit—continued to design buildings (primarily 
churches) in a weak Gothic style. There were many less 
thoughtful and determined men who put up imitations 
of Gothic architecture in the late 19th Century, but the 
Gothic Revival was never a full-blooded affair. Some of 
the finest buildings designed after the medieval manner— 
Saint-Pieire-de-Montrouge (1864-72) in Paris, by Joseph- 
Auguste-Emile Vaudremer, is one—were isolated works 
by architects who worked outside the orbit of the Gothic 
Revivalists and who had no qualms about the intellectual 
honesty of their chosen mode of expression.

Germany and central Europe. As in France, German 
interest in medieval legend, history, art, and architecture 
was sustained throughout the Renaissance both by the 
general public and by scholars and antiquarians. Interest 
was focused, in particular, on the cathedrals of Strasbourg 
and Cologne, buildings that were to assume an almost 
symbolic significance in the history of the Gothic Revival 
on the Continent. In his Rerum Germanicarum Epitome 
(1505; “Epitome of Things German”) the humanist Jakob 
Wimpheling extolled Strasbourg cathedral as the rarest 
and most excellent of buildings, and Oseas Schadaeus’ 
guide to the cathedral, Summum Argentoratensium Tem- 
plum (1617; “Strasbourg^ Finest Church”) was the first 
illustrated guidebook ever devoted to a single medieval 
building and, in spite of its Latin title, was written in 
German. Other 17th- and early 18th-century histories and 
guides—and there were many—give ample evidence of a 
respectful appreciation of Gothic, despite the jibes of fash- 
ionable leaders. Appreciation of Gothic was a traditional 
and emotional affair, far removed from the studied and 
analytical interest of the French. Not surprisingly, English 
Gothic sentiments permeated Germany with the mid-18th- 
century taste for things English. Conjectures on Original 
Composition (1759) by the English poet Edward Young 
enjoyed a vogue in Germany that it never aspired to in 
England. English attitudes and ideas provided the German 
Gothic Revival with its peculiarly impassioned character.

The Sturm und Drang (“Storm and Stress”) conception 
of the late 18th Century invested Gothic with extraordinary 
and unparalleled qualities; it seemed to such philosophers 
as Johann Gottfried von Herder (and, under his inspira­
tion, to the genius and writer Goethe) to be of the most 
sublime and exalted inspiration—an expression at once of 
all nature, all things divine and infinite. Goethe’s paean 
to the cathedral at Strasbourg—and to its builder Erwin 
von Steinbach—was a 16-page pamphlet, Von deutscher 
Baukunst (1772; “On German Architecture”), that was 
an inspiration to all future revivalists. Goethe epitomized 
Gothic as the expression of the German spirit. Gothic be­
came a German architecture, and it was to remain such in 
the estimate of all Germans, even German scholars, for 50 
years and more. Goethe’s passion for Gothic was not long 
sustained, but his enthusiasm was shared by other con- 
temporaries, notably, the author and statesman Friedrich 
von Schlegel, who saw Gothic not only as an expression 
of the German spirit but specifically of a German Catholic 
spirit. This belief he shared with the brothers Sulpiz and 
Melchoir Boisserée, by whom he was largely inspired.
Sulpiz Boisserée was the most active and enthusiastic 

of early Gothic Revivalists. His great preoccupation was 
the cathedral of Cologne, which he measured minutely, 
starting in 1808 but continuing up to the publication of 
Ansichten, Risse und einzelne Theile des Doms von Köln 
(“Elevations, Sections, and Details of the Cathedral of 
Cologne”), issued between 1823 and 1831, and an ac- 
companying text, Geschichte und Beschreibung des Doms 
von Köln (“History and Description of the Cathedral of 
Cologne”), of 1823. The purpose of this study was the 
restoration and completion of the unfinished cathedral. 
He enlisted the moral support even of Goethe and the 
financial support of King Frederick William III, who in 
1824 ordered the preservation of the building. This work 
of Conservation was carried out by Friedrich Ahlert, under 
the guidance of Schinkel, and after his death by the most 
gifted of Schinkel’s pupils, Emst Friedrich Zwirner. The 
task of completion was started in 1842, at the command 
of King Frederick William IV, and was carried through
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after Zwimer’s death by Richard Voigtei, who finished the 
work only in 1880. The building of the Cologne cathedral 
was an expression of German nationalism and marked the 
beginning of the Gothic Revival proper in Germany.

Earlier expressions of the Gothic Revival in architec­
ture were of a Rococo or Picturesque nature and were 
much influenced by contemporary fashions in England. 
Between 1725 and 1728, Joseph Effner, gardener to the 
elector Maximilian II Emanuel of Bavaria, built the 
Gothic-inspired Magdalene Chapel on the grounds of the 
Nymphenburg Palace in Munich. In 1755 Frederick II 
the Great of Prussia himself designed the Nauener Gate 
in Potsdam, and in 1768 Prince Franz of Anhalt-Dessau 
laid out his park in the Picturesque manner and scattered 
it, in the years that followed, with Gothic hermitages and 
ruins. Other 18th-century German gardens were similarly 
embellished: the New Garden in Potsdam, laid out in the 
1780s for Frederick William II by Langhans, or the more 
spectacular ruined Ritterburg (1793-98), in the park of the 
landgrave William IX of Hesse at Wilhelmshöhe. There 
were even odd or idiosyncratic interpretations of Gothic— 
the tower of Mainz cathedral (1767-74) by Franz Ignaz 
Neumann or the Laugier-inspired remodeling of the St. 
Nikolai Church in Leipzig (1784-97) by Johann Friedrich 
Carl Dauthe. In the latter church, the Gothic ribs of the 
vault were transformed into palm fronds.
The first architect of any distinction to take an active 

interest in Gothic was Karl Friedrich Schinkel. He was 
inspired by Friedrich Gilly’s engravings of the castle of 
Marienburg in East Prussia (1799) to paint, between 1810 
and 1815, a number of visionary studies of Gothic build­
ings in the manner of the German Romantic painter Cas­
par David Friedrich. He also designed several stage sets in 
the Gothic style. Schinkel’s first serious architectural com­
position was a Gothic mausoleum designed in 1810 for 
Queen Louisa of Prussia. He did other equally Romantic 
designs in Gothic, the most spectacular being that for a 
cathedral in the Leipzig Square, Berlin. But none of his 
ambitious Gothic projects was executed; those that were 
built are of little consequence.

Other prominent Neoclassicists who experimented with 
Gothic were Friedrich von Gärtner, designer of the Lud­
wigskirche (1829-44) in Munich, and Gottfried Semper, 
who provided the plans for the Cholera Fountain in Dres­
den (1843). But their handling of Gothic forms was stiff 
and awkward, as was that of most German architects of 
the period, whose works were adulterated and unconvinc- 
ing essays into the style.

The first significant church of the Gothic Revival was 
the Votive Church (1856-79) in Vienna by Heinrich von 
Ferstel (Figure 94). Indeed, Vienna was the centre of the 
most active and intriguing adaptations of Gothic. Friedrich 
Schmidt, who had worked under Zwirner at Cologne, 
was the leading revivalist. He built no less than eight 
churches in Vienna, ranging in date from the Church of 
the Lazarists (1860-62) to St. Severinus Church (1877- 
78). The most ambitious is the Fünfhaus parish church 
(1868—75) outside Vienna. He was the architect also of the 
Academische Gymnasium on Beethoven Square (1863- 
66) and the town hall (1872-83).
Along the Rhine, several great castles were restored and 

dramatized with spiky Gothic trimmings. In Dresden there 
was a minor outburst of revivalism, but these works can- 
not be said to have contributed much to the course of 
architectural history. The Gothic Revival in Germany was 
not a concerted movement, and there is no specific term 
in German to describe it. One of the rare buildings that 
may be considered as characteristic of a specifically Ger­
man revival and exuberantly Gothic is the Munich Town 
Hall (1867-74, enlarged 1899-1909), by Georg Joseph 
von Hauberisser.
The Low Countries. The Gothic style continued strong 

in the Low Countries throughout the 16th, 17th, and 18th 
centuries, inflecting the revived classical architecture to so 
great an extent that it retained a peculiar, hybrid quality. 
But no significant contribution was made to the Gothic 
movement until the Dutch architect Petrus Josephus Hu­
bertus Cuypers, an ardent and painstaking interpreter of 
the ideas of Viollet-le-Duc, began work. The career of

Figure 94: Votive Church, Vienna, by Heinrich von 
Ferstel, 1856-79.
By courtesy of the Österreichische Nationalbibliothek; photograph, A. Obermayer

Cuypers was, indeed, parallel to that of Viollet-le-Duc; he 
restored numerous Gothic churches and built many new 
ones in that style, mainly of brick, the Vondel Church of 
1870 and the Church of Mary Magdalene of 1887, both 
in Amsterdam, being the most impressive. For his great 
secular buildings in that city, the Rijksmuseum (1876-85) 
and the Central Station (1881-89), he chose a Gothic that 
passes rather into the Renaissance style.

In Belgium the work of Cuypers finds its counterpart 
in that of Jozef Schadde, architect of the Antwerp stock 
exchange (1858-80) and the station in Brugge.

Scandinavia. The emergence of National Romanticism 
in the 1880s gave rise to buildings such as Martin Nyrop’s 
Copenhagen Town Hall (1892-1902), which combined 
Northern Renaissance features with a crenellated Gothic 
skyline. Its fine craftsmanship and delicate eclecticism 
were echoed in the celebrated Town Hall at Stockholm, 
designed in 1908 by Ragnar Östberg and executed in 
1911-23. In Finland, Lars Sonck worked in a powerful 
Arts and Crafts Gothic style reminiscent of the work of 
H.H. Richardson in the United States: for example, his 
Tampere Cathedral (1902-07) and Telephone Exchange, 
Helsinki (1905).

Italy. The Gothic Revival never really took hold in 
Italy. The Pedrocchi Cafe (1837), with its Venetian Gothic 
wing erected in Padua by Giuseppe Japelli, and Pelagio Pa- 
lagi’s pavilion La Margheria (1834-39), at Racconigi, are 
isolated examples. The revival was confined in the main 
to the completion of church facades, starting with that 
of the cathedral in Milan (1806-13) by Carlo Amati and 
Giuseppe Zanoia. It included Giorgio Morandi’s fanciful 
addition to the front of the cathedral at Biella (c. 1825) 
and the facades of Santa Croce (1857-63) in Florence, by 
Niccolö Matas; the cathedral of Florence (1867-87) by 
Emilio de Fabris; and the cathedral of Naples (1876-1907) 
by Enrico Alvino, Niccolö Breglia, and Giuseppe Pisanti.

Spain and Portugal. There was virtually nothing in the 
way of revived Gothic architecture in Spain before the
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middle of the 19th Century, when Jüan Martorell and a 
group of his disciples in Catalonia took up the idea of 
evolving a national style based on medieval precedent. 
The source of their inspiration was the work of Viollet- 
le-Duc. But it was not until Antoni Gaudi i Cornet, the 
most idiosyncratic of all Catalan architects, started design- 
ing in the 1870s that anything of more than marginal 
interest was built. His first independent work, the house 
of Don Manuel Vicens in Barcelona (1878-80), was, how­
ever, Mudéjar rather than Gothic in style, as were such 
later works as the Episcopal Palace at Astorga (1887- 
93) and the College of Santa Teresa de Jesüs (1889-94) 
in Barcelona. His Gothic sympathies were evident in the 
crypt of the church of the Holy Family in Barcelona, 
which he completed from 1884 to 1887, to the design of 
his master Francesc de Paula del Villar i Carmona. Gaudi 
also restored the Gothic cathedral of Palma, on the island 
of Mallorca, between 1901 and 1914. The Gothic element 
is implicit rather than overt, however, in most of his in- 
tensely personal mature works.

United States. The Gothic Revival in the United States 
was inevitably a stylistic import; it was not the outcome 
of deeply feit original sentiments of either a Romantic 
or moral nature. At first, it was regarded only as a facet 
of architectural historicism. Architects later adopted the 
aspirations and ideals of Pugin, the Camdenians, and even 
of Viollet-le-Duc and attempted to use the Gothic style in 
conformity with the principles that they had laid down; 
but few were consistent (the Episcopalians alone adhered 
to the doctrines of the Ecclesiologists), and fewer still had 
sufficiënt first-hand knowledge of the style to interpret it 
with any conviction.

Drawings exist for Gothic garden pavilions for Monti­
cello, Thomas Jefferson’s plantation near Charlottesville, 
Va.; but the first recorded building in the Gothic style 
was Sedgeley, a mansion erected outside Philadelphia in 
1798 to the design of Benjamin Latrobe. The thin, etio- 
lated Gothic of this house was repeated in other of his 
designs—an unexecuted project for Baltimore cathedral 
(1805); the Bank of Philadelphia (1807-08); Christ Church 
(1808), Washington, D.C.; and St. Paul’s at Alexandria, 
Va. (1817)—but he was essentially a Neoclassical archi­
tect. The same could be said of other early practitioners of 
Gothic—William Strickland, who built the Masonic Hall 
(1809-11) and St. Stephen’s (1822-23), both in Philadel­
phia, and Charles Bulfinch, architect of the Federal Street 
Church, Boston (1809).
The first Gothic Revival church of any consequence, St. 

Mary’s Seminary in Baltimore (1807), was designed by a 
Frenchman, Maximilien Godefroy. Others were built in 
the early decades of the 19th Century—e.g., St. Luke’s at 
Rochester, N.Y. (1824-26)—but not before the 1830s was 
a series of churches put up in and around Boston that 
gives evidence of a consistent Gothic Revival movement— 
Solomon Willard’s Bowdoin Street Church (1830) and the 
First Methodist Episcopal Church in Temple Street, both 
in Boston, and St. Peter’s (1833) and the First Unitarian 
Church (1936-37) in Salem, Mass., are examples. Most of 
these churches are constructed of granite and consequently 
are plain and simple in detail. In sharp contrast are the 
light timber churches with intricate and fanciful Gothic 
details put up at the same period, in particular St. Peter’s 
at Waterford, Pa. (1831), by Bishop John Hopkins, author 
of an Essay on Gothic Architecture (1836).

The active, enterprising architect of the next phase of the 
Gothic Revival was Richard Upjohn. In 1835 he built a 
somewhat thin and vitiated Gothic mansion, Oaklands, at 
Gardiner, Maine. He achieved fame, however, as a builder 
of churches. St. John’s (1836), Bangor, Maine, was his 
first Gothic church; but it was Trinity Church (1839-46) 
at New York City, in a flat, harsh Gothic style, that es­
tablished his reputation (Figure 95). This was built for the 
Episcopalians and was rigidly “correct” in the ecclesiolog- 
ical sense. During the next 30 years he designed no fewer 
than 40 Gothic churches, mostly for the Episcopalians. 
Extemally, they appear as brittle, uninspired adaptations 
of English models, but in his intemal work and especially 
in such buildings as the First Parish Church (1845-46), 
Brunswick, Maine, he showed himself to be an extraordi-

Figure 95: Trinity Church, New York City, by 
Richard Upjohn, 1839-46.
Wayne Andrews

nary and unparalleled manipulator of timber arcading and 
trussing. Equally important as exemplars of intrinsically 
American interpretations of the Gothic Revival theme are 
his churches built entirely of timber—wooden framed and 
sheathed with vertical boarding and battening—such as 
St. Paul’s at Brunswick, Maine, of 1845, or St. Thomas’, 
Hamilton, N.Y., of 1847.
The timber tradition (or “carpenter’s Gothic”) was in 

no way limited to ecclesiastical work. Upjohn''s Rural Ar­
chitecture (1852) applied the same method of design to 
the construction of timber houses and cottages. Decorated 
with details deriving from Gothic sources, this domestic 
architecture was, in sheer quantity, the chief expression 
of the Gothic Revival during the middle years of the 
Century. Powerful support for the movement came also 
from Andrew Jackson Downing, landscape gardener and 
architectural critic, who was a close friend of the archi­
tect Alexander Jackson Davis. In 1845 Davis designed the 
first plantation mansion in the Gothic style (Belmead, 
Powhatan County, Va.) and, more significantly, Ericstan 
(1855), the John J. Herrick house in Tarrytown, N.Y., 
which introduced castellated Gothic into the Hudson 
River Valley, and did Gothic cottage designs like the 
home of William H. Drake at Hartford, Conn. (Figure 
96). Downing leaned heavily on the theorists of the En­
glish Picturesque style—his major work, A Treatise on the 
Theory and Practice o f Landscape Gardening Adapted to 
North America (1841), is, indeed, a paraphrase of their 
arguments—but, in his pattem books Cottage Residences 
(1842) and The Architecture o f Country Houses (1850), 
he provided an inherently American variant on the “stick 
style,” with its use of board-and-batten finish to imi- 
tate half-timbering, that was soon diffused widely as the 
“bracketed cottage style.”

About 1860 the Gothic movement entered a new and de-
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Figure 96: William H. Drake Cottage, Hartford, Conn., drawing 
by Alexander Jackson Davis, 1845. (Top) Exterior; (bottom) 
plan. In the Metropolitan Museum of Art, New York City.
By courtesy of the Metropolitan Museum of Art, New York, Harris Brisbane Dick Fund, 1924

terminedly serious phase. James Renwick (1818-95), who 
in 1848 had designed the Smithsonian Institution in Wash­
ington, D.C., in a Neo-Norman style, used Continental 
models again in 1859 when building St. Patrick’s Roman 
Catholic Cathedral in New York City. Most architects of 
the period, however, sought inspiration from England and 
acclaimed the writings of Ruskin. The first building to 
give expression to his teachings was perhaps the Alumni 
Hall, Union College, Schenectady, N.Y., designed in 1858 
and completed in 1875, by Edward T. Potter, a pupil of 
Upjohn. The banded and pointed arches of this building 
at once suggest the influence of Ruskin. More success- 
ful—and controversial—as an exponent of the Ruskinian 
aesthetic was Peter B. Wight, architect of the National 
Academy of Design, New York City (1863-65). There the 
Venetian Gothic mode came into its own. Wight and Pot­
ter—and, later, Potter’s brother William Appleton—were 
responsible for a number of collegiate and public buildings 
in this harsh, polychrome Gothic style, but it was William 
Robert Ware and his partner Henry Van Brunt who were 
to become its most fashionable exponents. In 1859 Ware 
built St. John’s Chapel at the Episcopal Theological Semi- 
nary on Brattle Street in Cambridge, Mass.; six years later 
he and his partner started the First Church (Unitarian) 
in Boston, and in 1870 they began Memorial Hall at 
Harvard, a conspicuous, if not altogether polished, exem- 
plar of the style. Other purveyors of “collegiate Gothic” 
were Richard Morris Hunt, architect of the Yale Divinity 
School (1869), and Russell Sturgis, a partner of Wight, 
who designed several of the halls at Yale University be­
tween 1869 and 1885.
John H. Sturgis and Charles Brigham, architects of the 

Museum of Fine Arts on Copley Square (1876) and the 
Church of the Advent (1878), both in Boston, attempted 
to give to this tough, uneasy Gothic style something of 
monumental grandeur in their competition design of 1872 
for the Connecticut State Capitol Building in Hartford. 
Their design was reminiscent of that submitted by William

Burges in 1866 for the Royal Courts of Justice in London.
The competition, however, was won by Richard M. Up­
john, son of the church builder, who provided a Gothic 
project that was equally grandiose if more equivocal in 
expression. Within a few years Hartford was to possess an 
authentic Burges building, Trinity College. Only a small 
part of Burges’ magnificent design of 1873 was, however, 
executed.

The most original architects to emerge from the late 
Gothic Revival movement were Frank Fumess, known 
for his vigorous handling of Gothic motifs on the Penn­
sylvania Academy of Fine Arts (1872-76) and a series of 
banks in Philadelphia—the most extraordinary of which 
was the Provident Institution on Chestnut Street (1879)— 
and Henry Hobson Richardson, who used characteristics 
of the Gothic and Romanesque as a point of departure 
for the creation of a distinctive and altogether personal 
style. Richardson started his Gothic career with the Unity 
Church (1866-69), Springfield, Mass. During the following 
years he developed a robust, broadly proportioned style 
in a series of churches—Grace Episcopal Church, West 
Medford, Mass. (1867-68); Brattle Square Church, Boston 
(1870-72); and the North Congregational Church, Spring­
field, Mass. (1872-73)—culminating in Trinity Church on 
Copley Square, Boston (c. 1872-77). Overt Gothic influ­
ence is evident in most of Richardson’s early works, but 
later the Gothic style was to be superseded by the intro- 
duction of Romanesque paradigms, to which he gave so 
strong an imprint of his own distinct sense of style that 
they are rarely disquieting.

In the 20th Century the most ardent exponents of Gothic 
were Ralph Adams Cram and his partners, Bertram G. 20th- 
Goodhue and Frank W. Ferguson, who regarded it as Century 
particularly suitable for educational establishments. The Gothic 
Graduate College (1913) and University Chapel (1929) 
at Princeton University are among their finest achieve- 
ments. Other powerful Gothic buildings include their 
Cadet Chapel, United States Military Academy, West

Giraudon/Art Resource, New York City

Figure 97: Grand staircase of the Opera House, Paris, by 
Charles Garnier, completed 1875.
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Point, N.Y. (1910), and James Gamble Rogers’ Memo­
rial Quadrangle and Harkness Tower, Yale University, 
New Haven, Conn. (1916-33). Goodhue’s most arresting 
building is his State Capitol, Lincoln, Neb. (1921-32), 
with a soaring tower that has a Gothic flavour though its 
design is fundamentally abstract. Gothic elements are also 
responsible for the medieval-tower aspect of many of the 
early skyscrapers, the most notable example being Cass 
Gilbert’s Woolworth Building, New York City (1910-13), 
which has a steel frame clad in fireproof, lightweight terra­
cotta, richly carved with Gothic detail and dramatically 
illuminated at night. (R .D .M i./D .J.W a.)

Classicism, 1830-1930
CONTINUING DEVELOPMENT
Until recently conventional histories of architecture treated 
the 19th Century as an unfortunate period in which his- 
toricist architects needlessly obstructed the path to a new 
functionalist architecture based on technology and engi­
neering. The importance of the 20th Century, according 
to this view, consisted in the establishment of the Modern 
movement as the final victory of functionalism—in which 
buildings are designed so as to avoid all historical refer- 
ence and are even constructed of “new” materials.

Today, however, a new interpretation has arisen, for two 
reasons: first, the growth of serious study of the historical 
architecture of the 19th Century led to its reappraisal as 
an independent architectural movement of high quality; 
second, the arrival of postmodemism in the 1970s led 
to a realization that the Modern movement was not a 
permanent plateau to which the whole of the 19th and 
20th centuries had been leading but was simply another 
historical period. With the withdrawal of the privileged 
status that had been for so long granted to the Modem 
movement, it became possible to take a broader look at 
the period from 1830 to 1930. From the conventional 
histories, for example, one would scarcely be aware that 
most buildings erected up to the 1930s were designed in a 
range of classical and traditional styles.

NATIONAL AND REGIONAL VARIATIONS
École des France. The École des Beaux-Arts (School of Fine Arts)
Beaux-Arts in Paris was the most important centre of architectural 

education in the Western world in the 19th Century. 
Founded in 1819 as the successor to the Royal Academy 
of Architecture, the École drew students not only from 
France but also from throughout Europe and, after 1850, 
from North America. At the École, architecture was seen 
as a public service involving the representation in stone of 
national and civic dignity, and teaching thus centred on 
the Problems of designing monumental public buildings 
in the classical style. Jacques-Ignace HittorfF was typical 
of those architects who combined the practice of modern 
classicism with archaeological investigation into Greek and 
Roman architecture. His Gare du Nord, Paris (1861-65), 
showed brilliantly how a language ultimately inspired by 
the triumphal arches of ancient Rome could lend an ap- 
propriate monumental emphasis to a major metropolitan 
railway terminus. In Saint-Vincent-de-Paul, Paris (1830— 
46), a church with a giant portico leading to an aisled 
basilican interior, HittorfF incorporated polychromatic 
decoration inspired by his discoveries that Greek temples 
had been systematically painted in strong colours. His 
publications on this subject between 1827 and 1851 were 
important because the gaudy and essentially ephemeral 
character of polychromatic decoration was incompatible 
with the image of timeless purity with which Greek art 
had been invested by Winckelmann.
Henri Labrouste, a more inventive architect than Hit­

torfF, pursued similar research into Greek architecture 
with the ambition of making it seem human rather than 
divine or unapproachable; for example, he argued that 
what is now known as the Temple of Hera I at Paestum 
was not a temple but a civil assembly hall. His drawings 
showing the building in use, with transitory adomments 
such as trophies, inscriptions, paintings, and even graffiti, 
shocked the members of the Academy of Fine Arts to 
whom he submitted them in 1828. Ten years later he

had the opportunity of designing a great public building 
in which he could express his ideals of modemized clas­
sicism. This was the Library of Sainte-Geneviève, Paris, 
designed in 1838-39 and built from 1843 to 1850; it is 
one of the masterpieces of 19th-century architecture. The 
austere arcuated (arched) facade, owing something to Al- 
berti’s Malatesta Temple at Rimini, is adomed with the 
carved names of more than 800 of the most important 
authors whose books are housed within: an extraordinary 
modem parallel to the graffiti with which he had boldly 
adomed the walls of the basilica at Paestum. The columns 
and arches supporting the huge barrel-vaulted ceiling of 
the main reading room are constructed of cast iron, el- 
egantly ornamented—an early use of this material in a 
major public building.

Louis Duc’s Palace of Justice, Paris (1857-68), articu- 
lated with a powerful Doric order, is a major expression of 
Beaux-Arts ideals, but it is Charles Gamier’s Paris Opera 
House (1862-75) that is widely regarded as the climax of 
19th-century French classicism. The ingenious planning 
and spatial complexity of the Opera owe much to Beaux- 
Arts methods of organization, but the scale is new, as is the 
lavish Provision of circulation space, including the great 
staircase and numerous richly decorated galleries, foyers, 
and corridors (Figure 97). Garnier planned this spectac­
ular setting so that visitors would begin their theatrical 
experience the moment they entered the building. The 
Opera fits into the web of new streets or boulevards built Hauss- 
for Emperor Napoleon III by Baron Haussmann in 1854- mann’s 
70. These broad avenues of apartment blocks and shops, boulevards 
frequently contrived in Baroque fashion to create vistas 
converging on major public buildings, set a pattem that 
was widely followed in the expansion and modemization 
of European Capital cities.
The classical language of HittorfF and Duc was echoed 

throughout the 19th Century by French architects such 
as Jean-Louis Pascal (Faculty of Medicine and Pharmacy,
Bordeaux; 1880-88) and Henri-Paul Nénot (New Sor­
bonne, Paris; 1885-1901), both of whom were influential 
teachers at the École des Beaux-Arts. A high point was 
reached with the Paris Exposition of 1889, for which 
Henri Deglane and Victor Laloux erected, respectively, the 
Grand Palais and the Gare d’Orsay (renovated as the Or- 
say Museum, 1979-86). These monumental buildings are 
in a frothy Baroque style, though they incorporate much 
glass and iron. Reaction to this exuberance was expressed 
in the work of Auguste Perret, who attempted to apply 
the newly developed technique of reinforced-concrete con­
struction to buildings designed in a trabeated (post-and- 
lintel) style that was ultimately classical: for example, his 
Theatre of the Champs-Élysées, Paris (1911-12), and the 
much drier Museum of Public Works, Paris (1936), now 
the headquarters of the Economie and Social Council. At 
the International Exposition of 1937, or Paris World’s 
Fair, pavilions in a range of styles were dominated by 
the Chaillot Palace, built from designs by Jacques Carlu, 
Louis-Hippolyte Boileau, and Léon Azéma. This is a strik- 
ing example of the austere trabeated classicism that was 
the most populär style for public buildings in the 1930s in 
many parts of the United States and Europe, including the 
Soviet Union. It is often known as stripped classicism be­
cause features such as columns and pilasters were reduced 
to a grid and deprived of their customary mouldings.

Great Britain. Britain in 1830 was still in the middle 
of a building boom that had begun at the end of the 
Napoleonic Wars in 1815. Towns were expanded with 
buildings in the international Greek Revival manner such 
as William Wilkins’ Yorkshire Museum, York (1827- 
30). The architect Charles Robert Cockerell, despite being 
a distinguished classical archaeologist, regarded this rigid 
Greek formula as stylistically restricting. He feit that he 
belonged to a continuing classical tradition that linked Ic- 
tinus with Borromini. In his masterpiece, the Ashmolean 
Museum and Taylorian Institution, Oxford (1841-45), he 
produced a type of Grecian mannerism in which elements 
from Greek, Roman, Renaissance, and Baroque architec­
ture were united in a rich sculptural weave of powerful 
originality. He was also important for bringing the same 
high quality of design and materials to the field of com-
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mercial architecture, as in his Bank of England, Liverpool 
(1844-47).

Despite the high regard in which the allusive classical 
buildings of this leamed and sensitive architect were held, 
the immediate future for British architecture did not lie 
with Cockerell. The Gothic Revival attracted the most 
thoughtful minds and the most gifted architects between 
about 1840 and 1870. From the 1870s, however, Richard 
Norman Shaw and William Eden Nesfield led a move 
away from the Gothic Revival, with its strongly ecclesi­
astical flavour, to the more domestic charms of the so- 
called Queen Anne Revival. In prominent buildings such 
as his red-brick mansion for Frederick White at No. 170, 
Queen’s Gate, London (1888-90), and Parr’s (now Na­
tional Westminster) Bank, Liverpool (1898-1901), Shaw 
demonstrated the virtues of the simple astylar (column- 
less) classical tradition of English 17th- and 18th-century 
architecture.
Among the many who were profoundly influenced by 

the brilliance and diversity of Shaw in the field of do­
mestic and commercial architecture, none was more im­
portant than Sir Edwin Lutyens. In early houses such as 
Deanery Garden, Sonning, Berkshire (1901), he adopted 
local vemacular styles but was nonetheless able to display 
his characteristic geometrie massing on the exteriors and 
his love of complex spatial flow in the interiors. These 
qualities make such houses an interesting parallel to the 
domestic work of Lutyens’ contemporary Frank Lloyd 
Wright. The same play with volume and space governs the 
design of Lutyens’ masterpieces such as Viceroy’s House 
(now the Presidential Palace), New Delhi (1912-30), and 
the Memorial to the Missing of the Somme, Thiepval, 
Fr. (1928-30), in which he reduced the language of the 
classical orders to an almost abstract synthesis.
Italy. The Neoclassical town planning of the years 

around 1815 was succeeded in Italy, as elsewhere in Eu­
rope, by a Renaissance Revival of which an ambitious 
example is the Palace of Justice, Rome (1888-1910), by 
Guglielmo Calderini. This revival was appropriate in a 
country that was home to the Renaissance. It thus blended 
well with the growth of Italian nationalism, of which the 
most conspicuous architectural expression is Giuseppe Sac- 
coni’s Monument to Victor Emmanuel II, Rome (1885— 
1911). This amazingly confident, if generally unloved, re- 
creation of imperial Roman grandeur commemorates the 
king under whom Italian unity had been achieved in 1861.
Italy’s ancient Roman past was recalled once more in the 

1920s and ’30s as a consequence of Mussolini’s attempt to 
legitimate his political regime. In Rome during the 1930s 
Marcello Piacentini and Vittorio Ballio Mopurgo created, 
respectively, the Via della Conciliazione and the Piazza 
Augusto Imperiale. Though monumental in scale, these 
were in a dull and simplified classical style and involved 
the destruction of substantial parts of the historie centre 
of the city. More attractive were the new towns, such as 
Littoria (now Latina) and Aprilia, created south of Rome 
in 1932-39, whose architects drew on the recent archaeo­
logical discoveries at the ancient Roman town of Ostia.

Germany and Austria. Schinkel set the pattern for the 
transformation of 18th-century royal cities into modern 
urban centres with numerous Neoclassical public build­
ings built in Berlin between 1815 and 1835. His many 
successors in Berlin included Friedrich Stüler and Johann 
Strack, who designed the National Gallery (1865-69), 
but architects such as Paul Wallot adopted an increas- 
ingly turgid neo-Renaissance manner, as in the Reichstag 
Building (1884-94). In the mid-19th Century Munich was 
transformed for King Ludwig I of Bavaria by Leo von 
Klenze and Friedrich von Gärtner into a major cultural 
Capital. Their twin models were Periclean Athens and Re­
naissance Florence, the former providing the inspiration 
for Klenze’s Greek Doric Ruhmeshalle (1843-54) and 
Propylaeon (1846-60) and the latter for Gärtner’s Bavar­
ian State Library (1832-43). The most poetic product of a 
Winckelmannesque Identification of the spirit of modern 
Germany with that of ancient Greece was the Walhalla 
above the Danube River near Regensburg. This great 
Greek temple was built in 1830-42 for Ludwig I from 
designs by Klenze as a monument to pan-German unity.

Vienna was also transformed from 1858 by the construc­
tion of the Ringstrasse, a great boulevard on the site of 
the old city walls. In the 1870s and ’80s it was lined with 
monumental public buildings in a variety of styles thought 
historically appropriate for their functions: the Dan- 
ish architect Theophilus Hansen’s neo-Greek Parliament 
House, Gottfried Semper’s and Karl von Hasenauer’s neo- 
Baroque Burgtheater, and Friedrich von Schmidts neo- 
Gothic Town Hall.

About 1900 the search for a more indigenous German 
classicism encouraged Alfred Messel in Berlin to study 
the austere Neoclassicism of Gentz and Gilly of a Cen­
tury earlier, hence the Greek Revival flavour of Messel’s 
offices for the AEG (formerly the Allgemeine Elektric­
itäts-Gesellschaft) and his National Bank, both built in 
Berlin in 1905-07. Messel was succeeded as architect to 
the AEG by Peter Behrens, who worked in many styles, 
of which the most influential was the neo-Schinkelesque 
stripped classicism of his German Embassy in St. Peters­
burg (1911-12). This style was populär between the world 
wars when it was regarded as so essentially Germanic 
that it was adopted for the design of key monuments of 
the Third Reich, such as Paul Ludwig Troost’s House of 
German Art, Munich (1933-37), and Albert Speer’s New 
Chancellery, Berlin (1938-39).

Scandinavia and Greece. The key building in the devel­
opment of Scandinavian classicism in the period 1830- 
1930 is the Thorvaldsen Museum in Copenhagen, erected 
in 1839-48 from designs by Michael Gottlieb Bindesboll. 
It was built to house the collection of sculpture that the 
celebrated Danish Neoclassical sculptor Bertel Thorvald­
sen presented to his native country in 1837. The opportu- 
nity was taken of providing a major cultural monument 
to strengthen national consciousness at a time of political 
crisis and to symbolize the new constitutional democracy 
that was established in 1849. The exterior walls of Bindes- 
boll’s grave Schinkelesque courtyard were enlivened with 
polychromatic decoration and painted with appropriate 
narrative scenes. This System of ornament was inspired by 
his knowledge of the recent archaeological discoveries in 
Greece and Sicily. He had visited Athens in 1835-36, and 
it was in this city, appropriately, that the Greek Revival 
was given perhaps its most fitting civic expression: Hans 
Christian Hansen, a friend of Bindesboll, excavated and 
restored the ancient Greek monuments on the Acropolis 
and built the University (1839-50). This crisp Ionic build­
ing eventually formed a group with the National Library 
and the Academy of Science, which were added from 
designs by Hans Christian and his brother Theophilus 
between 1859 and 1892.

The buildings of Bindesboll and the Hansen brothers 
were a potent influence on the Scandinavian classicists of 
the early 20th Century such as Carl Petersen (Fäborg Mu­
seum, Denmark, 1912-15) and Hack Kampmann (Police 
Headquarters, Copenhagen, 1919-24). Other notable ex- 
pressions of this cool and austere language in Stockholm 
are Ivar Tengbom’s Concert House (1920-26) and two 
masterpieces by Gunnar Asplund, the City Library (1920-
28) and Woodland Crematorium (1935-40). (D.J.W a.)

United States. The followers of Latrobe lacked his in- 
ventive genius but adapted the more conventional aspects 
of his Greek Revival work to create a public style that 
symbolized the dignity of the new democracy. The Greek 
Revival in the United States had as its leading exponents 
William Strickland, Robert Mills, Thomas Walter, and 
Ithiel Town. Strickland was the architect of the Merchants’ 
Exchange, Philadelphia (1832-34), which featured a soar- 
ing lantern reminiscent of the Choragic Monument of 
Lysicrates in Athens. Mills built many govemment build­
ings in Washington, D.C., including the Treasury (1836— 
42) and the Patent Office (begun 1836), He also designed 
the Washington Monument in Baltimore (1815-29), a gi- 
ant Doric column, the first such monument in the United 
States. Walter worked on the U.S. Capitol building and in 
Philadelphia, where he designed Girard College (1833-47) 
in the form of an elegant Corinthian temple. Countless 
state houses and public buildings throughout the United 
States continued to be built from Greco-Roman models 
into the 20th Century. Alexander Jackson Davis was one
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of the leading architects of the Greek-temple house, of 
which the Bowers House, Northampton, Mass. (1825- 
26), is an example. Such Greek houses were particularly 
numerous in the South, fine examples being Berry Hill, 
Halifax County, Va. (1835-40), and Belle Meade, near 
Nashville, Tenn. (1853). (S.Mi./D.J.Wa.)

These Neoclassical buildings were ultimately of English 
derivation, but the pattern of architecture in the United 
States shifted in 1846 when Richard Morris Hunt became 
the first American to enroll as an architectural student 
at the École des Beaux-Arts in Paris. Hunt specialized in 
mansions for the new commercial aristocracy of America: 
for example, The Breakers, Newport, R.I., built in 1892- 
95 in an opulent neo-Renaissance style for Cornelius Van- 
derbilt II (Figure 98). In 1859-62 Henry Hobson Richard­
son trained at the École, and on his return to the United 
States he specialized in a rock-faced Romanesque style 
probably inspired by the work of Viollet-le-Duc’s ratio­
nalist folio wer, Vaudremer. Richardson’s most celebrated 
buildings in this vein are the Allegheny County Court 
House and Jail, Pittsburgh (1883-88), and the Marshall 
Field and Company Wholesale Store, Chicago (1885—87; 
demolished in 1930; Figure 99).
Richardson’s pupil Charles Folien McKim, who had been 

trained at the École in 1867-70, set up a partnership with 
William Rutherford Mead and Stanförd White that was 
to change the course of American architecture. Following 
their early domestic masterpieces in the vernacular, or 
Shingle, style, such as the Low House, Bristol, R.I. (1887; 
demolished in 1962; Figure 100), McKim, Mead, and 
White produced a chain of classical buildings that were 
more consistently monumental than anything seen since 
the days of the Roman Empire. These include the Boston 
Public Library (1887-95), the Rhode Island State Capitol 
(1891-93), Columbia University, New York City ( 1894— 
98), and Pennsylvania Station, New York City (1902-11; 
demolished in 1963); the last is a mighty adaptation of 
the Baths of Caracalla and a reminder that the Roman 
baths exercised a powerful influence on the imagination 
of architects from at least the time of Bramante.

The World’s Columbian Exposition at Chicago in 1893, 
which included buildings by McKim, Mead, and White, 
commemorated the 400th anniversary of the discovery of 
the New World and also helped modern Americans redis- 
cover the value of classical planning in civic design. The 
dazzling spectacle of monumental classical architecture on 
the fair’s Midway caught the fancy of Americans who saw 
in its great axes, lagoons, sculpture, white buildings, and 
large plazas an answer to the dreary urban environments 
of their hometowns. Similar schemes were supported in 
other cities; some of these were designed by the fair’s Prin­
cipal planner, Daniel Burnham, who brought the “great 
white city” to Cleveland, Washington, D.C., New York

City, and San Francisco. The best parts of many Ameri­
can cities are spacious because of the planners of the City- 
Beautiful movement.

Three of the many architects who continued this classi­
cal tradition after World War I were John Russell Pope 
(Jefferson Memorial, 1934-43, and National Gallery of 
Art, 1937-41, both in Washington, D.C.), Paul Philippe 
Cret (Hartford County Building, Connecticut, 1926), and 
Philip Trammell Shutze (Temple of the Hebrew Benev­
olent Congregation, Atlanta, Ga., 1931-32). Despite this 
classical strain, the keynote of 1930s architecture was stylis- 
tic pluralism. The Gothic Revival continued, especially in 
university buildings, whereas domestic architecture in the 
suburbs could be neo-Tudor or neo-Georgian. With the 
aid of technology, buildings in the style of Spanish estates 
were built in Florida, French farmhouses in Philadelphia, 
Georgian and colonial houses in New England, and pueb- 
los in the Southwest. Georgia revived its antebellum ar­
chitecture, and Santa Barbara, Calif, which was destroyed 
by an earthquake in 1925, was quickly rebuilt in the style 
of a Spanish mission. (D.J.Wa.)

Late 19th-century developments
19TH-CENTURY CONSTRUCTION IN IRON AND GLASS 
The industrial Revolution in Britain introduced new 
building types and new methods of construction. Marshall, 
Benyou, and Bage’s flour mill (now Allied Breweries) at 
Ditherington, Shropshire (1796-97), is one of the first 
iron-frame buildings, though brick walls still carry part of 
the load and there are no longitudinal beams. The cloth 
mill at King’s Stanley, Gloucestershire (1812-13), is more 
convincing as an iron-frame building. Fully fireproof and 
avoiding the use of timber, it is clad in an attractive red- 
brick skin with Venetian Windows and angle quoins. Lead­
ing Regency architects even used cast-iron construction 
members in major public buildings in the classical style: 
Smirke incorporated concealed cast-iron beams in the 
British Museum (1823-46), while Nash openly displayed 
cast-iron Doric columns at Buckingham Palace (1825-30).

Iron was frequentiy combined with giass in the construc­
tion of conservatories; early surviving examples include 
the conservatory (1827-30) at Syon House, Middlesex, by 
Charles Fowler and the Palm House (1845-47) at Kew 
Gardens, Surrey, by Decimus Burton. These led natu- 
rally to the Crystal Palace, the climax of early Victorian 
technology. In the design of the Crystal Palace, built for 
the Great Exhibition held at London in 1851, Sir Joseph 
Paxton, a botanist, employed timber, cast iron, wrought 
iron, and giass in a ridge-and-furrow System he had devel­
oped for greenhouses at Chatsworth in 1837. Paxton was 
partly inspired by the organic structure of the Amazonian 
lily Victoria regia, which he successfully cultivated. The

By courtesy of The Preservation Society of Newport County, Rhode Island

Figure 98: The Breakers, Newport, R.I., by Richard Morris Hunt, 1892-95.
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Figure 99: Marshall Field and Company Wholesale Store, Chicago, 
by H.H. Richardson, 1885-87; demolished 1930.
Chicago Architectural Photo Company

Crystal Palace contained important innovations in mass 
The impor- production of standardized materials and rapid assembly 
tance of of parts, but its chief architectural ment lay in its cadence 
the Crystal of colossal spaces. French designers recognized its magie, 
Palace and a series of buildings for universal exhibitions held at 

Paris in 1855, 1867, and 1878 showed its influence.
The emancipation of markets and stores was no less 

impressive. Designers erected iron and glass umbrellas, 
such as Victor Baltard’s Halles Centrales, Paris (1853— 
70; demolished 1971). An especially beautiful example 
of iron-and-glass construction is Labrouste’s nine-domed 
reading room at the Bibliothèque Nationale, Paris (1859— 
67; Figure 101).
Closer to the English tradition are the billowing Laeken 

glass houses, Brussels (1868-76), by Alphonse Balat. Vis- 
itors were admitted to the Coal Exchange in London 
(1846-49, J.B. Bunning) through a round towered classi- 
cal porch at the corner of two Renaissance palaces to a 
magnificent rotunda hall, which was surrounded by three 
tiers of ornamental iron balconies and roofed by a lace- 
like dome of iron and glass. In Paris, Alexandre-Gustave 
Eiffel, together with the architect Louis-Auguste Boileau, 
gave the retail shop a new and exciting setting in the Bon 
Marché (1876), where merchandise was displayed around 
the perimeters of skylighted, interior courts. The United 
States saw nothing comparable, but cast-iron columns and 
arches appeared during the 1850s in commercial buildings 
such as the Harper Brothers Building at New York City 
(1849) by John B. Corlies and James Bogardus. Stores 
were given cast-iron faces, as in the pioneering Stewart’s

Department Store (later Wanamaker’s) by John Kellum in 
New York City (1859-62). Iron was frequently intended 
to simulate stone, and it was admired for its economy 
of maintenance as well as such neglected qualities as 
precision, Standardization, and efficiënt strength. British 
parallels to these American examples include Gardner’s 
Warehouse, Glasgow (1855-56), by John Baird and Oriel 
Chambers, Liverpool (1864), by Peter Ellis.

The Eiffel Tower (1887—89), the most important em- 
blem of the Paris exhibition of 1889, was designed by 
Alexandre-Gustave Eiffel, an engineer who had done out- 
standing work in the Paris Exposition of 1878 and in 
steel structures such as the trussed parabolic arches in the 
viaduct at Garabit, Fr. (1880-84). In the Palais des Ma­
chines (at the 1889 exhibition) by Ferdinand Dutert and 
Victor Contamin, a series of three-hinged trussed arches 
sprang from small points across a huge space, 385 feet 
long and 150 feet high. Similar spaces had already been 
created in railway stations in England such as St. Pan- 
cras, London (1864-68, by William H. Barlow), where the 
wrought-iron arches have a span of 243 feet and rise to a 
height of 100 feet.

In the United States a major effort took place in one 
of the most important new building types, the large of­
fice building. This building type was made necessary by 
the concentration of markets, banks, railroad terminals, 
and warehouses in small sections of growing cities, and it 
pushed skyward as a result of the attempt to get maximum 
income from expensive urban properties, the desire for 
the commercial prestige of tall emblems, and the need of 
businesses for mutual proximity in the days before rapid 
electronic communication. The safe, fast elevator removed 
the major prejudice against height. Designed by tradition­
alist architects, the tall buildings stretched masonry con­
struction to its limits; they frequently resembled towers 
composed of smaller buildings stacked one on another, 
as in Hunt’s Tribune Building at New York City (1874). 
The structural problem was solved at Chicago in 1884- 
85, when an engineer, William Le Baron Jenney, devel- 
oped in the Home Insurance Company Building a metal 
skeleton of cast-iron columns—sheathed in masonry— 
and wrought-iron beams, carrying the masonry walls and 
Windows at each floor level. Technically innovative, the 
building retained masonry sidewalls, and its elevations 
were disunified and inept.

Inspired by the architectural rationalism of Viollet-le- 
Duc, Chicago architects sought a better aesthetic expres- 
sion of the metal frame, but even the talented John 
Wellborn Root, working with Daniel Bumham, failed to 
achieve it in the Ashland Block (completed 1892). Lesser 
designers, such as William Holabird and Martin Roche in 
the Tacoma Building (1887-89), also missed their chance. 
Even the great Louis Sullivan was not successful in his 
early buildings, such as the Ryerson (1884). Covering them 
with gross, somewhat Art Nouveau ornament, he accen- 
tuated first the vertical columns and then the horizontal 
beams in a covert admission of failure. At his best, as in

Wayne Andrews

Figure 100: W.G. Low House, Bristol, R.I., by McKim, Mead, and White, 1887; destroyed 1962.
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Figure 101: Reading room of the Bibliothèque Nationale, Paris, by Henri Labrouste, 1854-68.
W. Rawlings/Robert Harding Picture Library

his Auditorium Building, Sullivan trod Richardson’s path 
toward unified Romanesque forms. The Marshall Field 
Wholesale Store showed Sullivan the way toward a theme 
for the skyscraper, which he first stated with assurance 
in the Wainwright Building at St. Louis (1890-91). Brick 
piers mark each steel column and half module to create 
a rhythm of tall, narrow bays punctuated by recessed 
spandrels (the spaces above and below each window), ter- 
minating at the roofline. Jenney’s Leiter Building II (1891; 
later Sears, Roebuck and Company’s main retail store) and 
Bumham and Root’s Monadnock Building (1891), both in 
Chicago, went beyond the Wainwright Building and were 
the first modern commercial buildings to demonstrate in 
their designs formal simplicity and ornamental abstinence, 
resulting from a new form of harmony between the de- 
mands of artistic expression, function, and technology.

The ferment in Chicago was neither halted nor marred by 
classicism’s transcontinental popularity. Bumham’s firm 
went on to produce Chicago’s Reliance Building (1890- 
95), an excellent office building with logically ordered 
spaces enclosed by faceted walls of glass and a steel skele- 
ton covered by terra-cotta panels (Figure 102). Sullivan 
found his best expression of the skyscraper in the Pru­
dential Building, Buffalo (1894-95), and developed the 
theory for it in an essay published in Lippincott’s Maga­
zine (1896). That theory received even more dramatic ex­
pression in the Schlesinger-Mayer Department Store (later 
Carson Pirie Scott) in Chicago (1899-1904), in which the 
towered corner marked the climax of the logic of the 
steel frame and the entrance was made inviting with rich, 
naturalistic ornament (Figure 103). At the very end of the 
19th Century, the important emblem of modem commerce 
thus received an appropriate form: its structure was made 
of steel, its spaces were planned efficiently, its elevations 
were expressive of the skeleton, and its scale was marked 
by the fenestration and ornament. (A.B.-B./D.J.W a.)

ART NOUVEAU
Although known as Jugendstil in Germany, Sezessionstil 
in Austria, Modemista in Spain, and Stile Liberty or Stile 
Floreale in Italy, Art Nouveau has become the general 
term applied to a highly varied movement that was Euro- 
pean-centred but intemationally current at the end of the 
Century. Art Nouveau architects gave idiosyncratic expres­
sion to many of the themes that had preoccupied the 19th 
Century, ranging from Viollet-le-Duc’s call for structural 
honesty to Sullivan’s call for an organic architecture. The 
extensive use of iron and glass in Art Nouveau buildings 
was also rooted in 19th-century practice. In France bizarre 
forms appeared in iron, masonry, and concrete, such as 
the stmctures of Hector Guimard for the Paris Métro (c.

1900), the Montmartre church of Saint-Jean L’Évangéliste 
(1894-1904) by Anatole de Baudot, Xavier Schollkopf’s 
house for the actress Yvette Guilbert at Paris (1900), and 
the Samaritaine Department Store (1905) near the Pont 
Neuf in Paris, by Frantz Jourdain (1847-1935). The Art 
Nouveau architect’s preference for the curvilinear is es-

Chicago Architectural Photo Company

Figure 102: Reliance Building, Chicago, by D.H. Burnham and 
Company, 1890-95. Photograph, c. 1905.
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Figure 103: Carson Pirie Scott Store, Chicago, by Louis 
Sullivan, 1899-1904, addition by Daniel H. Burnham and 
Company, 1906.
Chicago Architectural Photo Company

pecially evident in the Brussels buildings of the Belgian 
Victor Horta. In the Hotel Tassel (1892-93) he used flo­
ral, tendrilous omaments (Figure 104), while his Maison 
du Peuple (1896-99) exhibits undulating enclosures of 
space. Decorative exploitation of the architectural surface 
with flexible, S-shaped linear ornament, commonly called 
whiplash or eel styles, was indulged in by the Jugendstil 
and Sezessionstil architects. The Studio Elvira at Munich 
(1897-98) by August Endeil and Otto Wagner’s Majolika 
Haus at Vienna (c. 1898) are two of the more significant 
examples of this German and Austrian use of line.

Wagner continued to combine academie geometry with 
classical modified Art Nouveau decoration in his Karls­
platz Stadtbahn Station (1899-1901) and in the Postal 

Viennese Savings Bank (1904-06), both in Vienna. Wagner’s pupils 
Secession- broke free of his classicism and formed the Secessionists. 
ists Joseph Olbrich joined the art colony at Darmstadt, Ger-

many, where his houses and exhibition gallery of about 
1905 were boxlike, severe buildings. Josef Hoffmann left 
Wagner to found the Wiener Werksätte, an Austrian equiv­
alent of the English Arts and Crafts Movement; his best 
work, the Stoclet House at Brussels (1905), was an asym- 
metrical composition in which white planes were defined 
at the edges by gilt lines and decorated by formalized Art 
Nouveau motifs reminiscent of Wagner’s ornament. Josef 
Pecnik, a talented pupil of Wagner, began his career in 
1903-05 with the office and residence of Johannes Zacherl 
in Vienna. This was in a Wagner-inspired style that Pecnik 
developed in the 1930s in a fascinating series of buildings, 
especially in his native city of Ljubljana, Yugos.
In Finland Eliel Saarinen brought an Art Nouveau flavour 

to the National Romanticism current in the years around 
1900. His Helsinki Railway Station (1906-14) is close 
to the work of Olbrich and the Viennese Secessionists. 
Close links existed between Art Nouveau designers in Vi­
enna and in Glasgow, where Charles Rennie Mackintosh’s 
School of Art (1896-1909), with its rationalist yet poetic 
aesthetic, is one of the most inventive and personal of 
all Art Nouveau buildings. In The Netherlands, Hendrik 
Petrus Berlage also created a stemly fundamentalist lan- 
guage of marked individuality that is best appreciated in

his masterpiece, the Amsterdam Exchange (1897-1903).
The exterior is in a rugged and deliberately unpicturesque 
vemacular, while the even more ruthless interior deploys 
brick, iron, and glass in a manner that owes much to the 
rationalist aesthetic of Viollet-le-Duc.

In the United States the Art Nouveau movement arrived 
with Louis Comfort Tiffany and was especially influen- 
tial on ornamental rather than spatial design, particularly 
upon Sullivan’s decorative schemes and, for a time, those 
of Frank Lloyd Wright. Decorative exuberance and the 
formally picturesque were elements of Stile Floreale build­
ings by the Italian Raimondo D’Aronco, such as the main 
building for the Applied Art Exhibition held at Turin,
Italy, in 1902. These qualities, along with dynamic spatial 
innovations, were manifested in the works of perhaps the 
most singulär Art Nouveau architect, the Spaniard Anto­
nio Gaudi. His highly imaginative and dramatic experi- 
ments with space, form, structure, and omament fascinate 
the visitor to Barcelona. With their peculiar organicism, 
the Casa Milä apartment house (1905-10; Figure 105), the 
residence of the Batlló family (1904-06), Gaudi’s unfin- 
ished lifetime projects of the surrealistic Güell Park and 
the enigmatic Church of the Holy Family were amazingly 
personal statements. Their effect, like that of most Art 
Nouveau architecture, was gained through bizarre form 
and omament.

20th-century architecture
THE MODERN MOVEMENT
Before World War II. The Modem movement was an 

attempt to create a nonhistoiical architecture of function- 
alism in which a new sense of space would be created with 
the help of modem materials. A reaction against the stylis- 
tic pluralism of the 19th Century, the Modem movement 
was also coloured by the belief that the 20th Century had 
given birth to “modern man,” who would need a radically 
new kind of architecture.
The Viennese architect Adolf Loos opposed the use of Austria 

any omament at all and designed purist compositions of and 
bald, functional blocks such as the Steiner House at Vi- Germany 
enna (1910), one of the first private houses of reinforced 
concrete. Peter Behrens, having had contact with Olbrich 
at Darmstadt and with Hoffmann at Vienna, was in 1907

By courtesy of the Museum of Modern Art, New York

Figure 104: Hotel Tassel, Brussels, by Victor Horta, 1892-93.
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Figure 105: Casa Mila, Barcelona, by Antonio Gaudi, 1905-10.
Archivo Mas, Barcelona

appointed artistic adviser in charge of the AEG (Allge­
meine Elektricitäts Gesellschaft), for which he designed a 
turbine factory (1909) at Berlin. Behrens strongly affected 
three great architects who worked in his office: Walter 
Gropius, Le Corbusier, and Ludwig Mies van der Rohe.
In Germany, Gropius followed a mechanistic direction. 

His Fagus Works factory at Alfeld-an-der-Leine in Ger­
many (1911) and the Werkbund exposition building at 
the Cologne exhibition (1914) had been models of indus­
trial architecture in which vigorous forms were enclosed 
by masonry and glass; the effect of these buildings was 
gained by the use of steel frames, strong Silhouette, and the 
logic of their plans (Figure 106). There were no historical 
influences or expressions of local landscape, traditions, or 
materials. The beauty of the buildings derived from adapt- 
ing form to a technological culture.

Gropius succeeded van de Velde as director of the ducal

By courtesy of Walter Gropius/Bauhaus Archive

Figure 106: Fagus Works, Alfeld-an-der-Leine, 
Ger., by Walter Gropius, 1911.

Arts and Crafts School at Weimar in 1919. Later called 
the Bauhaus, it became the most important centre of 
modern design until the Nazis closed it in 1933. While 
he was at Weimar, Gropius developed a firm philosophy 
about architecture and education, which he announced in 
1923. The aim of the visual arts, he said, is to create a 
complete, homogeneous physical environment in which 
all the arts have their place. Architects, sculptors, furniture 
makers, and painters must learn practical crafts and ob- 
tain knowledge of tools, materials, and forms; they must 
become acquainted with the machine and attempt to use 
it m solving the social Problems of an industrial society. 
At the Bauhaus, aesthetic investigations into space, colour, 
construction, and elementary forms were flavoured by 
Cubism and Constructivism. Moving the school to Dessau 
in 1925, Gropius designed the pioneering new Bauhaus 
(1925-26) in which steel frames and glass walls provided 
workshops within severely Cubistic buildings. Gropius as- 
sembled a staff of modern teachers, including the artists 
Laszló Moholy-Nagy, Wassily Kandinsky, Paul Klee, Mar­
cel Breuer, and Adolf Meyer, whose projects, such as the 
116 experimental standardized housing units of the Törten 
Estate at Dessau, Ger. (1926-28), bore a highly machined, 
depersonalized appearance.
In France, Tony Garnier caught the modern currents in 

materials, structure, and composition when he evolved his 
masterful plan for a Cité industrielle (1901-04), published 
in 1917, in which reinforced concrete was to be used to 
create a modern city of modern buildings. With insight, 
Garnier developed a comprehensive scheme for residential 
neighbourhoods, transportation terminals, schools, and in­
dustrial centres, and his plan became a major influential 
scheme for 20th-century urban design. Garnier received 
no mandate to build such a city, but his town hall at 
Boulogne-Billancourt (1931-34) recalled the promise he 
had shown, though it was not so innovative and masterful 
as might have been expected.

The Futurist movement counted among its members an- 
other early 20th-century urban planner, the Italian archi­
tect Antonio Sant’Elia. Influenced by American industrial 
cities and the Viennese architects Wagner and Loos, he 
designed a grandiose futuristic city, entitled “Citta nuova” 
(“New City”), the drawings for which were exhibited at 
Milan in 1914. He conceived of the city as a Symbol of the 
new technological age. It was an affirmative environment 
for the future, however, in Opposition to the negating 
inhuman Expressionistic city of the future conceived by 
Fritz Lang in the 1926 film classic Metropolis.

Centred in Germany between 1910 and 1925, Expres­
sionist architects, like the painters who were part of the
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Figure 107: Centenary Hall, Breslau, Ger. (now Wroctaw, Pol.), 
by Max Berg, 1912-13.
Dyckerhoff & Widmann

Expres- Brücke and Blaue Reiter groups, sought peculiarly per- 
sionism in sonal and often bizarre visual forms and effects. Among 
Germany the earliest manifestations of an Expressionistic building 

style were the highly individual early works of Hans 
Poelzig, such as the Luban Chemical Factory (1911-12) 
and the municipal water tower (1911) of Posen, Ger. (now 
Poznan, Pol.), which led to his monumental, visionary 
“space caves,” such as the project for the Salzburg Fes­
tival Theatre (1920-21) and the Grosses Schauspielhaus, 
built in Berlin (1919) for Max Reinhardt’s Expressionistic 
theatre. These later works by Poelzig show the influence 
of the structural audacity of Max Berg’s Centenary Hall 
at Breslau, Ger. (now Wroclaw, Pol.; 1912-13), with its 
gigantic reinforced concrete dome measuring 213 feet in 
diameter (Figure 107). The second generation of Expres- 
sionists centred their activities in postwar Germany and 
The Netherlands. Distinctly personal architectural state­
ments were given form in such dynamically sculptured 
structures as the Einstein Observatory in Potsdam (1920), 
by Erich Mendelsohn (Figure 108); the anthroposophi- 
cally based design by Rudolf Steiner for the Goetheanum 
in Dornach, Switz. (1925-28); the Eigen Haard Estates 
(housing development) at Amsterdam (1921), by Michel 
de Klerk; and Fritz Höger’s (1877-1949) Chilehaus office 
building in Hamburg (1922-23), with its imperative thrust 
of mass and acute angularity.
As Germany was the centre of Expressionism, Paris was 

the stronghold of the advocates of a new vision of space, 
Cubism, which Georges Braque and Pablo Picasso devel­
oped in 1906. Forms were dismembered into their faceted 
components; angular forms, interpenetrated planes, trans- 
parencies, and diverse impressions were recorded as though 
seen simultaneously. Soon architectural reflections of the 
Cubist aesthetic appeared internationally. Interior spaces 
were defined by thin, discontinuous planes and glass walls; 
supports were reduced to slender metal columns, machine 
finished and without omamentation; and Cubistic voids 
and masses were arranged programmatically in asymmet­
rie compositions.

The Dutch de Stijl movement was influenced by Cubism, 
although it sought a greater abstract purity in its geomet­

rie formalism. Organized in Leiden in 1917, the painters 
Piet Mondrian and Theo van Doesburg and the architects 
Jacobus Johannes Oud and Gerrit Thomas Rietveld were 
counted among its members. Their Neoplastic aesthetic 
advocated severe precision of line and shape, austerely 
pristine surfaces, a Spartan economy of form, and purity 
of colour. Rietveld’s Schroeder House, built in 1924 at 
Utrecht, was a three-dimensional parallel to Mondrian’s 
paintings of the period (Figure 109). Van Doesburg’s work 
for the Bauhaus art school at Weimar brought the influence 
of Dutch Neoplasticism to bear upon Gropius and Mies, 
whose plans for houses at times markedly resembled van 
Doesburg’s paintings. Meanwhile Oud collaborated with 
van Doesburg for a time and vigorously proclaimed the 
new style in housing developments he built at Rotterdam 
(after 1918), Hook of Holland (1924-27), and Stuttgart,
Ger. (1927).

Cubism and the related movements of Futurism, Con- 
structivism, Suprematism, and Neoplasticism, like any 
artistic styles, might have faltered and fallen into a merely 
decorative cliché, as at the Paris Exposition of 1925, but 
for Gropius, Mies van der Rohe, and Le Corbusier.

Gropius was succeeded at the Bauhaus in 1930 by Mies 
van der Rohe, whose training as a mason was supple- 
mented by the engineering experience he had gained from 
1908 to 1911 in the office of Behrens; both of these el- 
ements of his education were synthesized in his project 
for the Kröller House in The Hague (1912). Influenced 
by van Doesburg’s de Stijl, Mies’s natural elegance and Mies van 
precise orderliness soon revealed themselves in unreal- der Rohe’s 
ized projects for a brick country house, a steel and glass con- 
skyscraper, and a glazed, cantilevered concrete-slab office tribution 
building (1920-22). He directed the Weissenhof estate 
project of the Werkbund Exposition at Stuttgart (1927), 
contributing the design for an apartment house. Such 
practical problems failed to show his talent, which was 
not fully known until he designed the German pavilion 
for the International Exposition at Barcelona in 1929. The 
continuous spaces partitioned with thin marble planes and 
the chromed steel columns drew international applause.
His Tugendhat House at Bmo, Czech. (1930), along with 
Le Corbusier’s Savoye House, epitomized the Modern do- 
mestic setting at its best.
The Swiss-French architect Charles-Édouard Jeanneret, 

known as Le Corbusier, gave the new architecture, some- 
times referred to as the International Style, a firm founda­
tion by writing the strong theoretical statement, Vers une

By courtesy of Sonnenobservatorium Einsteinturm, Potsdam

Figure 108: Einstein Observatory, Potsdam, E.Ger., by Erich 
Mendelsohn, 1920.
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Figure 109: Schroeder House, Utrecht, Neth., by Gerrit T. Rietveld, 1924.
Dr. Franz Stoedtner

architecture (Towards a New Architecture), published in 
1923. It revealed a world of new forms—not classical cap- 
itals and Gothic arches but ships, turbines, grain elevators, 
airplanes, and machine products, which Le Corbusier said 

x  Cor- were indexes to 20th-century imagination. His love of ma- 
>usier’s chines was combined with a belief in communal authority 
upport as the best means of accomplishing social reforms, and Le 
>f the Corbusier directed his attention toward the problems of
nterna- housing and urban pattems. An architectural attack, using
ional Style standardized building components and mass production, 

was required. His sociological and formal ideas appeared 
in a Cubist project for Domino housing (1916), and his 
aesthetic preferences led him, after World War I, to de- 
velop an extreme version of Cubist painting that he and 
the painter Amedée Ozenfant called Purism. Returning to 
architecture in 1921, he designed a villa at Vaucresson, Fr. 
(1922), the abstract planes and strip Windows of which re­
vealed his desire to “arrivé at the house machine,” that is, 
standardized houses with standardized fumiture. In 1922 
he also brought forth his project for a skyscraper city of
3,000,000 people, in which tall office and apartment build­
ings would stand in broad open plazas and parks with the 
Cubist spaces between them defined by low row housing.
Much of his work thereafter—his Voisin city plan, his 

Pavilion of the New Spirit at the Paris Exposition of 
1925, his exhibit of workers’ apartments at the Werkbund 
Exposition at Stuttgart (1927), and his influential but 
unexecuted submittal to the League of Nations competi- 
tion—was a footnote to that dream of a new city. The 
villa, Les Terrasses, at Garches, Fr. (1927), was a lively 
play of spatial parallelepipeds (six-sided solid geometrie 
forms the faces of which are parallelograms) ruled by hor­
izontal planes, but his style seemed to culminate in the 
most famous of his houses, the Savoye House at Poissy, 
Fr. (1929-30). The building’s principal block was raised 
one story above the ground on pilotis (heavy reinforced- 
concrete columns); floors were cantilevered to permit long 
strip Windows; and space was molded plastically and made 
to flow horizontally, vertically, and diagonally until, on 
the topmost terrace, the whole composition ended in a 
cadenza of rounded, terminating spaces. Gaining greater 
facility in manipulating flowing spaces, Le Corbusier de­
signed the dormitory for Swiss students at the Cité Uni­
versitaire (1931-32) in Paris.

Early In the period after the Revolution the Soviet Union
Soviet ar- at first encouraged modem art, and several architects,
ffiitecture notably the German Bmno Taut, looked to the new gov-

emment for a sociological program. The Constructivist 
project for a monument to the Third International (1920) 
by Vladimir Tatlin was a machine in which the various 
sections (comprising legislative houses and offices) would 
rotate within an exposed steel armature. A workers’ club

in Moscow (1929) had a plan resembling half a gear, and 
the Ministry of Central Economie Planning (1928-32), 
designed by Le Corbusier, was intended to be a glass-filled 
slab but, because of Stalin’s dislike of modem architecture, 
was never completed. Its foundation later was used for an 
outdoor swimming pool.
Modem European styles of architecture were subjected 

to official disfavour in the Soviet Union in the 1930s, 
as Stalin’s govemment adopted classical monuments— 
such as Boris Mikhaylovich Iofan’s winning design for the 
Palace of the Soviets (1931), which was intended to pile 
classical colonnades to a height of 1,365 feet and have a 
colossal statue of Lenin at its summit. With its gigantic 
Corinthian columns, the building for the Central Com­
mittee of the Communist Party at Kiev (1937) showed an 
overbearing scale.

After 1930 the Modem movement spread through Eu- 
rope. In Switzerland Robert Maillart’s experiments with 
reinforced concrete attained great grace in his Salginato- 
bel Bridge (1930). Finland’s Alvar Aalto won a competi- 
tion for the Municipal Library at Viipuri (now Vyborg, 
U.S.S.R.) in 1927 with a building of glass walls, flat roof, 
and round Skylights (completed 1935; destroyed 1943); 
but he retained the traditional Scandinavian sympathy for 
wood and picturesque planning that were evident in his 
Villa Mairea at Noormarkku (1938-39), the factory and 
housing at Sunila (1936-39, completed 1951-54), and his 
later civic centre at Säynätsalo (1950-52). Aalto and other 
Scandinavians gained a following among those repelled 
by severe German modemism. Sweden’s Erik Gunnar 
Asplund and Denmark’s Kay Fisker, Christian Frederick 
Möller, and Ame Jacobsen also brought regional char- 
acter into their modem work. In The Netherlands, Jo­
hannes Andreas Brinkman and Lodewijk Comelis van der 
Vlugt, at the Van Nelle Tobacco Factory in Rotterdam 
(1929-30), aimed at more mechanistic, universal form. 
In England, refugees from Germany and other countries, 
alone or with English designers, inaugurated a radical 
modemism—for example, the apartment block known as 
Highpoint I, Highgate, London (by Berthold Lubetkin and 
the Tecton group, 1935).

The locus for Creative architecture in the United States 
remained the Middle West, although Califomians such as 
the brothers Charles Sumner Greene and Henry Mather 
Greene stmck occasional regional and modem notes, as 
in the Gamble House at Pasadena, Calif. (1908-09). The 
second generation of architects of the Chicago school, such 
as William G. Purcell, G.G. Elmslie, and William Drum­
mond, disseminated Middle Western modem architecture 
throughout the United States.

The greatest of all these new Chicago architects was Frank 
Lloyd Wright. His “prairie architecture” expressed its site,
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region, structure, and materials and avoided all historical 
reminiscences; beginning with its plan and a distinctive 
spatial theme, each building burgeoned to its exterior 
sculptural form. Starting from Richardson’s rustic, shingle 
houses and making free use of Beaux-Arts composition 
during the 1880s and 1890s, Wright hinted at his prairie 
house idiom with the Winslow House at River Forest, 111. 
(1893), elaborated it in the Coonley House at Riverside, 
111. (1908), and, ultimately, realized it in 1909 in the flow- 
ing volumes of space defined by sculptural masses and 
horizontal planes of his Robie House ät Chicago (Figure 
110). Meanwhile, he scored a triumph with his administra- 
tion building for the Larkin Company at Buffalo in 1904 
(destroyed 1950), which grouped offices around a central 
skylighted court, sealed them hermetically against their 
smoky environs, and offered amenities in circulation, air 
conditioning, fire protection, and plumbing. In its blocky 
fire towers, sequences of piers and recessed spandrels were 
coupled together in a powerful composition. Wright was, 
however, ignored by all except a select following. The 
buildings of the single figure who gave international dis- 
tinction to early 20th-century American architecture re- 
mained the cherished property of personal clients, such as 
Aline Bamsdall, for whom Wright designed the Hollyhock 
House at Los Angeles (1918-20).
Wright’s Autobiography (1943) recorded his frustrations 

in gaining acceptance for organic architecture. The first 
edition summarized the chief features of that architecture: 
the reduction to a minimum in the number of rooms and 
the definition of them by point supports; the close associ- 
ation of buildings to their sites by means of extended and 
emphasized planes parallel to the ground; the free flow 
of space, unencumbered by boxlike enclosures; harmony 
of all openings with each other and with human scale; 
the exploitation of the nature of a material, in both its 
surface manifestations and its structure; the incorporation 
of mechanical equipment and fumiture as organic parts 
of structure; and the elimination of applied decoration. 
There were also four new properties: transparency, which 
was obtained through the use of glass; tenuity, or plasticity 
of mass achieved through the use of steel in tension, as in 
reinforced concrete; naturalism, or the expression of ma­
terials; and Integration, in which all ornamental features 
were natural by-products of manufacture and assembly.
The Millard House at Pasadena, Calif. (1923), exempli- 

fied many of these principles; its concrete-block walls were 
cast with decorative pattems. Taliesin East, Wright’s house 
near Spring Green, Wisc., went through a series of major 
rebuildings (1911, 1914, 1915, and 1925), and each fitted 
the site beautifully; local stone, gabled roofs, and outdoor 
gardens reflected the themes of the countryside. A period 
of withdrawal at Taliesin afforded Wright several years of 
intensive reflection, from which he emerged with fabulous 
drawings for the Doheny ranch in California (1921), a 
skyscraper for the National Life Insurance Company at 
Chicago (1920-25), and St. Mark’s Tower, New York City 
(1929). The last was to have been an 18-story apartment 
house comprising a concrete stem from which four arms

branched outward to form the sidewalls of apartments 
cantilevered from the stem to an exterior glass wall. Un- 
executed like most of Wright’s most exciting projects, St. 
Mark’s Tower testified to his revolutionary thinking about 
skyscraper architecture. His ideas gained a wide hearing 
in 1931 when he published the Kahn lectures he had 
delivered at Princeton in 1930. In keeping with the needs 
of the United States during the Depression, Wright tumed 
his attention to the low-cost house, designing a “Usonian 
house” for Herbert Jacobs near Madison, Wisc. (1937), 
and a quadruple house, “the Sun houses,” at Ardmore, Pa. 
(1939). These exemplified the residences he intended for 
his ideal communities, such as rural, decentralized Broad- 
acre City (1936), which was Wright’s answer to European 
schemes for skyscraper cities.
At about the same time, Wright produced four master- 

pieces: Fallingwater, Bear Run, Pa. (1936), the daringly 
cantilevered weekend house of Edgar Kaufmann; the ad- 
ministration building of S.C. Johnson & Son, in which 
brick cylinders and planes develop a series of echoing 
spaces, culminating in the forest of graceful “mushroom” 
columns in the main hall, and the Johnson House (1937), 
aptly called Wingspread, both at Racine, Wisc.; and Ta­
liesin West at Paradise Valley, near Phoenix, Ariz. (begun 
1938), where rough, angular walls and roofs echo the 
desert valley and surrounding mountains. With increasing 
sensitivity to local terrain and native forms and materials, 
Wright stated more complex spatial and structural themes 
than European modemists, who seldom attempted either 
extreme programmatic plans or organic adaptation of form 
to a particular environment. Eventually, Wright himself 
developed a more universal geometry, as he revealed in 
the sculptural Solomon R. Guggenheim Museum at New 
York City (1956-59).

The emblem of business, the office building, continued to 
suffer from demands for unique, distinctive towers. Har- 
vey Wiley Corbett, a New York architect, admitted that 
Publicity was the ruling motivation. Sometimes a business 
with nationwide suboffices developed a corporate iconog- 
raphy; Sears, Roebuck and Company, Bell Telephone, 
Howard Johnson, A & P, and the various gasoline Com­
panies were recognizable instantly. The Gothic skyscraper, 
popularized by Gilbert’s Woolworth Building, was the 
style used by Raymond Hood for his winning entry in 
the Chicago Tribune competition (1922). Some buildings 
gained attention through their classical ornament; others 
were Renaissance palaces. About 1920 some architects 
developed simple cubical forms, and the stepped ziggu- 
rat was popularized by renderers, notably Hugh Ferriss, 
and such painters as Georgia O’Keeffe, John Marin, and 
Charles Sheeler. This soaring and jagged form received 
legal support from the New York City zoning law of 1916 
and economie justification from the fact that, in order 
to obtain rentable, peripheral office space in the upper 
floors, where the banks of elevators diminished, whole in- 
crements of office space had to be omitted. These cubical 
envelopes were not without ornament at their crests, as 
in Hood’s American Radiator Building in New York City

Hedrich-Blessing photo

Figure 110: Robie House, Chicago, by Frank Lloyd Wright, 1909.
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(1924-25), suitably described as “one huge einder incan- 
descent at the top.” Such decoration might be chic, as 
in New York City’s Barclay-Vesey (telephone Company) 
Building, where Ralph Walker re-created the Art Deco in- 
teriors of the Paris Exposition of 1925. In San Francisco, 
Miller, Pflueger, & Cantin used Chinese omament to en- 
liven their telephone building (1926). Paradoxically, one 
archaeological find led to simpler buildings when, about 
1930, Mayan pyramids inspired Timothy Pflueger in his 
work on the 450 Sutter building in San Francisco. Clifflike 
blocks arose in Chicago, the Daily News and Palmolive 
buildings (1929) being the best examples; New York City 
acquired a straightforward expression of tall vertical piers 
and setback cubical masses in the Daily News Building 
(1930), by the versatile Hood, who had run the course 
from Gothic to modem form (Figure 111). The bank and 
office building of the Philadelphia Savings Fund Society 
(1931-32) by George Howe and William Lescaze, a Swiss 
architect, gave the skyscraper its first thoroughly 20th- 
century form, and Hood, again, produced a counterpart 
in New York City, the McGraw-Hill Building (1931). Few 
of these, including the Empire State Building (1931), did 
anything to solve urban density and transportation Prob­
lems; indeed, they intensified them. Rockefeiler Center, 
however, begun in 1929, was, with its space for pedestrians 
within a complex of slablike skyscrapers, outstanding and 
too seldom copied.

American industry showed some inclination to respect 
function, materials, and engineering between the world 
wars, as was evident in Joseph Leland’s glazed, skeletal 
buildings for the Pressed Steel Company at Worcester, 
Mass. (1930). Occasionally, a traditional architect had pro­
duced an innovation, such as Willis Polk’s (1867-1924) 
Hallidie Building at San Francisco (1918). With the aid 
of Emest Wilby, the engineering firm of Albert Kahn cre-

By courtesy of New York News Inc.

Figure 111: The Daily News Building, New York City, by Raymond 
Hood, 1930.

ated a work of architectural merit in Detroit’s Continental 
Motors Factory (about 1918). The National Cash Regis­
ter, United States Shoe Company, National Biscuit, Sears, 
Roebuck and Company and various automobile Compa­
nies, such as Ford, sponsored Functional architecture.

Rockefeller Center indicated that by 1930 there was a 
move toward simple form, which was presaged by the 
architecture of the TVA (Tennessee Valley Authority). Eu­
ropean modemism gained a firm following in the United 
States as some of its best practitioners emigrated there. 
Eliel Saarinen, who won second prize in the Chicago 
Tribune competition, gained the acclaim of Sullivan and 
other architects. He settled in Bloomfield Hills, Mich., a 
Detroit suburb, where he established a school of architec­
ture at the Cranbrook Academy. Saarinen designed its new 
buildings, gradually freeing himself from historical remi­
niscences of his native Scandinavia. He remained sensitive 
to the role of art in architecture, best revealed by his use 
of the sculpture of the Swede Carl Milles. The Austrian 
architect Richard Neutra established a practice in Califor­
nia, notable products of which were the Lovell House at 
Los Angeles (1927-28) and the Kaufmann Desert House 
at Palm Springs (1946-47).

A modern architecture exhibit in the Museum of Modem 
Art, New York City, in 1932, recorded by the architectural 
historian Henry-Russell Hitchcock and the architect Philip 
Johnson in the book International Style; Architecture 
Since 1922, familiarized Americans with the International 
Style. After 1933, as modemists fled the Soviet Union, 
Germany, and Italy, the United States received Gropius, 
Breuer, and Mies. Gropius joined the architectural school 
of Harvard University and established an educational fo­
cus recalling the Bauhaus.

After World War II. Initially, the leading interwar ar­
chitects of modemism, Gropius, Mies van der Rohe, Le 
Corbusier, Wright, and Aalto, continued to dominate the 
scene. In the United States, Gropius, with Breuer, intro- 
duced modern houses to Lincoln, Mass., a Boston sub­
urb, and formed a group, The Architects Collaborative, 
the members of which designed the thoroughly modern 
Harvard Graduate Center (1949-50). Mies became dean 
of the department of architecture at the Illinois Institute 
of Technology at Chicago in 1938 and designed its new 
campus. Crown Hall (1952-56) marked the apogee of this 
quarter-century project (Figure 112).

Not all the immigrants remained in the United States. 
Aalto, whose work first appeared on the American scene 
in the Finnish pavilion at the New York World’s Fair and 
again in the Massachusetts Institute of Technology’s Baker 
Dormitory (1947-49), retumed to Finland. The European 
who might have contributed most was Le Corbusier. The 
United Nations buildings at New York City, for which 
he was a member of a 10-man commission headed by 
New York architect Wallace Harrison, is a token of the 
new forms he might have suggested for American cities. 
His plan for rebuilding Saint-Dié, Fr. (1945), was the 
inspiration for many city-planning proposals made after 
mid-century.

Beginning with private houses by Hood, Lescaze, Edward 
Stone, Neutra, Gropius, and Breuer during the 1930s, 
American Modemism gradually supplanted the historical 
styles in a range of building types, including schools and 
churches; for example, Eliel Saarinen’s simple, brick Christ 
Lutheran Church (1949-50) at Minneapolis, Minn.

After World War II, big industry tumed to Modem 
architects for distinctive emblems of prestige. The Con­
necticut General Life Insurance Company hired one of 
the largest modern firms, Skidmore, Owings, and Merrill, 
to design their new decentralized headquarters outside 
Hartford, Conn. (1955-57). Lever Brothers tumed to the 
same firm for New York City’s Lever House (1952), in 
which the parklike plaza, glass-curtain walls, and thin 
aluminum mullions realized the dreams of Mies and oth- 
ers in the 1920s of freestanding crystalline shafts (Figure 
113). Designed by Eliel Saarinen’s son Eero, the General 
Motors Technical Center (1948-56) at Warren, Mich., 
was compared with Versailles in its extent, grandeur, and 
rigorous conformity to an austere, geometrie aesthetic of 
Miesian forms. The Harrison and Abramovitz’s tower for
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Figure 112: Crown Hall, Illinois Institute of Technology, Chicago, by M ies van der Rohe, 
1952-56.
Hedrich-Blessing photo

the Aluminum Company of America at Pittsburgh (1954) 
advertised its own product, as did Skidmore, Owings, 
and MerrilPs Inland Steel Building at Chicago (1955-57). 
Perhaps the most chaste of all was the Seagram Building 
(1954-58) at New York City, designed by Mies and Philip 
Johnson. Wright alone avoided the rectilinear geometry of 
these office buildings. In 1955 he saw his Price Tower rise 
at Bartlesville, Okla., a richly faceted, concrete and copper 
fulfillment of the St. Mark’s Tower he had designed more 
than 25 years earlier.
About 1952 there was a significant shift within Mod- 

ernism from what had come to be called Functionalism, 
or the International Style, toward a monumental Formal­
ism. There was increasing interest in highly sculptural 
masses and spaces, as well as in the decorative qualities 
of diverse building materials and exposed structural Sys­
tems. Wright’s Guggenheim Museum is a manifestation of 
this aesthetic. Those who had focused their attention on 
the rectilinear portions of Le Corbusier’s Savoye House 
and Unité d’Habitation apartments at Marseille (1946- 
52), tended to ignore the plastic sculpture on the roofs 
of those buildings; to such people, Le Corbusier’s highly 
individual buildings at Chandlgarh, India (begun 1950), 
and the cavernous space in the lyrical church of Notre- 
Dame-du-Haut at Ronchamp, Fr., seemed to be examples 
of personal whimsy (Figure 114). Pier Luigi Nervi in Italy 
gave structural integrity to the complex curves and geome­
try of reinforced-concrete structures, such as the Orbetello 
aircraft hangar (begun 1938) and Turin’s exposition hall 
(1948-50). The Spaniard Eduardo Torroja, his pupil Felix 
Candela, and the American Frederick Severud followed his 
lead. Essentially, each attempted to create an umbrella roof 
the interior space of which could be subdivided as required, 
such as Torroja’s grandstand for the Zarzuela racetrack 
in Madrid (1935). Mies constructed rectilinear versions of 
such a space in Crown Hall and in his Famsworth House 
at Plano, 111. (1946-50), while Philip Johnson allowed a 
single functional unit, the brick-cylinder utility stack, to 
protrude from his precise glass house at New Canaan, 
Conn. (1949). Other designers used curvilinear structural 
geometry, best indicated by Matthew Nowicki’s (1910— 
49) sports arena at Raleigh, N.C. (1952-53), in which 
two tilted parabolic arches, supported by columns, and 
a stretched-skin roof enclose a colossal space devoid of 
interior supports. In 1949 Nowicki had challenged Louis 
Sullivan’s precept, form follows function, with another, 
form follows form, a dictum that freed architecture from 
programmatic expression. Hugh Stubbins’ congress hall, at 
Berlin (1957), and Eero Saarinen’s Trans World Airlines 
terminal at John F. Kennedy International Airport, New 
York City (1956-62), were outstanding examples of these 
dynamically monumental, single-form buildings the geo­
metrie shapes and silhouettes of which were derived from 
mathematical computation and technological innovation. 
International competitions for the opera house at Sydney

(1957) and a government centre at Toronto (1958) were 
won by the Däne Jorn Utzon and the Finn Viljo Reveil, 
respectively. Both architects were exponents of the new 
monumentalism.
These designs posed problems in structural engineering 

and in scale, but many architects, such as the American 
Minoru Yamasaki in the McGregor Building for Wayne 
State University at Detroit (1958), attempted to make 
structure become decorative, while the decorative screen, 
as used by Edward Durell Stone at the U.S. embassy 
in New Delhi (1957-59), offered a device for wrapping

Ben Schnall

Figure 113: Lever House, New York City, by Skidmore, 
Owings, and Merrill, 1952.
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Figure 114: Church of Notre-Dame-du-Haut, Ronchamp, Fr., by Le Corbusier, 1950-55.
George Holton— Photo Researchers/EB Ine.

programmatic interiors within a rieh pattem of sculptured 
walls.

Mexico and South America broke their honds to French, 
Spanish, and Portuguese academie design during the 1930s. 
Le Corbusier’s influence became partially strong in Brazil, 
where the Brazilian Oscar Niemeyer and other architects 
designed the Corbusier-inspired Ministry of Education and 
Public Health at Rio de Janeiro (1937-42). Brazil’s Lü- 
cio Costa, AfFonso Reidy, and Niemeyer; Mexico’s Felix 
Candela, Juan O’Gorman, José Villagran Garcia, and Luis 
Barragän; and Venezuela’s Carlos Raül Villanueva were 
the vanguard of Latin-American architectural modernism. 
Whole communities such as Caracas and Säo Paulo essen- 
tially were rebuilt during the 1950s, and new cities, such 
as Brasilia, the Capital of Brazil, and “university cities,” 
such as those of Mexico and Venezuela, were conceived 
and erected. In Mexico there was avid support for modem 
design in buildings such as the Presidente Juärez housing 
at Mexico City (1950) by Mario Pani and Salvador Ortega. 
In Colombia, after World War II, enormous strides were 
made in thin-shelled reinforced-concrete construction. In 
Brazil, dramatic complexes were erected from concrete by 
Reidy, such as the school and gymnasium at Pedregulho 
housing at Rio de Janeiro (1953) and Rio’s Museum of 
Modem Art (1960-67).
After 1959, office buildings for administrative headquar- 

ters of large corporations followed the 1955-57 suburban- 
campus model of Skidmore, Owings, and Merrill’s Con­
necticut General Life Insurance Company or, if urban, 
the towerlike form, often with strong structural expres- 
sion (Torre Velasca, Milan, by Belgiojoso, Peressutti, and 
Rogers, 1959) or the slab form, usually emphasizing 
glazed walls (Mannesmann Building, Düsseldorf, by Paul 
Schneider-Esleben, 1959), but they rarely achieved an ur­
ban composition such as the 1962 Place Ville-Marie, built 
at Montreal by the Chinese-bom American architect I.M. 
Pei.

Air transportation, trade exhibitions, and spectator sports 
summoned the often awesome spatial resources of modem 
technology. The stadiums for the 1964 Olympics at Tokyo 
by Tange Kenzö, Rome’s Pallazzi dello Sport done by 
Nervi (1960), Eero Saarinen’s Dulles International Airport 
at Chantilly, Va. (1958-62), and Chicago’s exposition hall, 
McCormick Place, by C.F. Murphy and Associates (1971) 
are examples of the colossal spaces achieved in reinforced 
concrete or steel and glass. International exhibitions sel- 
dom offered comparable architecture. At the New York 
World’s Fair (1964) the Spanish pavilion by Javier Car- 
vajal and the Japanese pavilion by Maekawa Kunio were 
buildings of merit. There were also several notable exam­
ples at Montreal’s Expo 67: the West German pavilion 
by Frei Otto, the U.S. pavilion by R. Buckminster Füller,

and the startling Constructivist apartment house, Habitat 
67, by the Israeli Moshe Safdie, in association with David,
Barott, and Boulva, whose 158 precast-concrete apartment 
units were hoisted into place and post-tensioned to permit 
dramatic cantilevers and terraces.
World’s fairs continued to provide a setting for occa- 

sionally distinguished examples of modem structures that 
demonstrated innovations in building technology.

The architecture of South and Southeast Asia as well 
as of Japan has been decisively influenced by Western 
architects, particularly Le Corbusier. The leading figure in 
Japan was Tange Kenzö, whose many powerful buildings 
of rough concrete include the Peace Centre, Hiroshima 
(1949-55), and St. Mary’s Roman Catholic Cathedral 
at Tokyo (1965). His disciples included the so-called 
Metabolism Group, led by Kikutake Kiyonori, Maki Fu- 
mihiko, and Otaka Masato. Their work, characterized by 
a dynamic science-fiction quality expressive of fluidity 
and change, culminated in the Osaka Expo 1970, with 
constructions such as Tange’s giant space frame, known 
as the Theme Pavilion, and Kikutake’s Landmark Tower.

Much significant architecture in the postwar period was 
sponsored by cultural centres and educational institu- 
tions, such as Berlin’s Philharmonie hall (1963) by Hans Educa- 
Scharoun. Louis I. Kahn, in his design for the Richards tional 
Medical Research Building (1960), gave the University of archi- 
Pennsylvania in Philadelphia a linear programmatic com- tecture 
Position of laboratories, each served by vertical Systems for 
circulating gases, liquids, and electricity. Paul Rudolph’s 
art and architecture building (1963) at Yale University 
in New Haven, Conn., gathered its Studios, galleries, 
classrooms, and light wells on 36 interpenetrating levels 
distributed over six stories. The Morse and Stiles colleges 
(1962), also at Yale, were designed by Eero Saarinen 
and set a new Standard for multiple-entry urban dormi- 
tories. Even the traditionalist campuses of New England 
preparatory schools gained modem architecture, such as 
the art building and Science building at Phillips Academy 
in Andover, Mass., by Benjamin A. Thomson (1963) and 
the dormitories at St. Paul’s School in Concord, N.H., by 
Edward Larrabee Bames (1965).
The innovations in educational architecture were inter­

national. In England, distinctive educational architecture 
arrived at Hunstanton Secondary School, Norfolk (1949- 
54), by Peter and Alison Smithson. An example of what 
became known as the New Brutalism, this building was 
influenced by Mies van der Rohe. Most New Brutalist 
buildings, however, owed more to Le Corbusier’s late 
work—for example, the gray concrete masses of Denys 
Lasdun’s University of East Anglia, Norfolk (1962-68)— 
while James Stirling’s History Faculty, Cambridge (1964- 
67), brought a neo-Constructivist element to the Brutalist
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tradition. Canada gained the Central Technical School 
Arts Center by Robert Fairfield Associates (1964) and 
Scarborough College by John Andrews, with Page and 
Steele (1966), both at Toronto. Italian innovative edu­
cational architecture is exemplified in Milan’s Instituto 
Marchiondi (1959) by Vittoriano Viganö. Led by disciples 
of Le Corbusier, the Japanese built Waseda University 
(1964), which was designed by Katsuo Ardo, and Maekawa 
Kunio’s Gakushuin University (1964), both in Tokyo.

Some of the new educational settings proposed Solutions 
to what was undoubtedly the mid-20th century’s great- 
est problem, its urban environment. The high-rise, dense 
campus at Boston University by José Luis Sert and the 
skyscraper towers of MIT’s earth-sciences building (1964) 
by I.M. Pei, as well as Harvard’s behavioral Sciences 
building (1964) by Minoru Yamasaki, were imaginative 
single buildings responding to urban circumstances. The 
Air Force Academy at Colorado Springs, Colo., and the 
Chicago Circle Campus of the University of Illinois (1965), 
both by the firm of Skidmore, Owings, and Merrill with 
Walter A. Netsch as the principal designer (1956), and the 
Salk Institute for Biological Studies at La Jolla, Calif., by 
Louis I. Kahn (1966), all offered intimations of a new city 
built around a cultural, educational centre.
No comparable concentration of intensive, harmonious 

urban architecture was achieved for cities, even though, 
New cities after 1955, the building of new cities produced some 

remarkable examples such as Vällingby, Swed.; Brasilia, 
the new Capital of Brazil; Cumbemauld, in Scotland; and 
Chandigarh, in India; and some remarkable renovations 
of old cities, as in Eastwicks in Philadelphia (Reynolds 
Metals Co.; plans by Constantinos Doxiadis, 1960) and 
Constitution Plaza in Hartford, Conn. (Charles DuBose, 
with Sasaki, Walker & Associates 1964), and New York’s 
Lincoln Center for the Performing Arts (1962). By this 
time, however, it was beginning to be feit that the appli- 
cation of Modem movement principles had caused visual 
damage to historie cities and had also failed to create a 
humane environment in new cities. It was at this moment 
that the postmodernist era began. (A.B.-B./D.J.Wa.)

POSTMODERNISM
The 1960s saw the rise of dissatisfaction with consequences 
of the Modem movement, especially in North America, 
where its failings were exposed in two influential books, 
Jane Jacobs’ The Death and Life o f Great American 
Cities (1961) and Robert Venturi’s Complexity and Con- 
tradiction in Architecture (1966). Jacobs highlighted the 
destruction of urban coherence wrought by the utopian 
iconoclasm of the Modem movement, whereas Venturi 
implied that Modem buildings were without meaning be- 
cause they were designed in a simplistic and puritan way 
that lacked the irony and complexity which enrich histor- 
ical architecture. This dissatisfaction was translated into 
direct action in 1972 with the demolition of several 14- 
story slab blocks that had been built only 20 years earlier 
from designs by Yamasaki as part of the award-winning 
Pruitt-Igoe housing development in St. Louis, Mo. Similar 
apartment blocks in Europe and North America were de- 
molished in the following decades, but it was at St. Louis 
that the postmodernist era was begun.

Venturi’s Learning from Las Vegas (with Denise Scott 
Brown and Steven Izenour) was also published in 1972. 
In seeking to rehumanize architecture by ridding it of the 
restricting purism of the Modem movement, the authors 
pointed for guidance to the playful commercial architec­
ture and billboards of the Las Vegas highways. Venturi 
and his partner John Rauch reintroduced to architectural 
design clements of wit, humanity, and historical reference 

Wit and in buildings such as the Tucker House, Katonah, N.Y. 
historical (1975), and the Brant-Johnson House, Vail, Colo. (1976). 
reference These owed something to Lutyens, who, as a master of
in paradox and complexity, exercised a deep appeal for Ven-
buildings turi and for his followers, such as Charles Moore and 

Michael Graves. Graves’s Portland Public Service Build­
ing, Portland, Ore. (1980-82; Figure 115), and Humana 
Tower, Louisville, Ky. (1986), have the bulk of the modern 
skyscraper yet incorporate historical souvenirs such as the 
colonnade, belvedere, keystone, and swag. Like Moore’s

Figure 115: Portland Public Service Building, Oregon, by 
Michael Graves, 1980-82.
Peter Aaron/ESTO

Piazza d’Italia, New Orleans (1975-80), and Alumni Cen­
ter, University of California at Irvine (1983-85), these 
confident and colourful buildings are intended to reassure 
the public that it need no longer feel that its cultural 
identity is threatened by modem architecture. That mood 
was encapsulated in Venice in 1980 when a varied group 
of American and European architects, including Venturi, 
Moore, Paolo Portoghesi, Aldo Rossi, Hans Hollein, Ri­
cardo Bofill, and Léon Krier, provided designs for an 
exhibition organized by the Venice Biennale under the 
title, “The Presence of the Past.” These key architects of 
postmodemism represented several different outlooks but 
shared the ambition of banishing the fear of memory from 
modern architectural design.
The many American architects in the 1970s and ’80s 

who adopted a populist language scattered with classical 
souvenirs included Philip Johnson and his partner John 
Burgee and the prolific Robert Stern. Johnson and Burgee 
designed the AT&T Building, New York City (1978-84), 
a skyscraper with a Chippendale skyline. Their School of 
Architecture Building, University of Houston (1982-85), 
is inspired by Ledoux’s project for a House of Education 
at Chaux (1773-79). Stem’s Observatory Hill Dining Hall, 
University of Virginia, Charlottesville (1982-84), is in a 
cheerful Jeffersonian classicism, while his Prospect Point 
Office Building, La Jolla, Calif. (1983-85), incorporates 
Spanish Colonial references. Many postmodernist archi­
tects were either trained by or began their careers as mod- 
emists, and many dements of Modemism carried over 
into postmodemism, especially in the work of architects 
such as Graves, Venturi, and Richard Meier.

Rejecting the playful elements in such buildings as kitsch, 
some architects, notably Allan Greenberg and John Blat- 
teau, chose a more historically faithful classical style, as 
in their official reception rooms of the U.S. Department 
of State in Washington, D.C. (1984-85). The most com­
plete instance of historical accuracy is probably the J. 
Paul Getty Museum, Malibu, Calif. (1970-75), an essay in 
Neoclassicism designed by the Los Angeles partnership of 
Langdon and Wilson, who relied on archaeological advice 
to achieve the authentic character of a Roman villa at 
Herculaneum.

A similar duality existed in this period in Britain, where 
the populist style of Graves was paralleled in the work of
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Figure 116: Interior of the Clore Gallery at the Tate Gallery, 
London, by Jam es Stirling, 1980-87.
Angelo Hornak

Terry Farrell (TV-am Studios, Camden Town, London, 
1983), and of James Stirling (Clore Gallery at the Täte 
Gallery, London, 1980-87; Figure 116). while undeviat- 
ing classicism was pursued by Quinlan Terry (Riverside 
Development, Richmond, Surrey, 1986-88), Julian Bick- 
nell (Henbury Rotunda, Cheshire, 1984-86), and John 
Simpson (Ashfold House, Sussex, 1985-87). The spirit 
of classical urban renewal was represented in France by 
Christian Langlois’s Senate Building, rue de Vaugirard, 
Paris (1975), and the Regional Council Building in Or­
léans (1979-81). Urban preoccupations have been more

dramatically expressed in France by Ricardo Bofill’s vast 
housing developments, such as Les Espaces d’Abraxas, 
Marne-la-Vallée, near Paris (1978-83; Figure 117). The 
gargantuan scale of this columnar architecture of prefab- 
ricated concrete pushes the language of classicism to its 
limits and beyond.

A third branch of postmodemism was represented by 
a neorationalist or elementalist approach that echoes the 
stripped classicism of the 19th and early 20th Century. 
This movement was again in part a reaction to changes in 
the urban environment by the combination of commercial 
pressure and Modem movement ideology. Neorationalism 
originated in Italy where the architect Aldo Rossi pub- 
lished an influential book, L ’architettura della citta (1966; 
The Architecture o f the City), Rossi’s Modena Cemetery 
(1971-77) exhibits both his austerely fundamental classi­
cism and his concern for contextualism, since it echoes 
features of the local farms and factories of Lombardy.
Neorationalist ideals have also been realized in the Italian- 

speaking Swiss canton of Ticino: for example, in the 
work of Mario Campi (Casa Maggi, Arosio, 1980); Mario 
Botta; and Bmno Reichlin and Fabio Reinhardt, whose 
Casa Tonino, Torricella (1972-74), is a pristine stripped 
Palladian essay in white concrete. Close to this work is 
a group of buildings in the Basque region, including the 
School at Ikastola (1974-78) by Miguel Garay and José- 
Ignacio Linazasoro; Casa Mendiola at Andoian (1977-78) 
by Garay; and the Rural Centre at Cordobilla (1981) by 
Manuel Iniguez and Alberto Ustarroz. The projects of the 
German architect Oswald Matthias Ungers—for example, 
his Stadtloggia in the Hildesheim marketplace (1980)— 
promoted the same kind of rationalist contextualism in 
Germany. They have been influential on the design of 
infill buildings in other historie towns in West Germany, 
Italy, and France. The Viennese architect Hans Hollein 
also contributed to this vein of radical eclecticism, as in 
his sophisticated interiors in the Austrian Travel Bureau, 
Vienna (1978), which distantly recall the city of Otto Wag­
ner and Josef Hoffmann. The urban work of the Belgian 
architect Rob Krier has been related to this movement, 
as can be seen in his housing in the Ritterbergstrasse, 
West Berlin (1978-80). His brother, Léon Krier, has been 
influential in both the United States and Britain for his 
iconlike drawings of city planning schemes in a ruthlessly 
simple classical style and for his polemical attacks on what 
he sees as the destruction by modern technology of civic 
order and human dignity.

The 1920s revivalist element in the neorationalist move-
Pupkewitz/Rapho

Figure 117: Les Espaces d ’Abraxas, Marne-la-Vallée, by Ricardo Bofill, 1978-83.
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ment is demonstrated in the United States in the work of 
Richard Meier, for example in his Smith House, Darien, 
Conn. (1965-67), inspired by Le Corbusier’s Citrohan and 
Domino houses, and his more complex High Museum, At­
lanta (1980-83). Helmut Jahn’s Bank of the South West, 
Houston (1982), recalls the Art Deco glass skyscraper, 
while the prolific Kevin Roche, originally a minimalist 
trained in the 1950s by Eero Saarinen, retumed to the 
heroic formalism of the early skyscrapers for his Morgan 
Bank headquarters, New York City (1983-87), a 48-story 
skyscraper resting on a 70-foot-high entrance loggia of 
coupled granite columns.

In Japan, Isozaki Arata and Yamashita Kazumasa led 
the move away from Brutalism and Metabolism toward a 
postmodemism inspired by Charles Moore—for example, 
Isozaki’s Tsukuba Centre building, Tsukuba Science City, 
Ibaraki (1983), and Yamashita’s Japan Folk Arts Museum, 
Tokyo (1982). In India, Charles Correa led a parallel shift 
away from high-rise mass-housing of the Le Corbusier 
type. In the 1950s he worked in the International style, as 
in his hotel of white concrete at Ahmadabad, but in later 
low-rise housing and in his book, The New Landscape 
(1985), he demonstrated the virtues of a return to the 
more indigenous building types of the Third World.
The spirit of technology is, by contrast, celebrated in the 

Centre Pompidou, Paris (1971-77), by Renzo Piano and 
Richard Rogers. With its services and structure exposed 
extemally and painted in primary colours, this exhibition 
centre can be seen as an outrageous joke in the historie 
centre of Paris. Though defiantly “modem,” it has a post­
modernist flavour as a playful statement of the modernist 
belief, going back at least to Viollet-le-Duc, in the truthful 
exposure of the structural bones of a building. Rogers re- 
peated the theme in his Lloyd’s Building, London (1984- 
86), but Stirling’s addition to the Staatsgalerie, Stuttgart, 
W.Ger. (1977-82), is a key postmodernist building in the 
Venturi sense: that is, it makes ironie references to the 
language of Schinkel without accepting the fundamental 
principles of classicism. (D.J.Wa.)
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Ro b er t  scH M U T Z L E R , Art Nouveau, trans, from German (1962, 
reissued 1978); and s. t s c h u d i m a d s e n , Art Nouveau, trans, 
from Norwegian (1967, reprinted 1976).
{Modern movement): Early classic studies include h e n r y -

r u s s e ll  h it c h c o c k  and p h il ip  Jo h n s o n , The International 
Style: Architecture Since 1922 (1932, reprinted 1966); Nik o la u s  
p e v s n e r , Pioneers of Modern Design: From William Morris 
to Walter Gropius, rev. ed. (1975, reprinted 1986); sig fr ied  
g ie d io n , Space, Time, and Architecture: The Growth of a New 
Tradition, 5th rev. ed. (1967, reprinted 1982); and r e y n e r  
b a n h a m , Theory and Design in the First Machine Age, 2nd 
ed. (1967). For broader explorations, see k e n n e t h  f r a m p t o n , 
Modern Architecture: A Critical History, rev. ed. (1985); and 
a r t h u r  d r e x l e r , Transformations in Modern Architecture 
(1979). Modern American architecture is discussed in Wil l ia m  
h . jo r d y , American Buildings and Their Architects: The Im­
pact of European Modernism in the Mid-Twentieth Century 
(1972, reissued 1986); j a n e  Ja c o b s , The Death and Life of 
Great American Cities (1961, reissued 1984); and c a r l  w . 
c o n d it , American Building Art: The Twentieth Century (1961). 
{.Postmodemism): Postmodemism has been surveyed in pa o lo  
po r to g h e s i, Postmodern: The Architecture of the Post-Indus­
trial Society (1983; originally published in Italian, 1982); and 
Ch a r l e s  A. JENCKS, The Language of Post-Modern Architecture, 
4th rev. ed. (1984), and Post-Modernism: The New Classicism 
in Art and Architecture (1987).
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